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Abstract

THE OCEAN-AIR EXCHANGEOF CARBONYLSULFIDE (OCS)

AND HALOCARBONS

Steven D. Hoyt

Oregon Graduate Center

Beaverton, Oregon

Dissertation Advisors: Reinhold A. Rasmussen & M. A. K. Khalil

The measurement of the ocean-air flux of trace gases is important

to understand their global budgets since the ocean can act as a source,

reservoir, or sink of atmospheric gases. Many topics on ocean-air ex-

change are discussed in this dissertation, but the objectives were to

evaluate the two-film model in its application to ocean-air exchange

problems, develop a measurement protocol for carbonyl sulfide (OCS) in

air and water samples, and apply the two-film model to calculate the

ocean flux for OCS, CH3I, CHCl3, CH3CCl3, F-ll (CFCl3), F-l2 (CF2Cl2),

CC14, and PCE (CCl2=CCl2).

The two-film model, which is widely used to calculate the flux

of gases from the ocean, was compared to another more complicated model.

But because of the large uncertainty in the experimental measurement of

the transfer coefficients, the two-film model gave comparable results

to the other model and was chosen for use in the flux calculations be-

cause of its simplicity.

A propagation of error analysis of the two-film model showed that

the major sources of uncertainty in flux results depend on the Henry's

constant of the gas studied and the saturation value of the gas in the

xiii



ocean. For gases produced in the ocean, the major source of uncertainty

is in the transfer coefficient and the seawater concentration. For gases

for which the ocean acts only as a reservoir, the major source of uncer-

tainty is in the measurement of the Henry's constant (H).

For OCS no measurements of H have been made in seawater, so an

experimental procedure was developed to determine H for OCS as a func-

tion of temperature using atmospheric partial pressures of the gas. The

results for H varied from 1.2 at 5°C to 2.7 at 25°C, and were about 20%

higher than the distilled water measurements using the pure gas.

For analysis of the seawater samples a method was developed for

collecting, storing, and analyzing the samples in a single gas-tight

bottle. This procedure allows the multiple analyses to be performed on

each sample in the laboratory rather than taking equipment on board a

ship. OCS was found to be stable in the sample bottles for storage

periods of up to one month and was free of contamination for the fluoro-

carbons. The OCS samples were analyzed by a GC/MS technique which gave

positive identification of the OCS peak and has a detection limit of

about 35 pptv.

The two-film model with the updated values for Kf and H was used

with the seawater data to calculate the OCS ocean flux and the flux

of some halocarbon gases from seawater and air samples collected on

oceanographic cruises in the Atlantic and Pacific Oceans. The ocean

was found to be a significant source of OCS (0.8 Tg/yr), CH3I (0.2

Tg/yr), and CHC13 (0.7 Tg/yr). The results for CH3CC13, F-ll, F-12,

xiv



CCl4, and CCl2=CCl2 indicate that the uncertainty in the flux is large

since the saturation is close to zero, and the ocean acts as a reser-

voir for these compounds, storing an amount close to equilibrium with

the atmospheric concentrations.

xv
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CHAPTER 1

INTRODUCTION

For many years the immense reservoirs of the global environment

seemed capable of handling all of the by-products of man's activities

without noticeable perturbation. Since the late 1940's, population

increases coupled with increases in energy and synthetic chemical pro-

duction have resulted in large quantities of gases being released to

the environment. Many of these gases react rapidly and are effectively

removed, but others such as carbon dioxide (C02), the chlorofluorocar-

bons, methane (CH4), and some other trace gases are increasing in at-

mospheric concentration (Rasmussen and Khalil, 1981a, 1981c; Khalil

and Rasmussen, 1981a; Weiss, 1981; Keeling et al., 1976) and have led

scientists to study what potential effects these increases might have

on the global environment.

At the present time there are two areas of concern for the global

increase in the concentration of gases due to man's activities. The

first is the so-called "greenhouse effect," where increased atmospheric

gases would trap more of the outgoing infrared radiation emitted by the

earth, causing the earth's surface temperature to increase (Kellogg and

Schware, 1981; Hileman, 1982; NAS, 1975a). The second is a decrease in

stratospheric ozone caused by the increased reaction with chlorine from

chlorofluorocarbons (Bauer, 1979; Crutzen et al., 1978; Molina and Row-

land, 1974; Cicerone et al., 1975). The ozone decrease could result in

an increasein skin cancer caused by ultravioletradiation (NAS, 1982).
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In order to predict whether a gas will fall into one of these

two categories, models are constructed to describe the atmospheric be-

havior of the gas, by balancing the various sources of a gas with its

atmospheric reactions and sinks. In studying the sources and sinks of

gases, the ocean, because of its size and biological productivity, can

be a major source for some gases and act as a sink for others.

Early attempts at modeling the ocean-atmosphere distribution of

a gas were the result of interest in finding sinks for the increasing

atmospheric carbon dioxide (C02)' C02 belongs to the group of gases

that exhibit the "greenhouse effect" described earlier. Bolin (1960)

applied a modified version of the two-film model (Whitman, 1923) to

determine the flux of atmospheric C02 to the ocean. In the application

of this model to ocean-air exchange problems, in situ measurements of

the mass transfer coefficients were also made, which became useful for

the study of other gases (Broecker and Peng, 1974).

Since its application to C02' some version of the two-film model

has been used to study the ocean as a source or sink for other natural

gases such as N20 (Pierotti and Rasmussen, 1980; Singh et al., 1979),

CH4, CO (Swinnerton and Lamontagne. 1974; Lamontagne et al.. 1973).

dimethyl sulfide (DMS) (Lovelock et al., 1972; Nguyen et al., 1978;

Barnard et al., 1982), and CH3I (Liss and Slater, 1974; Rasmussen et

al., 1982d). With the interest in the chlorofluorocarbons and their

potential impact on the ozone layer, the two-film model has also been

applied to the calculation of the ocean as a potential sink for F-ll.

F-12 (Junge, 1976), and CC14 (Liss and Slater, 1974).
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The use of F-11 and F-12 as tracers of ocean water masses has

also been explored (Gammon, 1982). Thus, ocean-atmospheric exchange

has played an important role in studying the cycles of gases in rela-

tion to the two major global environmental problems described earlier.

The objectives of this dissertation are to evaluate the two-film

model in its application to ocean-atmosphere exchange problems, develop

a measurement protocol for carbonyl sulfide, OCS, in air and water

samples, and apply the two-film model to calculate the ocean flux for

OCS, methyl iodide (CH3I), chloroform (CHCl3), methy1chloroform

(CH3CCl3), F-ll (CFCl3), F-l2 (CF2Cl2), carbon tetrachloride (CC14),

and perchloroethylene (C2Cl4, abbreviated PCE).

In Part 1 the objectives are to compare the two-film model to

other gas-liquid exchange models. The literature values for the

physico-chemical parameters used in this model will be compiled for use

in the flux calculations. These data will then be used for an analy-

sis of the sources of uncertainty in the application of the two-film

model to ocean-atmosphere exchange of trace gases. In Part 2 the ob-

jectives are to develop an instrumental measurement system for OCS

using gas chromatography-mass spectrometry (GC/MS). A sample collec-

tion method based on headspace analysis will be developed for the

analysis of trace gases in seawater. This methodology will be evalu-

ated for OCS and will also be used for measuring the Henry's constant

for OCS in seawater. In Part 3 the objectives are to use the models

and experimental techniques developed to calculate the ocean-atmos-

phere flux of OCS, CH3I, and other halocarbons, and to compare these
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flux values with other sources to determine the importance of the

ocean in the global cycles of these gases.

Chapter 2 starts with a brief review of the two-film model, the

surface renewal modelst and the box model. An example of how the box

model can be used to calculate the ocean-atmospheric distribution of

DCS is shown. The biological and physical structure of the ocean re1e-

vant to flux models is discussed at the end of the chapter. The app1i-

cation of the models relies on obtaining accurate values for two

physico-chemical constantst the Henry's constant (H) and the liquid

transfer coefficient (Kt). Chapter 3 describes these important param-

eters. The thermodynamic theory relating the air-water partitioning

to H and the temperature and salinity dependence of H are presented.

The measured value of H for the gases studied are tabulated, and by

comparing the values of different research groups an estimate of the

uncertainties in H can be obtained. The measurement of Kt is also

described along with the dependence of Kt on the diffusion coefficient

and the windspeed.

In the application of a mode1t a realistic appraisal of the

uncertainties should be made. Even though the ocean flux has been

calculated previously for some of the gases in the studYt there has

been no attempt to quantitatively estimate the uncertainty in using

the two-film model. Chapter 4 describes the types of uncertainties

in ocean-atmosphere flux ca1cu1ationst and a propagation of error pro-

cedure is applied to the two-film model to determine which terms

contribute the most to the total uncertainty for each gas.
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Chapters 5 and 6 describe the basic instrumentation used to

identify and measure the concentrations of the selected gases along

with a detailed study of the OCS analytical proceduret including

linearitYt detection limitt and verification of the identified peak.

Chapter 7 describes a new procedure for seawater gas analysis where

the sample is collected in a gas-tight container and the headspace

analyzed directly, eliminating potential sources of contamination. An

important part of any sampling and analysis program is determining what

the stability of the collected samples is. In Chapter 8 the stability

of air and seawater in the sample bottles is tested for OCS to under-

stand how storage may affect the measured concentration. Chapter 9

describes the experimental measurement apparatus developed for the

determination of the Henry's constant for OCS.

In Chapter 10 the models and measurement techniques developed in

Part I and Part 2 are used along with the data from samples collected

on three oceanographic cruises to calculate the flux of OCS, CH3I,

CHCI3, and other halocarbons. Air and seawater samples were collected

on one trip i~ the Atlantic Ocean and two trips in the Pacific Ocean.

In addition, some samples from the moderately biologically productive

Pacific coast were collected from fishing boats. The data from these

.

samples were used in the two-film model to calculate the ocean flux of

the gases studied. These fluxes are compared with other sources for

the gases, and their importance to potential global environmental

problems is discussed.
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This dissertation was written to provide the reader with a com-

plete account of ocean-atmosphere trace gas exchange, in addition to

describing the research on several important topics. Only recently has

the full importance of trace gas flux measurements been realized, and

up to this point only a limited number of seawater and atmospheric

measurements suitable for ocean flux modeling have been made. The

measurements presented here show for the first time that the ocean is

a major source of DCS and CHCl3 in the global environment, and confirm

that the anthropogenic gases such as F-II, F-12, and CH3CCl3 are in

equilibrium in the surface waters. A methodology for the collection

of seawater samples for subsequent analysis of the trace gas content

in the laboratory has been developed and successfully applied. While

many questions have been answered, there are still many others that

have been generated. The methodology and data provided here can serve

as a starting point for research into these new areas.
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PART I

A STUDY OF OCEAN-AIR GAS EXCHANGEMODELS
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CHAPTER 2

MODELS FOR CALCULATING THE OCEAN-AIR FLUX OF TRACE GASES

2.1 Introduction

Modeling the exchange of gases across the air-sea interface

began with studies of the transfer of oxygen between the atmosphere and

the ocean (Redfield, 1947), and with effortsto estimatethe potential

of the ocean as a sink for increasing carbon dioxide (C02) from fossil

fuel burning (Revelle and Suess, 1957; Bolin, 1957). The models used

in these calculations were originally developed for chemical engineer-

ing applications to measure the adsorption of gases by liquid, and were

adapted for use in chemical oceanography. Following the C02 studies

and with the improvement of analytical techniques for gases, these

models were used to determine the ocean flux of trace gases such as

methane (CH4), carbon monoxide (CO) (Swinnerton and Linnenbom, 1966),

nitrous oxide (N20) (Weiss, 1982; Rasmussen and Pierotti, 1979), and

the chlorofluorocarbons (Junge, 1976).

The models used for calculating gas exchange are based on the

movement of a gas to the air-water interface followed by transfer

across the interface. The transfer of the gas through the bulk air or

water phase can take place by either convective mixing, diffusion, or

a combination of the two. The transfer across the interface is assumed

to be instantaneous, and proceeds as a result of a difference in the

partial pressures of the gas in the two phases (see Chapter 3). Using
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these basic features several models have been proposed for calculat-

ing gas exchange, differing in the mechanism for the transfer of the

gas to the interface region. The most commonly used models are the

two-film model, the surface renewal model, and the box model.

The modeling of gas exchange in the ocean presents some prob-

lems not found in engineering applications. The ocean is often het-

erogeneous due to currents and thermal gradients and cannot always

be considered well mixed. For gases produced in the ocean by bio-

logical activity, the concentration can vary considerably due to the

productivity of the area sampled or the season (Lovelock et al.,

1976; Rasmussen et al., 1982d). For this reason calculations of

ocean fluxes of gases need to take into account the ocean structure

and the biological productivity.

The two-film model and the surface renewal models will be

compared, and it will be shown that they produce similar flux values

for ocean-atmosphere exchange problems if the mass transfer coeffi-

cients are measured in situ.-- An example of a box model calculation

for carbonyl sulfide (oeS) is shown where the ocean source and at-

mospheric lifetime can be calculated using data on the flux, sources,

and sinks. In the final section, the physical and biological pro-

cesses that affect gas exchange are discussed along with how this

information can be incorporated into the flux calculations to give

more realistic results.
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2.2 Two-Film Model

The two-film model, also called the stagnant film model, is the

most commonly used method for calculating the flux of gases across the

ocean-air interface. The model was first described by Whitman (1923)

and is based on diffusion through a thin surface film where the partial

pressure difference between the atmosphere and the ocean is the driving

force for transfer.

The advantages of the model are that it is simple to use, the

parameters in the model can be related to physical processes which can

be measured, and the results agree with the more complicated models

(Danckwerts, 1970). The main disadvantage is that the model is based

on the concept of a stagnant film of uniform thickness at the surface

of the ocean. In reality, the film thickness can vary considerably due

to wind speed and the breaking action of waves (Kanwisher, 1963), making

the stagnant film thickness a parameter that cannot be directly measured

or theoretically determined.

The two-film model is shown schematically in Figure 2.1 and is

derived with the following assumptions. The bulk air and water phase

are well mixed and have a uniform composition, C and Co. There is a
. g ~

thin layer at the interface of each phase 0g and o£ through which mass

transfer takes place by diffusion. At the interface the gas concentra-

tion C and liquid concentration Co are in equilibrium and are re-gs ~s

1ated to each other by Henry's Law (Chapter 3). The rate of transfer



TWO- FILM MODEL

Figure 2.1. Schematic of two-film flux model. C is the
g

atmospheric concentration, C1 is the bulk liquid

concentration, Csl is the liquid concentration at

the interface, and C is the atmospheric
sg

concentration at the interface. 0 is the gas
g

phase film thickness, and 01 is the liquid phase
film thickness.

11

Cg
I

Well-mixed
Atmosphere

I

z!

----
- ,

Interface-

- ---

Well-mixed
CI I Ocean



12

through the interface is assumed to be rapid, so the rate limiting

step for gas exchange is diffusion through the stagnant film.

The mathematical development of the model has been reviewed in

several articles and books (Whitman, 1923; Liss and Slater, 1974;

Neely, 1980) and will be presented here as a basis for comparison with

other models to be discussed.

The transport through the stationary films at the interface is

assumed to take place by diffusion and is described by Fick's first

law, where the flux through each film is equal to a diffusion coeffi-

cient times the concentration gradient.

(2.2-1a)

(2.2-1b)

Fg and F,tare the flux through the gas and liquid interfacial region

respectively. Dg and D,t are the diffusion coefficient in the gas and

liquid, and Cg is the gas concentration and C,t is the liquid concentra-

tion. For actual applications, each of the films is assumed to be a

layer of thickness 0 so equations (2.2-1) can be approximated as:

F = k (C - C )
g g g sg

(2.2-2a)

(2.2-2b)

F =

Dg ( aa:' )g

F,t =
D,t (Ca:,t )
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C and C_D are the gas and liquid concentrations at the liquid inter-sg ~

face, and kg and k1 are the gas and liquid mass transfer coefficients

defined as:

(2.2-3a)

(2.2-3b)

0g and 0l are the gas and liquid phase film thicknesses.

dimensions of velocity and describes the rate of transfer through each

k has the

interfacial region.

Assuming the transport between the two phases to be a steady

state process, equations (2.2-2a) and (2.2-2b) can be set equal to each

other:

F = F = k (C - C ) =
gig g sg

(2.2-4)

The equations are difficult to use in this form since it is hard to

measure the interface concentrations, C and C D. By assuming the
sg s~

interface is in equilibrium (Scriven and Pigford, 1958), Henry's law

can be used to relate the two interface concentrations, C and C D
sg s~

(see Chapter 3 for a detailed discussion of Henry's law):

(2.2-5)

D
k =
g 0

g

Dl
k1 =-

°l
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where H is the Henry's Constant. Equation (2.2-5) can be substituted

into equation (2.2-4), and with some rearrangement can be written in

a form that does not depend on the surface concentrations:

(2.2-6a)

(2.2-6b)

These equations can be simplified by defining an overall mass transfer

coefficient Kg or Kf that has contributions from both kg and k£.

1 H 1-=-+-
K kg k
g .(.. g

(2.2-7a)

1 1
k + Hk
t g

= Kf
H

(2.2-7b)

K
g

(2.2-8)

Substituting Kg and Kf into equation (2.2-6), the final form of the

flux equations is obtained.

(2.2-9)

Equation (2.2-9) gives the total flux of a gas across the air-water

interface. To evaluate the flux for a particular gas, the concentra-
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tion in the atmosphere (Cg) and the ocean (Ct) must be measured, the

Henry's constant must be known, and the value of K must be determined.

The bulk gas and liquid concentrations can be measured using tech-

niques described in Chapters 5, 6, 7, and 8. The values for Hand K

are different for each compound and depend on the pnysical parameters

at the ocean-air interface. In Chapter 3 the methods that have been

used to determine Hand K for DCS and the halocarbons listed in the

introduction will be discussed.

2.3 Penetration Theory and Surface Renewal Theory

One of the limitations of the two-film model is that when a

liquid and a gas are first brought together, equilibrium is not imme-

diate1y established because of the time for diffusion (penetration)

into the water parcel. Penetration theory (Higbie, 1935) and later

surface renewal theory (Danckwerts, 1951, 1955) were developed to

provide a more realistic assessment of occurrences at the interface.

The interpretation of penetration theory has since been expanded to

the idea of a turbulent eddy of water that continually brings new

parcels to the surface for a time period where gas exchange can take

place. One exposure of the water at the surface would not require

complete equilibrium to be established.

Instead of assuming a constant flux through the surface, pene-

tration theory describes the gas diffusing through the liquid near

the surface according to Fick's second law, which gives the change

in concentration with surface exposure time:
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(2.3-1)

This equation can be solved using the boundary conditions described

below (Danckwerts, 1951; Higbie, 1935). C /H is the water concentra-
g

tion in equilibrium with the air concentration, and Ct is the initial

or bulk concentration in the water.

The solution to equation (2.3-1) in terms of the error function, erfc:

erfc
]

(2.3-2)

The flux at the ocean surface (z = 0) can be calculated using Fick's

first law, which is the derivative of equation (2.3-2) with respect

to z, at z = O.

( ac ) =
F = D ~ z=O (~ ) -~

H - Ct ~ ~ (2.3-3)

where t is the length of time the water spends at the interface.

Higbe (1935) called this the exposure time, t , and assumed that ite

is the same for all parcels of water reaching the surface. The

1) C = C IH z = 0 t > 0
g

2) C = Ct z > 0 t = 0

3) C = Ct z = co t > 0
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exposure time can be calculated from the overall transfer coefficient

K:

K = (2.3-4)

A difficulty with penetration theory is that the exposure time, t , ise

never really known, nor can it be theoretically calculated (Danckwerts,

1970). Consequently, K has to be experimentally determined in order

to get t to use in subsequent calculations.e

Surface renewal theory is a modification of penetration theory,

which assumes that the exposure time is not constant for all parcels

of water but can vary from 0 to infinity (Danckwerts, 1951, 1955, 1970).

Danckwerts suggested that a more realistic approach would be to assume

that there is no correlation between the age of a parcel of water at

the surface and its chance of being replaced, and defined a surface

age distribution function which describes the fraction of surface area

belonging to different age groups t + dt. Regardless of the age of

the water parcel, its fractional rate of replacement with fresh water

is equal to s. So if the surface area of an age group is ~dt at time

t, it will be ~dt-s~dt at time t + dt, where scj>dtrepresents the

fraction replaced with fresh water. This can be described as a first

order loss process.

dcj>= -scj>dt (2.3-5)
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Equation (2.3-5) can be integrated to get the surface area distribution

function, which gives the surface area, ~, as a function of exposure

time, t.

~ = se-st (2.3-6)

Since equation (2.3-3) gives the flux per unit area, it can be multi-

plied by ~ to get the flux for each exposure time.

F(t) =
(
~ _ C

)

...1D.e -st

H .e ." 1ft se.
(2.3-7)

This equation can be integrated over all exposure times (0 to 00) to

give the average flux.

F = (2.3-8)

The result is similar to penetration theory with K given by:

(2.3-9)

The value for s, the fractional rate of replacement, must be deter-

mined experimentally since it cannot be theoretically evaluated.

The major difference between the surface renewal theories and

the two-film model is that the two-film model predicts that K is
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proportional to D, where the surface renewal models predict that K is

1

proportional to D~. The two theories will give the same results when

K is measured for a tracer gas with a diffusion coefficient similar to

the gas of interest, but can give substantially different flux values

for gases with diffusion coefficients different from those of the

tracer (see Chapter 3).

Conceptually surface renewal theory is more appealing since it

seems to be a better model of what is really happening at the surface.

It is very useful for chemical engineering applications where exposure

times between the chemical and the water surface are short and can

often be estimated. For environmental applications the exposure times

cannot be estimated any better than the surface film thickness, so the

simpler two-film model is usually used.

2.4 Box Models Applied to Ocean-Atmosphere Exchange

The box model is a powerful tool for calculating the distribu-

tion of chemicals in the environment, and can be used for ocean-atmos-

phere flux calculations. The model is based on the conservation of

mass equation applied to any number of desired boxes of various sizes.

FQr oceanographic modeling the box model is often more desirable than

a continuous model since the ocean is composed of layers of water in-

ternally well mixed but substantially different from the surrounding

water. Depending on the choice of boxes, models can be set up to cal-

culate the distribution of chemicals between the atmosphere and the
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mixed layer of the ocean, describe the movement to and from the deep

ocean, and calculate the ocean flux of a gas from depth profile data.

Box models have been used with tracer gases such as 14C02 and Radon

to measure the transfer coefficient, K, for use in the two-film model

(Craig, 1957; Broecker and Peng, 1974).

An ocean-atmosphere box model can be formulated by dividing the

system into one or more well mixed boxes. The conservation of mass

equation can be applied to each box.

Mass Change = Flow into box - Flow out of box +

Production in box - Loss in box

For a system of N boxes the conservation of mass equation can

be written as a series of equations for the boxes (Khalil, 1979).

~l ~z ...~

C1 Kll KI2 .. .KINI I C1I I Sl I ILl

C2 K21 K22 .. .KZNI I CzI I Sz I I Lz

ddt I
. = I I I + I I - I I (2.4-1)
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where K.. represents the overall transport term between the boxes and
~~

can be written as a sum of the diffusion terms, DNN' and the velocity

terms, k.., for the boxes. If the loss terms are written as first~~

order processes, L. = k.C., they can be combined with the K terms,~ ~ ~

and equation (2.4-1) can be simplified to:

Kll K12 .. .KlN

K K 2 ...K2N21 2
dC
(ff= C + S (2.4-2)

~l ~2 ...~

where f and ~ are defined as the column vectors from equation (2.4-1).

The solution to this differential equation is (Khalil, 1979):

t

C = exp(-Qt)fo + exp(-Qt) ~
o

I I I

exp(Qt ) .~(t )dt (2.4-3)

where the matrix, Q, contains both the transport and sink terms. For

many naturally produced gases, Set) is a constant in time, so C is

equal to:

(2.4-li)

To demonstrate how the box model can be used in ocean-atmosphere

calculations, the carbonyl sulfide distribution will be calculated in
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the next section using a two-box model. If depth profile data are

available, more boxes can easily be added to the model, and the flux

from the ocean can be calculated. In Chapter 3 the methods used to

calculate K from a box model will be discussed.

2.5 Atmospheric OCS Distribution Calculated Using a Two-Box Model

The global OCS budget can be calculated using the box model

shawn in Figure 2.2 In this model the atmosphere is divided into a

stratospheric box and a tropospheric box. One box can be used for the

troposphere since the concentration of OCS is uniform (Torres et al.,

1980). The ocean is divided into two boxes, one representing the mixed

layer and the other the deep ocean. The mixed layer concentration is

assumed to be constant, and is equal to the average concentration

weighted to the different productivity areas (see Chapter 10).

The transport terms, (k.), the rate constants for hydrolysis,~

Km' and for tropospheric loss mechanisms, KT' are shown in Table 2-1,

along with the concentrations of OCS in the four boxes. kl and k4 are

small compared with the other terms, so the stratospheric box and the

deep ocean box can be eliminated from the calculation since their con-

tribution is small. This simplifies the model to two main boxes: the

troposphere and the ocean mixed layer. The mass balance equation can

be written for the global sources and sinks of OCS as shown in equation

(2.4-2).
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TABLE 2-1

Data for OCS Box Model

Tropospheric concentration:: CT = 500 pptv

Ocean mixed layer concentration:: C = 800 pptvm

Deep ocean concentration:: GD = 0 pptv

Atmospheric burden:: m = 4.3 x 1012 g OGST

Ocean mixed layer burden:: m = 7.3 x 1010 g OGSm

Tropospheric source (Table 10-4) :: ST = 3.2 x 1012 g/yr

Hydrolysis rate constant ::K = 71 yr-1m

Henry's constant:: H = 1.7

Volume mixed layer:: V = 3.6 x 1022 cm3m
(100 m deep)

Area of ocean :: Ao 3.6 x 1018 cm2

Avogadro's number:: NO = 6.02 x 1023

Number of molecules in troposphere:: N°O= 8.7 x 1043
(Khalil, 1979)

*
Transport to the stratosphere ::kl = 0.12 yr-1

Transport to the deep ocean:: k4 = 0.002 yr-1

*
Khalil, 1979
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To avoid corrections due to the different volumes in the boxes, the

equations can be written in terms of the total mass in each box (m.),~

so the flux of oes is also given in terms of the mass per unit time.

Starting with equation (2.2-9), the concentrations are expressed as

m. and the flux is calculated as mass per year for the total ocean.~

F = Flux

- ::) (2.5-1)

The mass in each box can be calculated using equation (2.4-4) since

the sources for oes are assumed to be constant with time.

Since these are two equations, one for each box, equation (2.5-2) can

be solved for any two unknowns. For oes the two unknowns are the tro-

pospheric lifetime, KT, and the ocean source, Sm' The tropospheric

sources of oes, ST' are given in Table 10-4 and have been independently

estimated to be 2.5 Tg/yr. The ocean sink term, K , was calculatedm

using the hydrolysisrate constantof Thompson (1935) at the average

ocean pH. Both ST and Km could be uncertain by a factor of two, but

currently are the best available values.

0)
AoK,f

(2.5-2)
AoK,fN I- K +

(T HNcoRT Vm
I mS =

I
0

A K.e )
AoK,fN -

(Km + m

co
HN RT
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Substituting in the data from Table 2-1 and performing the matrix

multiplication, the ocean mixed layer source and atmospheric lifetime

are found to be:

S = 5.9 x 1012 g/yrm

l/K.r = 1.4 years

While the lifetime can be calculated from only the tropospheric

data and the ocean mixed layer source can be determined from the ocean

data, the use of a simple box model as shown allows both of these quan-

tities to be calculated at once, and, more importantly, assures that

all of the values found from the model are consistent. This has not

always been the case in the literature when separate calculations are

done and the results combined into a global budget.

2.6 Physical and Biological Processes in the Ocean

To use the two-film or box model to maximum advantage in ocean-

atmosphere exchange calculations, the physical structure and biologi-

cal make-up of the ocean must be understood so

selection of sampling sites or arrangement of

with the atmosphere, temperature and salinity

ocean into density layers which do not readily exchange with each

other, but unlike the atmosphere the mixing within each of these lay-

ers is much slower. For gases of biological origin, concentrations can

vary greatly due to the productivity and nutrient availability in

that the correct

boxes can be made. As

gradients divide the
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different regions of the ocean. In this section the physical and bio-

logical structure of the ocean will be described to provide guidelines

for formulating ocean-atmosphere exchange models.

The vertical structure of the ocean is shown in Figure 2.3.

The upper layer, called the mixed layer, extends down to approximately

100 meters and is of uniform composition since the water is mixed at

a rapid rate by the surface winds (Neumann, 1965). This layer can be

identified by a constant temperature profile shown in Figure 2.3, line

C. The temperature of the mixed layer varies with latitude from about

0° to 26°C as shown in Figures 2.4 and 2.5 (Defant, 1961), and is an

important parameter in gas exchange studies since the solubility of a

gas is a function of temperature (see Chapter 3). The mixed layer is

primarily responsible for ocean-atmosphere exchange because the gas

concentration within this layer is readily available for exchange with

the atmosphere since the residence time of an inert gas in this layer

is about 20 days (peng et al., 1979).

Below the mixed layer there are the intermediate waters and the

deep ocean. The intermediate waters act to separate the deep ocean

from the mixed layer since the low temperature and high density of the

deep waters keep them from mixing with the surface waters. The ex-

change of water between the deep ocean and the mixed layer is on the

order of about 500 to 1000 years (Craig, 1957), so the loss of a gas

to the deep ocean is not considered significant for most gases. How-

ever, recent evidence (Gammon et al., 1982) suggests that cold ocean

currents originating near the poles may bring fresh water into the
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deep ocean in less than 20 years, but the volume of this water is not

Ocean currents are driven by energy from the wind and sun and

are responsible for the horizontal and vertical mixing of water masses.

The physical mixing processes are a result of energy exchange at the

ocean-atmosphere boundary in the form of heat and momentum. The upper

layer of the ocean is mixed primarily by wind-driven oceanic currents,

which are shown in Figure 2.6 (Defant, 1961). Mixing in the intermedi-

ate and deep waters can take place by slope currents, so named because

they originate at the surface and slope downward through the ocean,

and by thermohaline currents (Neumann, 1965). The thermohaline cur-

rents are caused by the differences in evaporation and precipitation

rates at the ocean surface which result in salinity and temperature

changes. The changes in temperature and salinity cause the water mass

to either rise or fall because of its change in density, resulting in

the movement of surface water masses to the keep ocean. This process

is responsible for the sinking of cold water masses in the North At1an-

tic and Antarctic regions, and the weak bottom currents from the high

latitudes towards the equator as shown in Figure 2.7 (Neumann, 1965).

Another important physical process affecting the ocean-atmosphere

exchange of biologically produced gases are the upwellings of deep,

nutrient-rich waters. These areas occur off the western coast of con-

tinents in the low latitudes, and are caused by the trade winds blowing

along the coast combined with the geostrophic effect to move the sur-

face water away from the coast allowing cold water to rise and take its

place (Riley and Chester, 1971). These upwellings are important since
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the biological productivity in these regions is high because of

nutrients brought in by the cold water.

The seawater concentrations of gases produced by biological ac-

tivity can vary depending on the productivity of the area, the season,

and the time of day. When modeling the ocean flux of trace gases, it

is important to design a comprehensive sampling program to sample the

various productivity areas, and also to take into account the wide

range of concentrations that might be found.

Depending on the input of sunlight and nutrients, the biological

productivity of the ocean varies widely. Regions of nutrient upwell-

ings or continental runoff would be expected to have more biological

activity than the open ocean areas with low nutrient concentrations.

A map of the primary productivity areas of the world's oceans has been

compiled by Koblentz-Mishke et al. (1970) and is shown in Figure 2.8.

The original five areas have been combined and divided into three

major areas, low, moderate, and high. Table 2-2 shows the percentage

of the total ocean area of each productivity type, along with the car-

bon production rate. The productivity is determined by measuring the

intensity of photosynthesis by marine algae at a given location. The

standard method of measurement is the radiocarbon method of Neilsen

(1951), which measures the amount of 14C uptake by algae per day. Care

must be taken in application of the primary productivity areas based

on algae measurements to the production of a specific gas, since

gases are often produced by specific organisms which may vary from

location to location (Lovelock et al., 1972).
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TABLE 2-2

Biological Primary Productivity Regions

of the Oceans

36

Productivity % Total Total Area mg C/m2
Area Ocean (cm2) per day

High 3 1.1 x 1017 >500

Moderate 57 2.1 x 1018 100 - 500

Low 40 1.4 x 1018 <100
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The heterogeneity of the ocean, especially for gases of biologi-

cal origin, can be expected to give large variations in the gas concen-

trations in seawater. For gases produced in the ocean, samples need

to be collected from many types of productivity areas to get an accu-

rate estimate of the flux.

2.7 Conclusions

The transfer of a gas across the ocean-atmosphere interface can

be thought of as the process of convective transport of the gas, in a

well mixed layer, to the interface where it moves by diffusion through

a thin surface film in the direction from high partial pressure to low

partial pressure. This can be described by either a stagnant film

model or a surface renewal model. While conceptually the models are

very different, in actual application both models predict that the flux

is equal to a transfer coefficient, K, times an air-water concentration

difference, as given by equations (2.2-9) and (2.3-8). The models dif-

fer in that K for the two-film model is proportional to D, and for the

k
surface renewal model K is proportional to D2. Chapter 3 will show

that for gases with diffusion coefficients similar to the tracer gas

the difference in the flux calculated using the two models is small

compared to other uncertainties. However, there are fundamental dif-

ferences in the models because they predict a different dependence on

the diffusioncoefficient,D.
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The box model can be used to get a more comprehensive understand-

ing of the distribution of a gas between the atmosphere and the ocean.

This was shown for OCS where the atmospheric lifetime and ocean source

were calculated from the concentration distribution. The box model

can also be used with ocean profile data to calculate the flux. This

will be shown in Chapter 3 where this procedure is used on tracer

gases to determine K.

To select the appropriate locations to collect samples for use

with the two-film model or to set up the optimum number of boxes for

the box model, the physical and biological structure of the ocean is

an important consideration. Ocean productivity can have a tremendous

effect on the concentrations of gases produced by biological mechanisms,

which will be shown for the case of methyl iodide and OCS in Chapter

10. It is often convenient to divide the ocean into productivity areas

and calculate the flux for each area. Significant differences in the

flux values is a good indication that biological production may be

taking place.
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CHAPTER 3

DETERMINATION OF THE HENRY'S CONSTANT, H,

AND MASS TRANSFER COEFFICIENT, K

3.1 Introduction

The Henry's constant, H, and the transfer coefficient, K, are

important parameters in the study of gas exchange at the ocean-atmos-

phere interface. In Chapter 2, gas exchange models were presented

which required Hand K in addition to the air and seawater concentra-

tions. The value of H relates the liquid concentration to the gas

concentration by means of Henry's law and along with Cg and Cl deter-

mine whether gas transfer is to or from the ocean. K is a measure of

the rate of gas transfer and does not affect the direction of the flux.

In this chapter the experimental measurement of Hand K will be

described, and tables listing the literature values for these constants

have been compiled. Since H is a function of temperature and salinity

and K is a function of the gas molar volume and windspeed, the depen-

dence of Hand K on these parameters will be discussed along with the

theoretical basis for this dependence. Excellent reviews for the

measurement of the Henry's constant and gas solubility exist (Markham

and Kobe, 1981; Battino and Clever, 1966), and severalpapers on the

measurement of the transfer coefficient have been written (Broecker

and Peng, 1974; Peng et al., 1979).
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3.2 Henry's Law

An empirical relationship was formulated in 1803 by Sir William

Henry, who experimentally found that the quantity of a gas dissolved in

a given mass of water is proportional to the pressure of the gas.

Henry's law in its best known formulation is given in terms of the

partial pressure and mole fraction of a gas (Hildebrand and Scott,

1964) :

p = H X (3.2-1)

where p is the partial pressure of gas, H is the Henry's constant for

that gas and X is the mole fraction in solution. Henry's law is valid

in dilute solutions of non-ideal gases where the molecules of solute

are so few that the solvent can separate them enough to form a uniform

environment (Hildebrand and Scott, 1964).

For a gas that exhibits ideal behavior, the Henry's constant is

equal to the equilibrium vapor pressure of the gas (pO), and the gas is

said to follow Raou1t's law (Moore, 1972).

p (3.2-2)

Figure 3.1 illustrates the relationship between the two laws. Line

A shows the Raou1t's law description of the ideal behavior of a gas.

Line B shows the actual gas behavior, which is non-ideal at intermediate

mole fractions. Line C shows the Henry's law fit to the actual gas
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behavior at low concentrations. This figure demonstrates that even

though the gas is non-ideal and deviates from Raou1t's law, a Henry's

constant can be found to empirically describe the gas behavior at low

mole fractions (Denbigh, 1971). For many gases, Henry's law is valid

up to a pressure of one atmosphere with only about a 1 to 3% deviation

(Daniels and Alberty, 1970).

Henry's law and Raou1t's law were first established from experi-

mental data, but it is also possible to derive them from thermodynamic

criteria for equilibrium between two phases. For two phases to be in

equilibrium the chemical potentials (p) of the components in each

phase must be equal (Denbigh, 1971).

pgas = ~solu (3.2-3)

In order that the derivation be valid for both ideal and non-ideal

solutions, the chemical potentials can be written in terms of the

fugacity, f (Mackay et al., 1979):

pgas = p*(T) + RT In fgas (3.2-4)

psolu=P*(T) + RT In fsolu (3.2-5)

p* is the reference state chemical potential. The fugacity is an ideal-

ized vapor pressure which makes it possible to use the ideal expression

for the chemical potential and correct it for non-ideal effects (Mackay,

1979; Mackay and Paterson, 1981). The fugacity of a component in each

phase can be related to its partial pressure (Mackay et al., 1979):
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(3.2-6)

f
so1u solu X 0=~ p = ~ p (3.2-7)

where ~ and ~ are the fugacity coefficients, p is the partial pressure,

P is the total pressure, and po is the equilibrium vapor pressure of

the pure liquid at some temperature (T).

Substituting equations (3.2-4) and (3.2-5) into equation (3~2-3)

and simplifying:

(3.2-8)

Substituting in the fugacity of each phase from equations (3.2-6) and

(3.2-7) :

(3.2-9)

This can be rearranged:

o
gas IE = K

.E..- = ~X
(3.2-10)

For ideal behavior ~ and ~ will both equal 1, so the constant K is equal

to the vapor pressure of the pure component po. This is the Raoult's

law expression. For non-icea1 behavior ~ and ~ do not have to be equal

to 1, so the constant K is equal to the Henry's Constant, H, and the gas

follows Henry's law. For the region over which Henry's law is obeyed

the ratio of ~ to ~ must not change.
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The ideal solubility of a gas can be calculated using equation

(3.2-10) (Hildebrand and Scott, 1964). For ideal solutions 1 and ~

are equal to 1 and for a pure gas present at 1 atmosphere pressure:

x 1
(3.2-11)o

p

Thus, the solubility can be calculated from the vapor pressure of the

pure component. This is true only if the gas behaves ideally over its

whole composition range, i.e., it follows line A in Figure 3.1. For

calculating the solubility of most gases in water this turns out to

be a poor approximation.

For applications of Henry's law to environmental calculations in

dilute solutions equation (3.2-10) can be rewritten in a more convenient

form (Markham and Kobe, 1941), using the liquid concentration, Cl.

,
p = H Cl (3.2-12)

Using the ideal gas law, the pressure can be expressed as a gas phase

concentration (C ):
g

...E =E.=c
RT V g (3.2-13)

R is the gas constant, T is the absolute temperature, n is the number

of moles and V is the volume. Using equations (3.2-12) and 3.2-13),

Henry's law can be written as:
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(3.2-14)

or

H

The constant H is expressed with Cg and C£ in the same units so H is

unitless (Neeley, 1980) which distinguishes it from the H in equation

(3.2-1). Notice that the value of H will be different if the concen-

trations are expressed as masses rather than in moles.

For substances which have vapor pressures above 1 atm at the

temperature of measurement, the Henry's constant can be determined from

gas solubility measurements made at 1 atm with pure gas (Douglas, 1967;

Weiss, 1970).

H = l/co (3.2-15)-LS

where C£s is the solubility of the gas. In the literature the Henry's

constant for gases is often expressed as the gas solubility. The two

common ways of expressing gas solubility are the solubility coefficient,

a, and the Bunsen absorption coefficient, P.

The solubility coefficient, a, was defined by Ostwald in 1894 as

"the ratio of the volume of the absorbed gas to that of the absorbing

liquid." If these are V£* and Vs' then a is given as:

a = (3.2-16)
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The volume of gas. v[*. is reported at 760 mmHg and at the specified

temperature of the measurement. Since a is measured at a gas partial

pressure of 760 mmHg, equation (3.2-16) is really a simplification of

equation (3.2-14) (Battino. 1966).

V[* c[ (3.2-17)V=C
s g

The relation between a and ~ is given by:

a = l/~ (3.2-18)

a has also been called the distribution coefficient, KD (Stumm and

Morgan, 1970).

The Bunsen absorption coefficient, p, was proposed by Bunsen in

1855 and is defined as lithe volume of gas reduced to OCC and 760 mm

pressure of-mercury, which is absorbed by the unit volume of liquid

under the pressure of 760 mm." a is similar to a except the volume

of gas is reduced to oCe and 760 mmHg using the ideal gas laws (Mark-

ham and Kobe, 1941):

(3.2-19)

(3.2-20)

The conversions among the different forms of solubility expressions and

the Henry's constant are given in Table 3-1.
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Equations for Converting Between the Different Forms

of the Henry's Constant and Solubility

(unit1ess)

a = l/H

mmHg . L
mole

(unitless)

a = 13
760

760--=-Ps(mmHg)
13 @ STP

atm . L
mole

Hl 1
H = 62.4 T (OK)

H2 1
H = 0.0821 T (OK)
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For substances below their critical temperature that have vapor

pressures greater than their partial pressures at the temperature of

the experiment, the Henry's constant can be calculated from the solu-

bi1ity data if the equilibrium vapor pressure is known (Mackay et a1.,

1979; Neeley, 1980). This can be demonstrated by going back to equation

(3.2-9) which describes the equilibrium between the vapor and liquid.

Equations (3.2-6) and 3.2-7) can be substituted into (3.2-9):

4>y P = "Y X po (3.2-21)

For environmental calculations, P is about 1 atmosphere, which means

that ideal gas behavior can be assumed, so 4> = 1 and p = y P.

(3.2-22)

This can be rearranged:

(3.2-23)

Considering a pure component in water, its vapor pressure, p, will be

equal to po, the equilibrium vapor pressure of the pure component, and

its concentration in water, X, will equal its solubility, XS.

(3.2-24)

Substituting this value of "Y po into equation (3.2-23), gives the

Henry's constant in terms of the vapor pressure and water solubility:
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(3.2-25)

This can be put into a form to give the Henry's constant from the water

solubility, Cls, in mg/L (Neeley, 1980; Thibodeaux, 1979):

o
H = 16. 04 .P !!

TC sl

po is in mmHg, T is in degrees Kelvin, and M is the molecular weight.

(3.2-26)

When using this method to calculate the Henry's constant, the equi-

librium vapor pressure and the solubility must be for the same state

(Mackay et al., 1979). If the solubility of the solid in water is

used, the vapor pressure of the solid at that temperature must also

be used. Often extrapolation through the critical point is necessary.

Table 3-1 summarizes the expressions of the Henry's constant

and the conversion from one form to another. Since the symbols often

vary depending on the application and the authors, it is important to

be sure the correct form of the Henry's constant along with the cor-

rect units are being used. In keeping with the standard terminology

used for flux calculations in the literature and in Chapter 2, the

Henry's constant will be referred to as H, regardless of the actual

form used.

3.3 Temperature Dependence of the Henry's Constant

The temperature dependence of the Henry's constant can be ex-

plained thermodynamically by examining the temperature dependence of

the chemical potential for each phase. The chemical potentials for

the solution and gas phases in their ideal form are given by:
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solu - U* + RTlnX/1 _ . (3.3-1)

~vap = ~o + RTlnp (3.3-2)

These can be rewritten in the form:

(3 . 3- 3 )

(3.3-4)

Equilibrium is described by equating the chemical potentials for the

two phases divided by the temperature of that phase.

jLso1u = ~vap
T T (3 . 3- 5 )

Any change in the chemical potential in one phase must be compensated

by a comparable change in the chemical potential of the other phase.

This can be expressed as the differential of equation (3.3-5) (Denbigh,

1971):

(3.3-6)

For ideal gas behavior ~vap is a function of temperature and

pressure, while for the ideal solution ~solu is a function of tempera-

ture, pressure, and composition. Consequently, equation (3.3-5) can

be expressed in its functional form:

solu
= * + R1nXIJ.

T T

vap
= o + R1np

;1_
T T
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The differential in equation (3.3-6) can be expanded in terms of the

variables described above:

d~ = ~ (uSOlU ) ~ (llsolu ) ~ (pSOlU )aT T dT + ap T dp + ax T dX

(3.3-8)

d vap a (
vap

) a (
vap

)U = _ .l! dT + - ~ dpdT aT T ap T

Substituting (3.3-8) into (3.3-6):

~ (~SOlU )aT T dX

= ~ (uvap ) l (a uvap )aT T dT + T aP
P T

(3.3-9)

This equation can be simplified by substituting the definitions of the

change in chemical potential with temperature at constant pressure and

the change in chemical potential with pressure at constant temperature

(Denbigh, 1971; Lewis and Randall, 1961):

= (3.3-10)

and

solu
= £(P, T, X)

(3 .3- 7)

T

vap
= £(T,p)L-

T
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-
=

(
a~vap

)ap T (
SOlU

)
a~ =

ap T X,

(
a~SOlU

)
= RT

ax x
T.P

Equation (3.3-7) becomes: '

(3.3-11)

V R
dT + T dp + X dX (

vap

)
R- ~ dT + - dp- - 2 PT

(3.3-12)

Hsolu is the partial molar enthalpy in solution, V is the partial molar

volume, Hvap is the enthalpy per mole in the vapor phase. Equation

(3.3-12) can be rearranged:

Hvap _ Hsolu V
d In E = dT + -- dp

X RT2 RT
(3.3-13)

From equation (3.2-1). piX can be set equal to the Henry's constant H.

Hvap _ Hsolu is the enthalpy of vaporization. bHvap. The second term

drops out at constant pressure. The resulting equation is known as the

van't Hoff equation (Lewis and Randall, 1961):

d
dT In H =

(3.3-14)

The integrated form of the equation can be used to determine the

tempera~ure dependence of H.

bHvap
(

1
)In H = __ + Constant = Al + A2f

(3.3-15)
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Equation (3.3-15) can be used as a first approximation for relating H

to T, but a better fit can be obtained by using the dependence of bHvap

on the temperature as described by the Kirchoff equation (Lewis and

Randall, 1961; Weiss, 1970):

dbH = bCpdt (3.3-16)

where bCp is the difference in the heat capacity of the gas between two

temperatures and bCp can be written as a power series in temperature:

bCp = a + bT + cT2 (3.3-17)

From equation (3.3-17):

lill = lillo + J ACpdT

(3.3-18)

where bHo is a constant. Therefore, substituting equation (3.3-18)

into (3.3-14) and integrating gives:

(3.3-19)

This equation has been used by several authors (Weiss, 1970; G1ew and

Moe1wyn-Hughes, 1953; Morrison, 1954; Douglas, 1967). In actual use

the coefficients Ai (i = 1, . , 5) of equation (3.3-19) are deter-

mined by an empiricalleast squaresfit of the data. Applicationof
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such a procedure has shown that it is generally unnecessary to include

A4 and As (Weiss, 1970). The simplified equation (3.3-19) being:

Ln H (3.3-20)

is sufficient for most environmental applications. Other specialized

equations have been proposed (Benson and Krause, 1976) but do not im-

prove the results. Not only are most environmental data described well

by equation (3.3-20), but it is also derivable from theory as shown

above.

In Chapter 9 equation (3.3-20) is used to calculate the tempera-

ture dependence of some recently obtained data on the solubility of

carbonyl sulfide, OCS, in seawater.

3.4 Literature Values of the Henry's Constant

Table 3-2 is a list of Henry's constant values extracted from

the literature. All values have been recalculated into the units of H

as defined in equation (3.2-14) so that they can be used in equation

(2.2-9) for calculation of ocean-atmosphere flux of chemicals. The

results of several workers are shown for comparison to give some idea

of the uncertainties involved.

The variation of the Henry's constant with temperature is shown

when the data are available. When data are available for only a limited

number of points, then actual data points are indicated by a (+) and a

temperature dependence is calculated by either equation (3.3-15) or

equation (3.3-20). Data for both distilled water and seawater are



Sal inity
S = seawater; n = distilled water

U1
U1

Henry's Constants (H)
,=-=...""..==:o"""::'":==--==-= =:'=-=--=''=-,,=:=-.""=:='-=-=====--= - -

COMPOUNI1 S TEtfPERATURF., °c REFERENCE

0/00 0 5 10 15 20 25 30 35 40

OCS D 1.16 1.40 1.66 1. 95 2.24 Seidell (1940)
Winkler (1903)

OCS S 1.4+ 1. 7+ 2.0+ 2.3+ 2.7+
-------------.-------------

Lot
...

3.2+ Rasmussen et a1.OCS S I.? ' 1.5 1.9 2.3 2.7
(1982c)(Chapter 9)

CH31 0 0.072* 0.091:'< 0.11 0.14* 0.17* 0.21 0.26* 0.31* 0.38* Hunter-Smith et a1.
(1982)

S 0.086* O.OU* 0.13 0.17 0.20 0.25 0.31* 0.37* 0.46*

CJt31 n 0.075 0.097 0.127 0.160 0.198 0.238 0.278 Clew & Moe1wyn-

Hughes (1953)

CH31 S 0.09+ 0.12+ 0.15+ 0.19+ 0.24+ 0.29+ 0.33+

CH31 0 0.25 0.35 Swain & Thornton
(1961) (2)

CH31 S 0.30+ 0.42+

CHCt 3 n 0.16 r.alculated from
data of McGovern

::z::
(1)
::J
11
'<
4

en

(")
0 t-<
::J tI1
en
rt w

I
N

rt
en

,...,
::z::
'-'



TAR1.E 3-2 (contInued)
:oz:=:=:=':"'_-=====-=== =.-::=:_--=.= = ::r=--=-===-':".=,=

COMPOUND S TEMPERATURE, °c REFERENCE
0/00 0 5 10 15 20 25 30 35 40

CHC13 S 0.19 Calculated from
nata of McGovern

CIIC13 1'1 O.l1a O.lJb McConnell (1975)
(a); Dilling (1977)
(b)

ClIC]3 S O.lJ- 0.16-

ClIC13 D 0.065* 0.082* 0.10* 0.13* 0.16 0.20 0.24* 0.30* 0.36* Hunter-Smith et al.
(1982)

CHC13 S 0.078* 0.098* 0.12 0.16 0.19 0.24 0.29* 0.36* 0.43*

1"-11 D 1.8* 2.0 2.4 2.8 3.2 3.6 4.1 4.7* Hunter-Smith et al.
(1982)

1"-11 S 2.2* 2.6 3.1 3.6 4.3 5.0 5.7 6.6*-
1"-11 D 2.8 4.3 6.6 Data fromZeninger

(Junge, 1976)

1"-11 S 5.6 11 20

1"-12 D 11.9 14.3 20.0 Data from Zeninger
(Junge, 1976)

1"-12 S 20.8 23.3 25.0 29.4

1"-12 S '>.6 11 20 Data from Zeninger
(Junge, 1976)

U1
0\
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TA8LE 3-2 (continued)
====-=-====-===--,====-=_.=--==-= :-.-=--=--==--==.=-=-=':...-:"_.'7'_

COMPOtlNf) S TEMPERATURE,°c REFERENCE
0/00 0 5 10 15 20 25 30 35 40

N20 I) 0.752 0.903 1.07 1.29 1.44 1. 70 1.86 2.12 Weiss ItPrice

(1979)
N20 35 0.93 1.11 1. 30 1. 56 1. 73 2.02 2.21 2.52

N20 35 0.71 1.10 1.27 1.47 1. 72 1. 78 1.82 Seiler ItSchmitt

N20 35 0.766 1.65 2.26 Markham ItKobe

(1941 )

CH3CC13 0 1.41a 1.2b McConnell (1975)(a)

Dilling (1974)(b)

CH3CCI3 S 1.7a' 1. 4b'

CH3CC13 I) 0.22* 0.26 0.32 0.38 0.45 0.53 0.62 0.73* Hunter-Smith et

0.28* 1.4*
a 1. (1982)

CH3CC13 S 0.36 0.47 0.60 0.75 0.94 1.2
-

CH3Cl f) 0.189 0.241 0.284 0.335 0.386 Glew It Moelwyn-
Hughes (195J)

Cll3CI S 0.2)' 0.29' 0.34' 0.40' 0.46'

SF6 f) 68.0 131. 6 181. 8 Fr iedman (1954)

SF6 S 82' 158' 218'
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COMPOUND S

0/00

C12C"CClH 0
(TCF.)

C12C-CC12 D
(PCF.)

CC1" D

o

S

TABLE 3-2 (contlnu~d)
=--==-"=-~~'~~":=-=-=-.=-T=:'': =..~.;;: ':cT-e-=-=

5
TEMPF.RATURE, °c

15 20 25

0.36a 0.49b

30 35
REFERENCE

40

McConnell (1975)

(a); Oilling

(1977) (b)---
McConnell (1975

(a); Of 11 fng

i!.~n) .ill

Dilling (1977)

CCl" Hunter-Smith et

a!. (1982)

CCl"

~=--:-=-

10

0.82a 0.49b

0.87

1.O'

0.40* 0.48 0.58 0.98D 0.60 0.83

S 0.57* 0.58 0.87 1.51.05 1.3

1.15

1.8

1.34*

2.2*

* extrapolated values using:

_.- ==--- ==;,.~.==,,===-===-"'::-.-==-=:.:- -=-

1
In " = Al + A2 i

· taken as 1.2 times distilled water values

t extrapolated values using:
1

In " = Al + A2 i + A3 In(T)

U1
())
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shown. The variation of H with salinity is not shown since over the

range normally found this effect is only 1-2%. Where data are not

available for seawater, it was estimated as being approximately 20%

higher than distilled water values. This is a reasonable approximation

which can be verified by comparing seawater and distilled water values

where both have been measured.

3.5 Determination of the Mass Transfer Coefficients

In Chapter 2 it was shown that the rate of exchange of a gas

between the atmosphere and the ocean is proportional to the transfer

coefficient, K. In the case of the two-film model, K is made up of

contributions from k , the transfer coefficient for the gas phase. and
g

kit the transfer coefficient for the liquid phase. This relationship

is given by equation (2.2-8). It does not matter whether Kg or Ki (to

be jointly referred to as K) is calculated. but the appropriate form of

the flux equation (2.2-9) must be used. The advantage of using Ki is

that for most gases kg is large, so Ki = ki and does not require the

use of the Henry's constant, H, as the calculation of K does (Kg g

Because the value of K is made up of contributions from many

terms, which cannot be easily evaluated (stagnant film thickness,

organic surface film resistance, wind. bubbles, etc.). K cannot be

measured under controlled laboratory conditions and applied to field

measurements as H was. To get an accurate estimate of K, measurements

should be made at the actual sampling location under prevailing
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conditions. This is usually done by using a trace gas such as 14C02,

H20, or radon. These values of K can be adjusted for the diffusivity

of the gas being studied. Since there are different theories on how

this adjustment should be made (i.e., two-film theory or stagnant film

theory), the best results are obtained for gases which have molar vol-

umes similar to the tracer. The measurement of K each time a sample is

collected for a flux calculation is a difficult and expensive task, so,

as a compromise, the value of K has been measured at many sites in the

ocean and the data averaged to get a value of K for average ocean con-

ditions. By looking at the variability in K, the uncertainty in using

this procedure can be estimated.

The measurement of the gas phase mass transfer coefficient, k ,g

is not as difficult as it is for the liquid phase. Estimates of k
g

have been made by studying the evaporation of water (Liss and Slater,

1974; Liss, 1973; Schooley, 1961). For the case of evaporation of a

pure liquid, the liquid phase resistance will be negligible, so:

...!...=

K
g

1
Hk
g

With the appropriate value for the Henry's constant, H, (see section

3), k can be calculated from measured evaporation rates.g

Using the data obtained from Schooley, Liss calculated k (H20)g

to be equal to 3,000 em/hr. k for other gases can be calculated byg

correcting for the different diffusion rates. Since this value is

usually much larger than k!, it is not necessary to use kg in the cal-

culationof the overall transfercoefficient,K.
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Early measurements of k1 were made using the natural distribu-

tion of 14C02 before bomb testing in 1954 (Craig, 1957; Revelle and

Suess, 1957; Broecker, 1963). Atmospheric 14C02 is produced by the

interaction of 12C02 and cosmic rays, and is exchanged with the ocean

where it decays. By assuming the 14C/12C ratio in the atmosphere and

the ocean has remained constant over the last 2000 years, a steady

state will be reached between the ocean and the atmosphere (Craig,

1957). Thus, the flux of 14C02 into the ocean must equal the amount

lost by radioactive decay. This can be represented by the mass ba1-

ance equation (Broecker and Peng, 1974):

A is the ocean surface area, V is the volume, and A is the radioactive

decay constant for 14C (1/8250 yr-1). H12C02/H14C02 is the ratio of

the Henry's constants for the C02 isotopes, which is equal to 0.96.

(

14C

)
is the isotope ratio for the ith layer, and C. is the concen-

12C i 1

tration of C02. The equation can be solved for D/o, which is equal

to the transfer coefficient, Kl. By assuming that k is negligible,g

Kl will be equal to k1. Table 3-3 summarizes the values of Kl and

0l found using the natural 14C02 distribution.

[c. x Hl2CO
( 14C ) c: ) mix ]

A D m1X 2
"5

- - C

H14C02
12C atm mix

V [ Cocean (: ) ocean]
A (3.5-1)
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TABLE 3-3

Field Measurements of Liquid Mass Transfer Coefficients

B. Transfer coefficient measuring using bomb testing 14C02

15 (microns) Reference

29-44

17-34

13-20

17-33

Young and Fairha11 (1968)

Nyda1 (1968)

Kl = 21 cmlhr is = 27 microns

C. Transfer coefficients measured from radon profiles

* weighted average

t converted to C02 base using equation (3.6-1)

A.
Transfer coefficient measured using pre-bomb 14C02

Kl (CO?) cmll1_r 15 (microns) Reference

17-44 13-33 Craig (1957)

25 23 Revelle and Suess (1957)

23 25 Broecker (1963)

9-33 33-67 Craig (1963)

Kl = 19 cmlhr is = 30 microns

t Kl (C02) cmjhr 15 (microns) Reference

16 47:t29 (n = 110) Peng et a1. (1979)

12.2 63:t30 (n = 31) Broecker and Peng (1974)

39 20:t 4 (n = 12) Peng et al. (1974)

Kl = 16* cmlhr = 48 microns
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The measurement of the 14C/12C ratios produced as a result of

nuclear bomb testing can also be used to determine k~. Essentially the

same procedure that was described above can be used except samples were

taken after 1954. The values for k~ and o~ determined by various

authors are shown in Table 3-3. One difficulty with this method is

the potential for errors due to the horizontal transport of material

in the oceans (Broecker and Peng, 1974).

Another method for determining k~ that is independent of 14C02

is the distribution of radon gas in the ocean (Broecker and Peng, 1974;

Peng et al., 1974; Peng et al., 1979). Dissolved radium (226Ra) is

uniformly distributed in the ocean and undergoes radioactive decay along

the following pathway:

222Rn + Ct A = 3.85 days

If there were no fluxes of radon gas across the air-ocean interface,

then the concentration of radon would be in equilibrium with the radium

and there would be a uniform concentration in the ocean. Since a con-

centration gradient exists between the mixed layer of the ocean and

the deep, this information can be used to calculate the film thickness

using a one-box model.

The conservation of mass equation can be written for the box of

interest, which is the mixed layer of the ocean:
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(3.5-2)

CE is the radium concentration in equilibrium with dissolved radon, de-

termined from deep ocean concentrations of radon or by direct measure-

ment of radium. Cz is the radon concentration at depth z, Cf is the

equation (3.5-2) can be solved for Kt or 0c

Radon concentration profiles were obtained by Broecker (Broecker

and Peng, 1974; Peng et a1., 1974; Peng et a1., 1979) at many loca-

tions around the world during the GEOSECS program. Measurements were

made in the Atlantic and Pacific Oceans in both the northern and

southern hemispheres. The film thickness, of' was found to vary be-

tween 20 microns and 120 microns, with an average of 47 microns (peng

et al., 1979). The variability is thought to be caused by different

wind speeds, but plots of film thickness against wind speed showed

poor correlation. Values for Kf and of for the radon measurements are

shown in Table 3~3 for comparison with the C02 data.

mixed layer concentration, and C is the atmospheric concentration.
g

C is usually taken to be uniform in the mixed layer, h, so it isz

equal to Cf. Assuming the system is at steady state (dC/dt = 0),
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In the review paper on air-sea exchange by Liss and Slater

(1974), all of the available data (except Peng et al., 1979) were

averaged to get a value of ~e (or kl) for C02 of 20 em/hr. Since then

Peng et al. (1979) have reported an additional 110 stations in the

Atlantic, Pacific, and Antarctic Oceans with an average value for kl

of 12 cm/hr (Rn). Considering the uncertainty, there is no significant

difference (a = 0.1) between these two numbers, but due to the large

number of locations sampled, the value of 12 cm/hr (Rn) will be used as

an average value of Kl under average ocean conditions.

3.6 Dependence of K on Diffusion Coefficient and Wind Speed

The values for k obtained from the C02 and the radon measure-g

ments and for kl from the water evaporation experiments can be used to

calculate an approximate value of kg and kl for other gases by correct-

ing for the differences in the rate of diffusion of the gases. By com-

bining equation (3.2-3) for two gases, the transfer coefficient of one

gas can be calculated from the second using the two-film approach.

(3.6-1)

For surface renewal and penetration theory the correction is calculated

using equations (3.3-5) and (3.3-7):

(3.6-2)
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In the case of liquid transfer coefficients, ki, equation (3.6-2)

seemed to give the best approximation to available laboratory experi-

mental results (Danckwerts, 1970). Recently a paper by Torgerson et

al. (1982) compared the transfer coefficients, ki, for 3He and 222Rn

in a small lake and concluded that equation (3.6-1) provided the best

representation of the data. At this time there is no firm evidence to

select one approach over the other.

To use either equation (3.6-1) or equation (3.6-2) the diffusion

coefficients for the gases must be determined. For many gases the dif-

fusion coefficients in air and water have been measured experimentally.

For other gases the diffusion coefficients in water have been calcu-

lated using empirical equations.

The calculation of the gas phase diffusion coefficients used to

determine k can be made by applying Graham's law:
g

(3.6-3)

The diffusion coefficients in the liquid phase are more difficult

to determine since there is no simple theory for their calculation.

Several empirical methods for calculating liquid diffusion coefficients

have been reviewed by Reid and Sherwood (1966). One recommended method,

often used, was proposed by Wilke and Chang (1955).

(3.6-4)
\I V 0.6

2
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MH20 is the molecular weight of water, T is the absolute temperature,

a is an association factor (a = 2.6 for water), v is the viscosity,

and V is the molecular volume of the solute at its normal boiling

point (cm3/mole). When this equation is used for the comparison of two

gases, all of the constant terms cancel. The resulting ratio is:

0.6

(3.6-5)

A listing of molar volumes of some gases is given in Appendix B.

Often the molar volume relationship is approximated by the molecular

weight ratio shown below (Liss and Slater, 1974); however, there is no

theoretical or experimental basis for using this equation in the

liquid phase.

=( :: ) (3.6-6)

Table 3-4 lists the transfer coefficients, ki, for selected

gases from the radon value of 12 cm/hr, and adjusted for diffusion rates

using equations (3.6-1) and (3.6-2). Table 3-5 gives the values of k

calculated from the average C02 value for ki of 20 cm/hr. These val-

ues can be compared with those reported by Liss and Slater (1974),

listed in Table 3-5 or calculated using their methodology (equation

( 3 . 6- 6) )



Compound

TABLE 3-4

Transfer Coefficients Calculated from Radon Measurements

H v *I
em3/mole

°1
em2/see

34.0 +

51. 5 +

62.9

82.8

47.5

115

77.4

101. 2

31>.4 +

110

108

107

128

1.64,,10-5

1.24,,10-5

1.13,,10-5

0.96,,10-5

1.34,,10-5

0.72><10-5

1.00,,10-5

0.85,,10-5

1.57><10-5

0.81><10-5

0.82><10-5

0.82,,10-5

0.74><10-5

~ 20.C and average glollal wlndspeed, 15 knots

(
V

)
0.6

'\ . °Rn :;
0Rn. 1.2 " 10-5 em/hr (iI 20.e (Broecker and Peng, 1')74)

* Estimated from atomic volumes

+ Hl'asured

"I
"Rn

k _ k ( _" i )i Rn °Rn

1."11 16

1.In 12

0.9', 11

0.80 9

1.12 13

0.60

0.83 10

0.71 8

I. 31 15

0.68 8

0.1>8 8

0.&8 8

0.1>2

cm/hr

(
°

)
'1

(
H

)
~

k . k .1 _~'!
t Rn IIRn HI

16 2.24

14 1.92

11 1. 25

12 1.35

IS 2.09

11 I. 29

\J 1.89

12 1.20

16 1.20

11 1.27

II 1. 35

11 1.30

11 1. H.

cm/hr

kf . kRn ( HRn)
It

~t

27

23

15

16

25

15

23

14

14

15

16

16

14

em/ hr

0-
00

CO2 44

OCS 60

CII31 142

CIIC1 3 121

C113Cl 51

CII3CC13 134

(CII3)2S 62

CCl 154

H2O 46

F-ll 138

F-12 121

TCE 132

PCE 166



Compound H

(

V

)

0.6
C02

°i . °C02 v~

0C02 . 1.64 x 10-5 em/hr @20°C (Broeckerand Peng. 1974)

* Estimatedfrum atomic volumes

+ Measured

(]\
'"

TABLE 3-5

Transfer Coefficients Calculated from 14COz Measurements

@ 20°Candaverageglohal wlndsp....d.15 knots

VI
*

°1 °1

( ° ) ( °1 r C::2r CCO? )em3/mole em2/see
k k I k . k k . k .-

°C02 l = C02 "CO2 f C02 0C02 l r.o2 j--- .--

34.0 + 1.64xlO-5 I 20 20 1 20

51.5 + 1.24xlO-5 0.76 15 17 0.86 17

62.9 J.13xlO-5 0.69 13 17 0.56 11

82.8 0.96xI0-5 0.59 12 15 0.60 12

47.5 1.34xI0-5 0.82 16 18 0.93 19

115 0.72xI0-5 0.43 9 13 0.57 11

77.4 1.00x10-5 0.61 12 16 0.84 17

101.2 0.85xI0-5 0.52 10 14 0.53 11

36.4 + 1.57x10-5 0.96 19 20 0.98 20

110 0.81xI0-5 0.49 10 14 0.56 11

108 O. 82xlO- 5 0.50 10 14 0.60 12

107 0.82xI0-5 0.50 10 14 0.58 12

128 0.74xI0-5 0.45 9 13 0.51 10

em/In em/hr em/hr

CO2 44

OC5 60

C1I31 142

CHC1] 121

CH3C1 51

C1I3CCI3 134

(CII3)25 62

CC1 154

H2O 46

F-11 138

F-12 121

TCF. 132

PCF. 166
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At the beginning of this section. the transfer coefficient. K.

was shown to be a function of the diffusion coefficient of the gas.

Laboratory experiments in wind tunnels have shown that K is also depen-

dent on the windspeed over the water surface (Kanwisher. 1963; Broecker

et a1.. 1978; Liss. 1973). For this reason it has been postulated that

the value of K used in ocean-atmosphere exchange calculations may also

be dependent on the average ocean windspeed (Broecker and Peng. 1974;

Liss and Slater. 1974).

Wind tunnel experiments on the exchange of 02 and C02 (Kanwisher.

1963; Hoover and Berkshire. 1969; Liss. 1963) were interpreted to mean

the liquid transfer coefficient. KI, was proportional to the square of

the wind speed. This relationship was soon adopted and used for ocean

data also. Two problems arise with relating KI to v2. First, there

is no rationale based on mass transport theory for this model (Deacon,

1977; Cohen et al., 1978; Wu. 1969). and. second, actual field data

for KI do not appear to have any correlation with the wind speed (Peng

et al., 1979; Hasse and Liss, 1980). For these reasons the effects of

wind speed on the oceanic values of KI are still being evaluated.

Cohen et a1. (1978) presented a more rigorous approach by re-

1ating KI to the friction velocity, U*, effective roughness height,

20, and the air kinematic viscosity, va. These variables can be com-

bined to describe a unit1ess Reynolds roughness number. R * (Wu, 1969).e

R *
e

2 U*
= -2..-

va
(3.6-6)
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They were able to get good correlation between Kt and Re* for wind

tunnel data, but found that the correlation was also dependent on the

mixing speed in the bulk water phase. This suggests that the actual

amount of water mixing due to currents or waves at a particular loca-

tion may have an effect on Kt. This would explain why laboratory data

correlate well with wind speed while field data do not.

Wu (1969) suggested that the wind stress on the ocean could be

divided into three regimes, which may also be applicable to the meas-

urement of Kt (Cohen et al., 1978). The first is for wind speeds be-

tween 0 and 3 m/sec, where the flow is aerodynamically smooth and the

wind stress is low. The value of Kt in this region is approximately

constant and does not vary with wind speed. This is consistent with

the wind tunnel data that show little change in Kt with wind speeds

below 3 m/sec. The second region is between 3 m/sec and 15 m/sec,

where the wind stress coefficient and surface roughness increase with

velocity. This region is characterized by an almost linear increase

in Kt with wind speed as related by equation (3.3-6). The third re-

gion is wind speed above 15 m/sec, where the wind stress coefficient

becomes constant and does not change with wind speed. Since there are

no wind tunnel data at these values, it is difficult to say what hap-

pens in this region, but considering that the field radon measurements

do not show significantly higher values for Kf at wind speeds greater

than 15 m/sec (peng et al., 1979), the value of Kt may also level off.
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This type of approach would seem to explain the data of Peng

et al. (1979) which are highly variable and do not correlate with

wind speed. At low wind velocities (..;3 m/ see) most of the values of

Kf are low; at wind speeds above 3 m/sec the values are highly vari-

able and may result from a combination of wind speed and ocean mixing

(for which there is no good measurement). It is hard to deduce any re-

lationship above 15 m/sec since only a few data points are available.

Most disturbing is the lack of correlation in the 3 + 15 m/sec range.

One reason for this may be that the measured radon profiles really

represent conditions that existed several days before the actual meas-

urements took place (half-life of radon is 3.8 days). However, pre-

liminary data using a continuous measurement process to scan the radon-

deficient layer every two hours (Roether and Kramer, 1978) and provide

resolution of transient effects (i.e., wind velocity changes) also

show no relationship between the transfer coefficient and wind velo-

city (Hasse and Liss, 1980). At the moment the problem remains

unresolved.

The current consensus is that there is no firm relationship be-

tween Kf and wind speed, and the best procedure for determining Kf is

to average the radon data by Peng et al. (1979) or use the average of

the 14C02 measurements to get an average value of Kf over the whole

ocean (Hasse and Liss, 1980). Meanwhile, more experiments are needed

to establish the relationship between wind speed, ocean mixing, and Kf'
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CHAPTER 4

ANALYSIS OF UNCERTAINTY IN THE TWO-FILM FLUX MODEL

4.1 Introduction

The two-film model or some version of it has been used for

nearly all calculations of the flux of trace gases to or from the

ocean. The origin of the model and the methods used to measure K and

H were described in Chapters 2 and 3, along with the factors which

affect K (wind speed, bubble formation, etc.). While this model has

been widely applied to oceanographic measurements, there has been no

work to quantitatively evaluate the uncertainties involved in using

the model. By doing a propagation of error analysis on the model for

various gases, the parameters contributing the most uncertainty to the

final result can be identified. This can provide information to

design more efficient air-sea exchange experiments.

To estimate the uncertainties associated with calculating a

total oceanic flux using the two-film model one can ask three

basic questions: 1) Does the two-film model really describe what

happens at the ocean-air interface? 2) What are the major uncertain-

ties in using the two-film model for a particular gas? 3) Based on a

limited number of samples, how well does the calculated flux represent

the whole ocean? For questions 1) and 3) quantitative answers are

hard to find, but the qualitative aspects of these questions were

discussed in Chapter 2. The answer to question 2) can be formulated
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in a quantitative manner, using a propagation of error procedure on

the flux equation. This chapter describes this procedure for the two-

film model with one sample and this same model with multiple samples

at one location. The results will then be used to determine what

factors contribute most to the total uncertainty for specific gases.

4.2 Error Propagation Analysis of the Two-Film Model

For one sample collected at one location the flux of a gas across

the air-ocean interface can be calculated using equation (2.2-9):

F = K (~ - C )l H l
(2.2-9)

From this equation the flux can be defined in terms of the four indepen-

dent variables, Kl, Cg' Cl' and H. The uncertainty in determining F

described by the standard deviation of F, aF, can then be written as:

a 2
x.
].

(4.2-1)

Substituting into this expression the partial derivatives of F with

respect to each of the independent variables in equation (2.2-9) gives:

The relative error, aF/F, can be found by dividing (4.2-2) by F. The

water saturation, S, can be definedas:

a =[(-C )2a 2+()2ac2+F H l K.r. H g

C£c r ]' (4.2-2)_.£ a 2 + K 2 a 2
HZ H t Cl
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S = (1 - B) (4.2-3)

where B is HCi/Cg. The relative error terms for the independent vari-

ables, cr /x., can be expressed as a , so aF can be written as:
xi ~ xi

aF = [ ~K 2 + -b ~ 2 + -b ~ 2 + (S+ 1) 2 -- 2 ]
~

t S C S H S2 aCg i
(4.2-4)

where

1
57 (4.2-5)

Equation (4.2-5) can be written in the form of an error equation where

the contribution to the total relative error, £T' for each independent

variable is given as £.:~

4.1, where Band C represent the multiplier terms for 0c 2, 0H2, andg
When B or C is greater than 1, it enhances the contribution to

2
aC .i

the relative error in the flux of for
the associated terms. A value

of S = 0 corresponds to equilibrium between the air and the seawater,

while a value of S > 0 indicates the water concentration is above the

equilibrium value. Since different gases have different saturation

values, S, they will also have different values for the E.'S. Conse-
~

quently, the independent variables that contribute the most to ET may

vary from gas to gas.

£ =
(£ 2+£ 2+£2+£ 2) (4.2-6)T

Ki C H Cpg ,

A plot of Band C versus the saturation,S, is shown in Figure



Figure 4.1. Uncertainty coefficients of equation (4.2-1)

as a function of saturation, S. Saturation

values of specific gases are shown at the top

of the figure.
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Figure 4.1 shows where the gases to be studied fall on the

saturation curve. From this figure several interesting features of the

flux model can be seen. First, for a flux from the air to the water,

B2 will always be larger than the multiplier for K{, and as equilibrium

is approached, this difference becomes greater. The effect of this is

that, for gases near equilibrium, EH will be greater than EK and pos-t
sibly be the major source of uncertainty in the total flux. Second,

as equilibrium is approached, both Band C go to infinity, so it can

never be established with a few measurements whether there is a flux

into or out of the ocean. An example of this is methyl chloroform.

Third, for a flux from the water to the air, B becomes small as the

gas gets further from equilibrium, and the major uncertainties will be

in the measurement of C{ and K{. This is found to be true for CH3I,

OCS, and CHC13.

Equation (4.2-4) was derived assuming that only one sample was

used for calculating the ocean-air flux. For most experiments samples

will be collected from many sites, and it is important to see what

effect multiple sample collection has on the flux uncertainty.

Consider the case of collecting a group of seawater samples and

atmospheric samples at one sample site. It is not necessary to calcu-

late the flux for each air and water sample since the atmospheric con-

centration should be uniform. The flux can be calculated by averaging

the atmospheric Cg values and the ocean C{ values. One value of H is

used since the temperature should be constant at one location. The

average flux is given by:
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(4.2-7)

The error analysis can be done as before except there are more terms

involved since F is a function of more variables:

(4.2-8)

Again, equation (4.2-2) can be used to calculate of.

The partial derivatives of F can be determined as before except

the values for Cg and Ct are replaced by their averages Cg and Ct.

aF KC
aH =-d-H

(4.2-9)

aF = Kt
(

1:

)aC H n.
g.1.

Substituting equations (4.2-9) into (4.2-1) and using the same proce-

dure to go from equation (4.2-5) to (4.2-6), the expression for the

relative error in the average flux crF is obtained.

(4.2-10)
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Since O"c = O"c

.t1 .t2

(4.2-8) can be simplified

= O"c

.tn

and O"c

g1

equation

to:

(4.2-11)

Comparing equation (4.2-11) with (4.2-4) shows that O"Ewill be smaller

than O"Fonly if the major source of error is due to the measurement of

C.t or Cg, since the uncertainties in these terms are now divided by the

number of measurements.
The errors for C.tand Cg become the standard

errors of the mean. If O"F is limited by K.t or H, collection of multiple

samples at one location will not provide a better estimate of the flux

from that location.

4.3 Conclusions

The equations developed in section 4.2 can be used to determine

what the major sources of uncertainty are for the calculation of the

flux of DCS and selected halocarbons. Table 4-1 is a list of these

gases showing some average values for K.t, H, Cg. and C.t along with the

estimated uncertainty for these quantities. The values of K.t (K.t= k.t)

were taken from Chapter 2. O"K was estimated based on the uncertain-
.t

ties in the values measured by Peng et al. (1979). and errors resulting

in the calculation of k.t from the corresponding k.tvalue for 14C02 or

radon. Gases with molar volumes considerably different from C02 would
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be expected to have larger values of oK . H was taken from the "best"i
available values in Table 3-3. 0H was estimated on the variation be-

tween literature values and how well H was known as a function of

temperature and salinity. A larger 0H would result in extrapolations

from distilled water to seawater when seawater values were not

available.

The values of Ci and Cg were taken from the measurements

described in Chapter 10. Values from a particular productivity area

were
averaged to get Ci, and 0c

i
of the pooled measurements.

was set equal to the standard devia-

tion C was taken to be the average of all
g

available air sample data, and 0c was the standard deviation. More
g

will be said about the data in Chapter 10, but these values provide a

reasonable average for use in the uncertainty analysis procedure.

The data from Table 4-1 were substituted into equation (4.2-4),

and the values of £T' £K' £C '
g

sults are presented in Table 4-2.

£H' and £C were calculated. The re-i
This table reports the relative

errors as percentages, and shows the contributions to the total error

from errors in K, H, Ci ' and Cg.

Table 4-2 shows that the total uncertainty, £T' is very high

for those gases that have saturation values close to zero. These

gases are primarily of anthropogenic origin, and have as the major

source of uncertainty EH. For these gases the collection of multiple

samples at one location would not provide a better estimate of the flux.
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TABLE 4-2

Major Sources of Error for Average Concentrations

Compound £ £ 2 £C
2 £ 2 £ 2

T(%)
K

H (%)
C

l (%) g (%) i (%)

DCS (M) 66 25 0.4 0.2 19

(L) 84 25 3 1 42

CH31 (M) 67 25 0.04 0.01 19

(L) 68 25 0.3 0.04 22

CH3CC13 183 25 2 225 80

CHC13 82 25 0.6 8 35

PCE 145 25 2 32 150

F-12 220 25 0.1 280 170

CC14 115 25 0.04 64 40

F-ll 120 25 0.1 75 45
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Also, the Henry's constant for these gases is not well known, so ~H2

is also large. For gases produced in the ocean and for which the

ocean is a source, the uncertainty is primarily in EK and EC .t t
Improvement in the uncertainty of these gases could be made by co11ect-

ing more samples, which, according to equation (4.2-11), would result

in a reduction of EC. This process would eventually be limited by
t
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PART II

ANALYTICAL METHODOLOGYFOR TRACE GAS MEASUREMENTS

IN SEAWATERAND AIR
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CHAPTER 5

INSTRUMENTATIONFOR MEASUREMENTOF OCS AND HALOCARBONS

5.1 Introduction

The trace gases studied in this project include carbonyl sulfide

(OCS), methyl iodide (CH3I), chloroform (CHC13), methyl chloroform

(CH3CC13), and other halogenated organics. In the atmosphere these

gases are present at the parts per trillion by volume (pptv) level

which requires sensitive instrumentation and specialized techniques to

measure. For this task gas chromatography with an appropriate detector,

a mass spectrometer (MS) for OCS and an electron capture detector (ECD)

for the halogenated compounds, was chosen. To provide additional

sensitivity a freezeout loop immersed in liquid oxygen was used to

concentrate the sample from the air or headspace.

The OCS methodology will be described in detail since much of

the procedure and evaluation has not appeared in the literature.

Included is a discussion of the advantages of the MS detection method,

the operating parameters, measurement precision, minimum detectable

quantity, peak identification, potential sources of errors, and

standardization procedures.

The temperature programmed GC-ECD methodologyfor the measurement

of the halogenated compounds has been described in detail in the

literature (Rasmussenet al., 1977; Rasmussenand Khalil, 1980). Only

a brief review of this methodology is included.
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5.2 DCS Measurement Techniques

DCS was first measured in the atmosphere by Hanst et al. (1975)

using an infrared spectrometer. Since then several other researchers

(Sandalls and Penkett, 1977; Farwell et al., 1979; Maroulis et al.,

1977; Aneja et al., 1979) have published the results of other measure-

ments using gas chromatographic (GC) methods. The most commonly used

analytical system is a sample preconcentration loop, a packed column,

and a flame photometric detector (FPD). The FPD has a detection limit

in the low ppbv region, and with cryogenic preconcentration, ambient

levels of 500 pptv can be measured. Maroulis (1977) used a GC/FPD to

measure routine samples but used a Finnigan 4010 GC/MS to monitor mass

60 and 62 to verify the DCS peak. Capillary columns have been used by

Farwell (1979), but they had problems with peak tailing, losses from

adsorption, and resolving the H2S-DCS peak.

There are several difficulties associated with the measurement

of DCS at low atmospheric levels. When using the FPD detector for the

measurement of DCS, errors can often result due to poor resolution of

the H2S and DCS peaks. Even when using a capillary column, Farwell

was not able to achieve baseline separation of these two peaks when

high concentrations of H2S are present. Also, care must be taken to

be sure that the FPD response is linear over the region of interest

(Stevens et al., 1969).
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More serious problems in the analysis of DCS come from adsorp-

tion of DCS onto glass and metal surfaces at active sites. This can

arise in the column and sample containers or wherever the sample is in

contact with heated glass or stainless steel (Farwell and Gluck, 1980).

These adsorption losses can be eliminated either by deactivation of

the surfaces involved, or by conditioning with repeated sample injec-

tions until a stable signal is reached.

To avoid some of the difficulties associated with poor DCS peak

resolution, a quantitative method for DCS was developed using a Finni-

gan 4021 GC/MS with an automated data acquisition system and a sample

freezeout concentration step to improve the sensitivity (Rasmussen et

a1., 1982a).

The cryogenic preconcentration procedure has been described by

Rasmussen et al. (1977). A schematic of the basic valving system is

shown in Figure 5.1. The pressure of the gas sample is used to fill a

100 mL syringe through a flow restrictor when toggle valve 1 is open.

When the syringe has been filled, valve 1 is closed, the sample valve

is turned to "load," and valves 2 and 4 are opened. Gravity forces the

air at 100 mL/min through the freezeout loop, a 1/4" x 6" stainless

steel tube filled with glass beads. During the filling procedure the

loop is kept in liquid oxygen at -183°C. When all of the sample has

flowed through the loop, the sample valve is turned to "inject" and

the loop is placed in 85°C water and the sample is injected onto the

column of the gas chromatograph (GC).
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Figure 5.1. Schematic of Des analytical system.
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Several preliminary samples are run through the freezeout loop

and the column to condition any active sites. Usually this takes

about 30 minutes each day. After this short conditioning, the sample

peak height stabilizes. Periodically the system is checked by running

a "zero" air sample containing only N2 and D2 to verify that no resid-

ual DCS is observed. Between runs the system is flushed with 100 mL

of zero air.

The DCS sample is separated from the air peak using a 10' x

1/4" stainless steel co1u1lU1packed with 10% SP2l00 on 100/120 Supel-

coport. SP2lOO is a methyl silicone column material that is widely

used for general purpose gas analysis. The column is run isothermally

at 2°C with a helium carrier gas flow rate of 40 mL/min. Figure 5.2

shows some chromatograms of ambient air samples demonstrating the sep-

aration of the DCS from the air peak. The electron multiplier is

turned off while the air peak comes through and is turned on just be-

fore the DCS peak appears.

The quadrupole mass spectrometer is used as a detector for both

quantitation and identification of the peak. The MS is operated in

the electron impact mode, using multiple ion detection (MID) with

a 0.25 amu window centered at mass 60 for DCS. A copy of the MID

descriptor is shown in Figure 5.3. The Finnigan 4021 system is

equipped with a pulsed positive ion negative ion chemical ionization

(PPINICI) unit which has a modified electron multiplier. The unit is

operated in the positive ion mode so it is passive except for the ion

conversion dynode which is set at -3000 V; the electron multiplier is

operated at -1650 V.
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Figure 5.2. Reproducibility of oes measurements on standard 0-100 over

a 20-minute period.

\0
o



91

ACOUIRE RUN 0:COS2
11/06/S1 16:25:04 FREE SECTORS: 7775
SAMPLE:
CONDS. :
FORMULA: INSTRUMENT:4021
SUBMITTED BY: ANALYST:
MODE: CENTROID POSITIVE ION

ALREADY EXISTS

WEIQHT: O.000
ACCT. NO.:

MID SCAN
SCAN TIME: 0.843 SECS

DESC: AS
SAMP. INT.: 0.200 MS

MASS INTERVALS. 1
MASTER RATE: 32767

INT .
1

LO MASS
S9.875

HI f'lASS

60. 125
TIME MPW MFW MA TH BL ION
0.839 ~ 80 0 1 1 POS

MID
INST: 4021

DESt: AS
CALI: FC431227813

MASS DEFECT AT 100 AMU
MASTER RATE
TOTAL ACOU TII'1E
TOTAL SCAN TIME
CENT SAMP INT
MASS RANGE
1. S9.875

INT BEGIN
. "'ASS

30 MMU
32767
0.839 SECS
0.843 SECS
0.200 "'S

1 TO 1024 AMU
60.12' 1.000

END TI"'E
MASS REoUEST

0.000 1 80 0 1 0 POS
(SECS> MPW MFW "'A TH BL ION
ACTUAL

1. S9.875 60.125 0.900 0.839 S592 80 o 1 1 POS

Figure 5.3. GC/MS acquisition parameters and MID descriptor

for DCS measurements.
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The reproducibility of the analyses was checked by repeated

analysis of standards (see Chapter 8). A series of 6 runs on a stan-

dard cryogenic air sample collected at Cape Meares, Oregon, is shown

in Figure 5.2. The concentration in this tank is 503 pptv, which

corresponds to a peak height of almost 100,000 counts with a relative

error of 0.8% over a 20-minute period. Occasionally spurious noise is

observed, or a slight drift in peak height will take place over the

period of operation. However, most of the time stability is observed.

Standard Preparation. The daily working standard, tank 0-100,

is a background air sample collected in a specially prepared 35 L

stainless steel tank. The sample is collected by cryogenically con-

densing the air to get a tank pressure of about 400 psig (this proce-

dure is described in more detail in Chapter 6). This standard was

originally calibrated against a commercial 5.47 ppm OCS standard

(Scott Research Laboratory, Inc.) by a static dilution technique.

The 0-100 tank was also intercalibrated against another static dilu-

tion standard prepared in S. Penkett's laboratory at A.E.R.E, Harwell,

U.K., using a VG Micromass mass spectrometer. Comparing the data from

these calibrations, a best value was assigned to the tanks of 503 i 10

pptv. This standard was used throughout the program to calibrate each

sample, providing a uniform calibration base.

Calibration Curve. A calibration curve was prepared covering

the concentration range from 89 ppt to 1050 ppt, which is the range of

most samples encountered (Figures 5.4 and 5.5). Figure 5.4 shows the

actual integration counts plotted against the concentration, and Figure
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Figure 5.4. Calibration curve for DCS showing measured peak

height vs. concentration in pptv.
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5.5 shows the calculated concentration plotted against the actual num-

ber of mL injected. The curve is linear and has a high correlation

coefficient. The actual reconstructed ion chromatogram (RIC) for each

of the concentrations used to prepare the calibration curve is shown

in Figure 5.6, with each point on the curve being the average of three

measurements.

Identification of DCS Peak. The chromatographic peak that was

used to measure DCS in the air and seawater samples was identified by

its retention characteristics and its mass spectra. DCS has a boiling

point of -50°C, so on an SP2100 column operating at 2°C the peak comes

out right after the air peak. Interfering compounds would have to

have a s:iJni1arboiling point and a peak at m/ e 60. Examining a list

of potential atmospheric compounds shows that no low boiling compounds

have any mass spectra peaks within 2 mass units of 60. As an addi-

tional precaution, m/e 60 and 62 were monitored on a concentrated

sample to see if the correct sulfur isotope ratio was observed. Figure

5.7 shows the RIC for mass 62 and mass 60 plus the total RIC for 60

plus 62. The 32S/345 ratio for the sample was 21.8, which corresponds

to the normal sulfur isotope ratio (Brownlow, 1979). From this infor-

mation it was concludedthat the peak measured correspondedto DCS.
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Detection Limit. For the measurement program described the de-

tection limit (minimal detectable quantity) can best be calculated as

a confidence limit for the difference between the mean of the sample

counts (xs) and the mean of the background noise counts (Sb)'

!J.x= xs
(5.2-1)

By using a simple propagation of error equation for subtraction, the

standard deviat ion in !J.Xis given by:

s -
!J.x

(5.2-2)

This can be written in terms of the individual standard deviations by

substituting in the expression for the standard error:

s -
!J.x

(5.2-3)

where ns is the number of measurements of the sample and ~ is the

number of measurements of the background. The measurement of a signal

near the detection limit will be subject to the same noise sources as

the background, so s 2 is approximately equal to s 2
Xs xb

(5.2-4)



99

The confidence limit for Xs being significantly different from ~ can

be calculated from:

(5.2-5)

where t is the t statistic for the a significance level and f is the

degrees of freedom. By defining the detection limit (D.L.) to corres-

pond to the upper confidence limit, the minimum detectable quantity

is given by:

(5.2-6)

Substituting (5.2-4) into (5.2-6) and by making ten blank measurements

to determine s (f = 9), the detection limit for a 97.5% confidence
xb

limit can be written as:

(5.2-7)

where ns is the number of sample measurements and nb is the number of

blank measurements the sample is compared to. For a single measurement

of a sample and blank this becomes:

D.L. = 2.3 V2"S = 3.5 s
xb xb

(5.2-8)

where the units of s are in equivalent concentration as determined
xb

by the calibrationcurve slope (Figure5.4).
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A set of blank signal measurements is listed in Table 5-1. The

average noise can be set approximately equal to s . The noise in con-
xb

centration units is equal to 10 pptt so the detection limit is equal to

35 pptvt ort in absolute sensitivitYt 5 pg.

5.3 Halocarbon Measurement Procedure

Measurement of the halogenated compounds was done by a tempera-

ture-programmed gas chromatographic method that operates routinely in

the lab (Rasmussen et al't 1977; Rasmussen and Khalil, 1981b). The air

samples were concentrated using the same freezeout procedure described

in Section 5.2 for DCS. Most measurements were made using 100 mL of

sample, but occasionally, for low concentrations, 200 mL was used.

The compounds were separated using a Perkin Elmer Model 3920B

gas chromatograph equipped with an electron capture detector using a

63Ni source. The peak heights were measured using a Hewlett-Packard

3388A electronic integrator. The chromatographic column is a 1/4"

D.D. by 10' long stainless steel tube packed with 10% SP2l00 on 100/120

mesh Supelcoport. The oven temperature is set to 10°C to concentrate

the constituents on the front of the column, and is programmed at

l6°C/min to 80°C. The carrier gas is a mixture of 95% argon and 5%

methane with a flow rate of 63 mL/min. The detector temperature is

A chromatograph of an ambient air sample and a seawater sample

is shown in Figure 5.8. The identities of the peaks were established
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TABLE 5-1

Blank Signal Measurements

Average noise = 2148 counts

Average noise = 10 ppt

Determination Noise Heights
No. (counts)

1 2199

2 2095

3 1467

4 1886

5 2305

6 2514

7 1676

8 2095

9 2619

10 2619
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--F-II

--F-113

--CHCI3-- CH3CCI3
CCI4

AIR SAMPLE, 100 mL

--F-12

--F-II

-F-113

--CHCI3

--CH3CCI~CCI4

SEA WATER - AIR

MID-PACIFIC

100 mL. EQUILIBRATED SAMPLE

Figure 5.8. Chromatogram of temperature-programmed run of

an air and seawater sample.
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by running samples at A.E.R.E., Harwell, on a VG Micromass l6F mass

spectrometer coupled to a Hewlett-Packard HP5710 gas chromatograph,

and by comparison with data obtained on the routine instrument (Rasmus-

sen and Khalil, 1981b) for F-ll and methyl chloroform (CH3CC13). The

detection limits for 100 mL of the halogenated compounds are shown in

Table 5.2 (Rasmussen et al., 1977).



TABLE 5-2

Detection Limits for Temperature-Programmed

Measurements
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Halocarbon D.L. (ppt) six (%)

F-12 (CC12F2) 9 1.5

F-ll (CC13F) 2 1.4

F-113 (C2C13F3) 4 1.8

CHC13 6 5

CH3CC13 4 4.3

CC14 2 2.8

CH31 0.05 10

C2HC13 2 5

C2C14 1 8.3
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CHAPTER 6

AIR SAMPLING METHODOLOGY

6.1 Introduction

To calculate the flux of a gas from the ocean, the atmospheric

concentration of the gas near the ocean's surface must be measured.

There are two ways to do this. Either the measurement equipment can

be taken to the location and the air analyzed directly, or sample con-

tainers can be filled with air and sent back to the laboratory for

analysis. The advantages of making field measurements are that many

analyses can be made, and there is no need to worry about sample sta-

bility in the containers. The advantages of sending samples to the

laboratory are that better quality assurance can be maintained, it is

easier to analyze samples from many different locations, the precision

of the measurements is usually better, and it is less expensive and

simpler to maintain the equipment.

All of the atmospheric measurements for this dissertation were

obtained by collecting air samples and analyzing them in the laboratory

by one of the procedures described in the previous chapter. There were

five types of sample bottles and two types of collection procedures

used. Samples were collected in 800 mL and 6 L SS bottles and 1.5 L

aluminum bottles using a pump, in a 1.6 L SS bottle and a 35 L SS tank

using cryogenic pumping.
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6.2 Collection Procedures for Atmospheric Air Samples

The 800 mL air sampling bottle is shown in Figure 6.1. The

bottle is constructed from 304 stainless steel and is internally

e1ectropo1ished using the SUMMA@ process to passivate the inside of

the bottle. Each bottle has a filling "T" with two Nupro 4H4 metal

bellows valves. The bellows valves substantially reduce contamination.

Before use, the bottles are baked out overnight in an oven at 100°C

while being flushed with contaminant-free zero air. The bottles are.

then pressurized to 30 psig with the zero air and checked for leaks

and contamination before being sent into the field. The bottles are

filled with atmospheric air using a metal bellows pump (MB15, Metal

Bellows Corp.) which has been tested for contamination. The bellows

pump is attached to a purging "T" which has a pressure gauge and a

toggle valve (Figure 6.1). The purge "T" is used to flush the bellows

valve. To collect an air sample, the pump is turned on and valve A

is flushed; then both valve A and valve B are opened to flush the

bottle. The bottle is flushed for 10 minutes, valve B is closed, and

the pressure built up to 30 psig. Valve A is closed, and caps are

placed on the valves to prevent leaks in transport.

The 6 L cans are shown in Figure 6.2 and are constructed from

6 L stainless steel beakers type 304 with a stainless steel top welded

on them (Harsch, 1980). On each side of the beaker a Nupro 4H4 metal

bellows valve is welded so the side with the fill tube is set in
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A

Figure 6.1. 800 mL stainless steel sample bottle.



Figure 6.2. Diagram of 6-liter stainless steel

sample container and filling "T."
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farther than the other side. These containers are conditioned and

filled the same way as the 800 mL bottles.

The 1.5 L aluminum bottles are purchased from Luyfer and fitted

with a filling "T" and Nupro metal bellows valves. The aluminum bot-

tIes are steam-cleaned before use by adding a small amount of water

to the bottle and heating to 110°C overnight. The bottles are then

flushed with zero air and pressurized to 30 psig before being sent to

the field. The bottles are filled the same way as the 800 mL bottles.

The 1.6 L cryo bottles (see Figure 6.3) are type 316 stainless

steel which has been electropolished by the SUM}~@ process. The bot-

tles have a stainless steel filling "T" with Nupro stainless steel

4H4 bellows valves. Before use the bottles are baked at 110°C and

flushed with zero air overnight. Some of the bottles are evacuated

before being sent to the field. The air samples are collected by

cryogenically condensing air in the bottles. This is done by placing

the bottle in a Dewar filled halfway with liquid nitrogen. (A snorkle

is placed on valve B to keep liquid nitrogen fumes from being sucked

into the bottle and diluting the sample.) When the flask has cooled,

valve B is opened and the cold surface of the bottle condenses the air

in the bottle which creates a vacuum. Valve B is closed after 10-15

minutes to keep the bottle from becoming over-pressurized. The bottle

is removed from the liquid nitrogen and warmed to room temperature.

The final pressure in the bottles is usually about 400 psig. The ad-

vantages of the cryogenic samples are the elimination of pump contami-

nation and the large amount of air that can be collected in a small
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can.

Figure 6.3. Diagram of 1.6 liter stainless steel cryogenic
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bottle because of the high pressure. The high pressure and the large

sample volume to surface area ratio of the cryo sample give better long

term stability.

Figure 6.4 shows the 35 L cryogenic sampling tank. These tanks

are surplus oxygen tanks constructed from a type B16 stainless steel.

The tanks have a stainless steel fill liT" and Nupro 4H4 metal bellows

valves. The tanks are conditioned by adding about 100 mL of distilled

water to the tank, shutting valves A and B, and heating to 110°C in an

oven to pressure-cook the insides of the tank. Near the end of the

process (usually about 8 hours) valve B is opened and the tank flushed

and filled with zero air. Samples are collected by first flushing the

tank with air using a metal bellows pump, and then floating the tank

on liquid nitrogen in a large stainless steel Dewar. The pump is dis-

connected and valve B is opened. Typically the air is sampled long

enough to achieve a tank pressure of 400 psig at room temperature.

After the tank is returned to the lab, it is inverted and excess water

blown out through valve B. Typically the dew point on this tank is

The 35 L cryogenic tank produces the most stable air samples,

and because of their large volumes they are ideal for use as working

standards. Once calibrated against a primary standard the tank can

be used as a secondary standard for at least a 6-month period of time

before recalibration. These tanks ahve been used for interlaboratory

calibrations (Rasmussen and Khalil, 1981).
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Figure 6.4. Diagram of 35-liter stainless steel

cryogenic tank.
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Each sample container has its advantages and disadvantages, de-

pending on the particular sampling situation. Table 6-1 gives a com-

parison of the various containers. Usually a combination of samples

is collected for a study, to check for contamination or drift.



TABLE 6-1
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Comparison of Air Sampling Containers

Container

800 mL bottle

collected w/pump

Advanta,g,es

small

inexpensive to mail

does not require liquid

nitrogen (a problem at
remote locations)

Disadvantages

not much sample for analy-
sis

not stable for certain

compounds

requires metal bellows

pump and electricity

pressure limit 200 psig

6 L bottle

collected w/pump

does not require liquid

nitrogen

more stable than 800 mL

bottle for some gases

more sample than 800 mL
bottle

larger than the 800 mL

bottle; more difficult to

ship

requires metal bellows

pump and electricity

cannot pressurize above

30 psig

1.6 L cryogenic
bottle

does not need electri-

city for pump

large amount of sample

and small storage space

small and not very ex-

pensive to mail

requires liquid nitrogen

not as convenient to mail

as BOO mL bottle

does not have the long

term stability of the 35 L

tank for some compounds

excellent stability for pressure limit 500 psig
most gases

35 L cryogenic

tank (ALE tank)
most stable; suitable

for long term storage

large sample size

dry air sample

expensive to construct

costly to ship

requires liquid nitrogen,

pump, and large Dewar

more space to store than
1.6 L cryo

pressure limit 450 psig
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CHAPTER 7

METHODSOF COLLECTING AND ANALYZING SEAWATERSAMPLES

FOR TRACE GASES

7.1 Introduction

The sampling methodology called for seawater samples to be col-

lected and returned to the laboratory for analysis on several different

instruments. A procedure was needed for collecting, transporting, and

extracting the gases from water without contamination or losses, so it

was decided to build a container that could be easily used in the field

for sample collection and later in the laboratory for analysis.

The two principal techniques that have been used for the measure-

ment of trace gases in water samples are gas stripping (Grob, 1973;

Grob and Zucher, 1976; Swinnerton and Linnenbom, 1976), and headspace

analysis (McAuliffe, 1979; Schmidt, 1979; Hachenberg and Schmidt, 1977).

A modified version of the McAuliffe headspace technique was chosen be-

cause of the simplicityof the techniqueand the ability to obtain selec-

tivity based on the partition coefficients of the gases.

A special vacuum extraction flask was designed so the water sam-

pIes could be collected directly in this container in the field, trans-

ported back to the lab, and the headspace gas analyzed without having to

transfer the water. There are many advantages to this system. Since

the flasks are designed to hold pressure to 30 psig and vacuum to 100

mtorr, there is no chance of contamination once the water is sealed in
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the flask. The flasks are sent to the field with a 100 mtorr vacuum

so water can easily be aspirated into the flask without the need for a

pump (an additional source of contamination or degassing). Each sample

can be analyzed several times on different instruments to measure the

concentrations of several gases.

The next few sections describe the construction and operation of

the vacuum extraction flask and show how to calculate the seawater gas

concentration from the headspace concentration. Also a propagation

of error procedure is used to identify the major sources of uncertain

concentration from the headspace concentration. Also a propagation of

error procedure is used to identify the major sources of uncertainty

in calculating the seawater concentration from the headspace

concentration.

7.2 Collection of Water Samples Using the Vacuum Extraction Flask

The design of the vacuum extraction bottle is shown in Figure

7.1. The bottle is made from a 1000 mL Erlenmeyer flask with a Kovar

to glass seal attached to the top. A stainless steel 1/4" female pipe

coupling is welded to the Kovar to form a gas-tight seal. A Nupro

B-4H4 brass bellows valve is connected to the coupling with a 1/4"

pipe to 1/4" pipe adaptor. The top of the bellows valve has a

Swagelok@ 1/4" pipe to 1/4" tubing male connector for leak-free con-

nection to accessories (i.e., funnel, filter, etc.). The pipe connec-

tions are sealed with Teflon@ tape so the sample is exposed to glass

and a small amount of stainless steel, brass, and Teflon@. The system
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Figure 7.1. Vacuum extraction flask for seawater

analysis.



118

is designed to hold a 0.1 torr vacuum and pressure up to 15 psig with-

out leaks. The final volume of the system is about 1000 mL.

The bottle is cleaned for use in gas analysis by placing the

bottle in a heated chamber at 100°C and simultaneously pumping on it

with a vacuum pump for one hour. The bellows valve is then closed to

keep the bottle under a vacuum of 0.1 torr until use.

The design allows a funnel or filter to be attached in a leak-

free manner to the bottle when it is desired to filter the sample. (A

Millipore@ high pressure stainless steel filter holder works well in

this application.)

The sample can be collected either by submerging the bottle and

opening the valve or by adding the water sample to a stainless steel

funnel and opening the valve to draw the sample in under vacuum. To

get the equivalent of a McAuliffe extraction, 700 mL of water are drawn

into the bottle and the valve closed before any air can enter. The con-

tainer is then pressurized to 15 psi with zero air. This gives equal

volumes of air and water at 25°C and 1 atmosphere pressure. The posi-

tive pressure helps prevent contamination of the headspace and provides

pressure to transfer the sample to the gas chromatograph.

After the water sample has been collected, the bottle is placed

in a freezer and kept frozen until it is analyzed. The frozen bottles

are shipped with dry ice. Freezing the samples reduces both biological

and chemical activity in the bottles.

For analysis the bottles are taken from the freezer and put in a

water bath where they are agitated for 30 minutes so the system can
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reach equilibrium and a temperature of 25°C before measurements are

made. The container is connected directly to the chromatograph through

the Swagelok@ fitting. The headspace air can be analyzed for the com-

pounds of interest by doing either single or multiple extractions of

the bottle. The multiple extractions are conveniently done by keeping

the bottle stationary after measurement to prevent mixing, then flushing

the headspace 5 times with zero air, re-pressurizing to 15 psi, and

shaking for another 30 minutes. This process of flushing and re-pres-

surizing is continued until the desired number of extractions have been

made.

7.3 Calculation of Seawater Concentration from Headspace Concentration

The concentration of a gas in seawater collected in the vacuum

extraction flask can be calculated from the equations developed for the

McAuliffe technique (McAuliffe, 1970). The equations were based on a

1:1 air volume to water volume ratio (a = 1), and have been rederived

in a general form with no restrictions on a. This allows more versa-

tility in the filling of the flasks, and a can be optimized to provide

the best balance between sample volume and sensitivity.

The equations for the gas concentration in seawater are based

on the mass balance in the vacuum extraction flask and on the Henry's

constant for the gas.

v * = V* -I- V*
o gi 1i

Mass balance (7.3-1)
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Cg.1

ct.
1

Henry's law (7.3-2)

where V* is the total mL of component gas of interest in the system,o

V*. is the mL of component gas in the gas phase with volume VL' V~. is
g1 ~1

the volume of component gas in the liquid phase of V , and H is the
g

Henry's law constant. We can rewrite equation (7.3-2) as:

V*
aH=~

Vj._1
where a (7.3-2a)

We can now proceed and derive the equations needed to evaluate a

series of extractions using the procedure of McAuliffe (1970), except

the equations are generalized to extraction volume ratios other than

1:1 using the factor a.

Equation (7.3-2b) can be written as

V*
gi (7.3-3)

and equation (7.3-1) can be substituted into (7.3-3) to yield

V*. = aH (V* - V*.)
g1 0 g1

which will simplify to

V*
gi

aH V*
o

(1 + aH)
(7.3-4)
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The equation for V~i+1 can be obtained from (7.3-4) by subtracting

V*. from the total initial mass of the system V~:
g1 1

V*
gi+1

(7.3-5)

Substituting (7.4-3) into (7.3-5) and simplifying:

aH v*
o

(7.3-6)

This equation can be generalized to n extractions:

V* =n

aH V*o
(7.3-7)

Since concentrations are experimentally measured. equations (7.3-4),

(7.3-6), and (7.3-7) can also be written in the concentration form using

a = V /VL' where C* is the initial water concentration of the gas (by
g 0

volume) and C*. is the headspace concentration (by volume) for the ith
g1

extraction.

C* =
gi

H C*
.Q

(1 + aH)
(7.3-4a)

H C*o
(7.3-6a)

C* =
gn

H C*o
(7.3-7a)
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The value for H can be determined by dividing equation (7.3-4) by

(7.3-6):

(7.3-8)

so the value of H can be calculated from two successive gas concentra-

tions.

Equation (7.3-7a) can be linearized by taking the log of both

sides:

log C* = log HC~ - n log (1 + aH)gn .
(7.3-9)

By plotting the concentration from successive extractions (C*., i =
g~

1 ton) on semi-log paper, the initial water concentration (C*) and theo

Henry's law constant (H) can be found from the following:

Intercept HC*o (7.3-10)

Slope = -(aH + 1) (7.3-11)

If a = 1, the above equations reduce to the form used by McAuliffe

(1971). Even though the 1:1 extraction was shown to lead to easily cal-

culated results, it is not always possible or advantageous to use the

1:1 extraction. The more general equations are not any more complicated

to apply and can lead to improved results in the case of the vacuum

extraction flask.
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The gas concentration in the water, C*, can also be calculatedo

from a single measurement of the headspace gas concentration by using

equation (7.3-4a). This equation is rearranged to the form:

C*. (l+aH)
C*= gJ.o H (7.3-12)

To use this equation, the Henry's constant has to be known at the ex-

traction temperature, and for seawater the Henry's constant in seawater

must be used since it is about 20% higher than the distilled water value.

It is not necessary to accurately know the salinity of the sample since

the Henry's constant does not vary more than a few percent over the

salinity range commonly found in the ocean.

7.4 Error Analysis of Headspace Technique

The propagation of error procedure described in Chapter 4 was

applied to equation (7.3-12) and equation (7.3-4) to calculate the un-

certainty in the seawater gas concentration from the measured headspace

concentration. This will provide guidelines for estimating the uncer-

tainties for each gas measured using the headspace analysis technique.

There were two measurement procedures described: one using just the

initial headspace concentration and the Henry's constant, H, measured

by an independent technique; the second using successive extractions

and extrapolating the results to get the seawater concentration. The

uncertainty analysis is slightly different, depending on the method

used, so both procedures will be discussed.
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If the seawater concentration is measured by successive extrac-

tions and then graphically, the gas concentration in the seawater, C*,o

is given by equation (7.3-4).

C*.2 a
g1

C* = (C*. - C*.+l)o g1 g1

(7.4-1)

C* in this case is a function of the independent variables C*.,
o g1

C~i+1' and a. The uncertainty in C~, 0C*' can be found using equationo
(4.1-1) and substituting the partial derivatives of the independent

variables.

ac*
o

aa -

C* 2
&!

(C*. - C*.+l)g1 g1
(7.4-2a)

ac*
~-
ac*. -
g1

aC*. C*.+lg1 g1
(C*. - C*. ):l
g1 g1+1

(7.4-2b)

aC*.2
_ g1
- (C* - C* ):l

gi gi+1

(7.4-2c)

Making the above substitutions and calculating the uncertainty as the

relative error, 0C*' is equal to:o

[

C*.+1
2

_ g1
°C* - (C* - C*. )2
o gi g1+1

(7.4-3)

From this expression is can be seen that 0C* depends on C~i and C~i+1'o
which are determined by the Henry's constant of the gas, and a as shown

by equation (7.3-8).
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Even though the Henry's constant is not used in this procedure,

it can be substituted into equation (7.4-3) in order to see how the

first term will behave for different gases and different ratios of a.

Equation (7.3-8) can be solved for C~i+l:

C*.
.&!

(aH + 1)
(7.4-4)

This can be substituted into the first expression in equation (7.4-3):

C
gi+l

(C*. - C*. )
gJ. gJ.+l

to give lla H. The expression for the relative error can be rewritten:

O'C*
)

2 +
gi+l

--

0' 2
a

] ~
(7 . 4- 5 )

For more soluble gases, as H becomes small, lla H will become large,

so O'C* will be larger for the more soluble gases. Also, the largero

the air to water volume ratio, a, the smaller the value of

become. A secondary effect is that for large values of H,

O'C* will
9

C*
gi+1 will

be much smaller than C;i+1 ' so the measurement standard deviation
--

For the more soluble gases O'C*.
g1

will be larger than O'C*..

gJ.

equal to O'C* .

gi+1
If the Henry's constant, H, is determined by some independent

O'
C*
gi+l

will be about

method such as described in Chapter 9, the seawater concentration can

be determined using equation (7.3-12), with C~l being the headspace

concentration of the first extraction.
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C* =o
C~ (1 + aH)

H (7.3-12)

In this case C* is a function of the independent variables C*l ' H, and
o g

a. Again using equation (4.1-1), the relative error in the seawater

concentration 0C* can be determined:
o

= [; 2 + 1C*
gl (1 + aH)2

2- 2

(
Ha

)eYH + (1 + aH)
(7.4-6)

1
A = (1 + H);!

B =
Ha

1 + aH

The dependence of the uncertainty is more complicated than in equation

(7.4-5). For the gases studied these values have been calculated for

different values of a and are shown in Table 7-1.

The values in Table 7~1 show that for all gases, eYC will pro-
gl

vide a major contribution to the total uncertainty. For the more

soluble gases, less material will be in the headspace and Cgl will be
-

small, causingeYC* to become large. This can often limit the usefu1-
gl

ness of the technique unless the seawater concentrations are high.

In the case of CH3I and CHC13' which are highly soluble, the

values of C~l were large since the ocean is a source, so the uncer--
tainty, eYC* , is not large. Another aspect shown by Table 7-1 is

gl
that as a goes fr~m 0.25 to 4, the value of A (Table 7-1) becomes

smaller while B (Table 7-1) becomes larger. Thus, there is a trade-

off in the uncertainties due to Hand a. By judiciously selecting a



TABLE 7-1

Values of Equation (7.4-6)

2

A = 1

(1 + aH)2
B -

(
Ha

)1 + aH

.....N,

GAS a = 0.25 a = 0.5 a = 1.0 a = 2.0 a = 4.0
A B A B A B A B A B

OCS 0.44 0.11 0.25 0.25 0.11 0.44 0.04 0.64 0.01 0.79

CH3I 0.89 0.003 0.78 0.01 0.65 0.04 0.46 0.10 0.26 0.24

CHC13 0.94 0.001 0.88 0.004 0.78 0.01 0.62 0.04 0.43 0.12

CC14 0.64 0.04 0.44 0.11 0.25 0.25 0.11 0.44 0.04 0.64

CH3CC13 0.49 0.09 0.29 0.21 0.14 0.40 0.05 0.59 0.02 0.76

F-11 0.25 0.25 0.11 0.44 0.04 0.64 0.01 0.79 0.003 0.88

F-12 0.08 0.51 0.03 0.69 0.008 0.83 0.002 0.91 0.0006 0.95
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large uncertainties due to a or R can be minimized. Table 7-1 also

shows that for highly soluble gases such as CH3Cl, B will be very small,

so large uncertainties in the air-water ratio, a, can be tolerated

without a significant contribution to the total uncertainty.

In Table 7-2 an a value of 1.0 was selected and some typical val-

ues of 0c 1, oR' and 0a for various gases were used to calculate 0C*
g _ 0

from equation (7.4-6). The value of 0C* is the uncertainty in the gas
gl

measurement, which is less than 10% for all gases listed. The values

for oR were taken from Chapter 4.
Values for ° can be estimated to bea

about 0.25, which represents a typical "filling" error in the vacuum

extraction flasks. One important course of uncertainty not included in

the equation is from instabilities of the gases in the sample bottles

resulting from production or loss mechanisms. These will be dealt with

in Chapter 8.

Table 7-2 shows that the total uncertainty for the extraction

flask is about 20% for most gases. The uncertainty is higher for the

more soluble gases as would be expected since the distribution would

favor more of the gas being in the water than in the headspace. For

gases such as the fluorocarbons the fill ratio a is an important param-

eter since the uncertainty in a is multiplied by a larger B2 than the

other gases.



......
N
\0

TABLE 7-2

Uncertainties in 1:1 Vacuum Extraction Flask Measurement

of Gases in Seawater (Equation (7.4-6»

A2 B2
- .- -

£2 £2 £2 £2GAS
°c °H

°

g1
ex

Cg1
H T

OCS 0.11 0.44 0.10 0.15 0.10 0.01 0.003 0.004 0.15

CH31 0.65 0.04 0.10 0.15 0.10 0.01 0.015 0.0004 0.16

CHC13 0.78 0.01 0.05 0.40 0.10 0.0025 0.12 0.0001 0.35

CC1 0.25 0.25 0.10 0.40 0.10 0.01 0.04 0.003 0.23

CH3CC13 0.14 0.40 0.05 0.30 0.10 0.01 0.013 0.004 0.16

F-11 0.04 0.64 0.05 0.25 0.10 0.0025 0.0025 0.006 0.10

F-12 0.008 0.83 0.05 0.50 0.10 0.0025 0.002 0.008 0.11
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CHAPTER 8

STABILITY OF OCS IN SAMPLE CONTAINERS

8.1 Introduction

Since all of the data obtained on the distribution of OCS in the

atmosphere and the ocean are based on samples that have been collected

and shipped to the laboratory for analysis, it is important to deter-

mine how stable the samples are in the collection containers.

There have been several studies indicating that the OCS may re-

act with stainless steel or glass (Farwell and Gluck, 1980) and with

water (Thompson et al., 1935; Graedel et al., 1981). For this reason

experiments were conducted using all of the containers that the OCS

would come in contact with. Both air samples and seawater samples

were tested for stability to ensure sample integrity.

8.2 Stability of OCS in 35 Liter Cryogenic Tanks

Of primary importance in studying the stability of OCS is to

see how it behaves in the high pressure 35 L tanks containing cryogen-

ically collected air which are used for long-term storage and as sec-

ondary standards for the calibration of the other samples.

A tank designated 0-100 was selected as the standard and was

calibrated according to the procedure described in Chapter 5. To follow

the stability of tank 0-100 and other tanks, a pool of four tanks was

established. The same three tanks were analyzed against tank 0-100 at
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about monthly intervals. The data and the standard deviation of the

measurements are shown in Table 8-1. If there was a problem with tank

stability, the values of the tanks would drift apart in the 8 months

of the study, since it is unlikely that all four tanks would drift in

the same manner. The actual percentage drift of the tanks from their

initial value is shown in Figure 8.1. From the graph it can be seen

that at no time did the tanks ever drift more than 5% from their ini-

tial concentrations, and at the end of the study they are tightly

(within 1%) grouped around the initial concentration. The z5% drifts

which did occur appear to be random, thus containing no evidence that

DCS is either systematically destroyed or created in the large high

pressure 35 L tanks. Another indication of the stability of DCS in

the 35 L tanks is that there is no systematic trend in a series of 22

tanks which were collected over a one-year period of time (see Appen-

dix A).

From these two sets of data it is apparent that the 35 L tanks

provide a stable sample that does not drift, at least over an 8-month

period of tim~. For this reason they are ideal for long-term storage

and for use as calibration standards.

8.3 Stability of DCS in Metal Sample Cans

The sample bottles and collection procedures were described in

Chapter 6. Each of the sample bottles was tested for stability with

zero air, a dry air standard, and real atmospheric samples collected

using normal sampling procedures.



TABLE 8-1

35L Cryogenic Tanks - Stability Study

132

Date 0-135 0-134 0-125

Analyzed Cone. S Cone. S Cone. S

(pptv) (pptv) (pptv) (pptv) (pptv) (pptv)

04/01/81 444 :!: 7 391 :!: 4 324 :!:14

05/12/81 462 :!:13 398 :!:12 322 :!: 5

07/18/81 437 :!: 3 387 :!: 6 322 :!: 4

09/08/81 449 :!: 5 378 :!: 9 323 :!: 2

10/13/81 466 :!:19

10/17/81 440 :!:23 379 :!:19 318 :!: 5

10/29/81 448 :!: 8 385 :!: 3 312 :!: 2

12/07/81 447 :!: 6 392 :!: 8 323 :!: 7
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The 1.6 L stainless steel bottles used for cryogenic sample co1-

lection were cleaned and baked out, then filled with zero air. The

results after 21 days are shown in Table 8-2. In two of the three

bottles there appeared to be significant change in OCS concentration,

and in one bottle the growth was substantial. Additional bottles were

filled with air from a 35 L tank which had already been analyzed. This

air is exceptionally dry since all the water is removed from the tank

after collection. The results of this study are shown in Table 8-3.

The OCS level in some of the cans remained the same while in some of

the others it increased or decreased. There did not appear to be any

clear trend in the study or in the zero air studies. The stability of

OCS did not appear to be suitable in dry, low pressure samples.

Next the 1.6 L bottles were filled with air samples using the

cryogenic procedure described in Chapter 6. The samples were analyzed

immediately after collection and then at later dates. The results are

listed in Table 8-4. The first samples at Cape Meares, Oregon, in-

creased by as much as 45% over a period of one month. However, this

was observed for only two cans collected on the same day using a pump

to flush the bottles. The other sets of samples showed only an aver-

age increase of 10% over one month. It is possible that contamination

from the pump could have resulted in the two high values observed.

The samples collected at the Oregon Graduate Center, Oregon (OGC),

appear to be stable for a period of 18 days, after which they showed

an average increase of 12% over a period of 1-2 months. The results

indicate that most of the 1.6 L cryogenically collected samples are
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TABLE 8-2

Zero Air Stability Studies

6 L Stainless Steel Cans (21 days)

S42 < 28 ppt

S202 < 28

S225 < 28

Glass Seawater Sampling Flasks (35 days)

G-33 < 28 ppt

G-23 < 28

G-5 < 28

1.5 L Stainless Steel Bottle (21 days)

C060 < 30 ppt

C237 <316

C190 < 28



TABLE 8-3

Stability of 1.6 L Bottle Filled with

Dry Air Standard
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Bottle No. Initial Cone. (pptv) Cone. 17 days (pptv)

C236 385 382

Cll1 385 197

C022 385 197

C239 385 425

C269 385 412

C214 385 401



TABLE 8-4

Stability of 1.6 L Cryogenic Samples

Cape Meares, Oregon, .collected 11/05/81:

Oregon Graduate Center, Oregon, collected 12/10/81:

Oregon Graduate Center, Oregon, collected 12/31/81:

Cape Meares, Oregon, collected 12/30/81:

Sample 1 Day 38 Days

C253 366 pptv 370 pptv

C173 362 444

137

Sample o DaE 37 Days 53 Days 94 Days

C144 388 pptv 566 pptv 590 pptv 657 pptv

C176 358 510 561 592

Sample o Da 1 Day 18 Days 58 Days

C190 395 pptv 402 pptv 399 pptv 422 pptv

C060 411 418 410 449

C237 400 401 405 492

Sample 3 Days 37 Days

C269 338 pptv 392 pptv

C022 334 356

Cll1 345 376
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stable, but some can grow in concentration. For this reason each sam-

pIe should be analyzed twice, once just after collection and a second

time about one month later. Actual cryogenic samples collected on the

Pacific and Atlantic cruises (Appendix A) were analyzed several times

after collection, and the DCS concentrations were found to have in-

creased slightly but not enough to contribute to the total uncertainty

in the calculated ocean flux (see Chapter 4).

The 6 L stainless steel cans were baked and filled with zero air.

The results are shown in Table 8-2. Over the 21 days of the study

there was no generation of DCS by the cans. Additional cans were

filled with dry air from a 35 L tank and analyzed 19 days later. The

data in Table 8-5 show that 3 of the cans were very stable, and the

4th can decreased 7% in concentration. These cans appear to be stable

when filled with dry air. Cans from the NDAA Pacific Cruise (Appendix

A) were studied two and three months after they were first analyzed.

All of the samples showed an increase in concentration, up to 30%;

again this increase does not significantly affect the calculated DCS

flux.

8.4 Stability of Seawater Samples in Glass Bottles

The glass sampling bottles, described in Chapter 7, for the

sampling and analysis of seawater were tested for their stability.

First the bottles were checked by baking and evacuating them, and then

filling them with zero air. The results in Table 8-2 show no produc-

tion of DCS by the bottles.



TABLE 8-5

Stability of 6 L Stainless Steel Cans Filled with

Dry Air Standard
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Can No. Initial Cone. (pptv) Cone. 19 days (pptv)

S26 385 372

S180 385 387

5209 385 357

514 385 389



140

To simulate the actual conditions of sample collection and stor-

age. bottles were filled with seawater. partially degassed by vacuum,

and then repeatedly equilibrated with air of a known concentration from

a standard tank. The bottles were then frozen and analyzed 21 days

later. The results shown in Table 8-6 suggest that under these collec-

tion procedures the gas concentration in the seawater decreased only 9%

on the average with a relative standard deviation of 17%. At the bot-

tom of Figure 8.6 the average and standard deviation for the analysis

of the bottles just before the final pressurization are given. These

data show that even without storage there is an uncertainty of about

12% (one standard deviation) due to the equilibration process. These

data demonstrate that the freezing process effectively preserves the

OCS in the seawater samples until the time of analysis to within about

10 to 20% of the initial value.

Additional preservative methods were tested to see if a proce-

dure could be found other than freezing the samples. (Acidification

to a pH < 2 was tried. and the concentration of OCS increased greatly

in 3 days. The reason for the increase is not known.) The results in

Table 8-7 show that the addition of mercuric chloride (HgC12) resulted

in a decrease in OCS concentration over a 7-day period. This was prob-

ably due to loss by the reaction of OCS with seawater. With no preser-

vative in the bottles the concentration was found to decrease rapidly,

probably by reaction with seawater. as for the HgC12 addition.
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TABLE 8-6

Stability of Seawaterin Glass Bottles

Bottles filled with seawater saturated with 0-186. Headspace

filled with 0-186 and tested for equilibration.

Bottle No. Initial Concentration Final Concentration

12/12/81 01/03/81

x = 365 ppt S = 61. 9 ppt

S
17%

x

Before final pressurization:

x = 306 S - 37.6

~ = 12.2% ... Bottle filling variability
x

141

9 400 313

11 400 310

31 400 371

21 400 437

39 400 317

7 400 442
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TABLE 8-7

OCS Seawater Stability

Measured Initial Concentration: 1,180 pptv *

Calculated Initial Flask Concentration: 1,180 pptv

Acidification« pH2) 3 days

9,170 pptv

9,610

10,000 C.e = 9,950 pptv

HgC12 7 days

140 pptv

130

145
C.e= 138 pptv S = 8 pptv

No Preservative 3 dazs

698 pptv

935

900
C.e = 840 pptv S = 130 pptv

No Preservative 7 dazs

280 pptv

230

140
C.e = 220 pptv S = 71 pptv

* Concentration measured using vacuum extraction flask and calculated

using equation (7.3-12).
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The results of these studies indicate that freezing the samples

is the best method of preservation for the oes, and probably works well

for other gases produced in the ocean. Using this procedure, the meas-

ured concentrations will be within 20% of the actual seawater concen-

tration for Des.
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CHAPTER 9

MEASUREMENT OF THE HENRY'S CONSTANT FOR OCS IN SEAWATER

9.1 Introduction

The Henry's constants for substances which are gases at room

temperature have historically been determined as the solubility of the

pure gas at a pressure of about one atmosphere. The solubility is

usually reported as the Bunsen solubility coefficient (B) or the

Ostwald adsorption coefficient (a)~ which were discussed in Chapter 3.

The solubility can be measured by either physical or chemical methods.

Excellent reviews of solubility measurements have been written by

Markham and Kobe (1941) and Battino and Clever (1966).

The early solubility measurements were made using physical meth-

ods to measure the volume of gas absorbed by a liquid. For this method

gas-free water must be prepared. The widely adopted procedure for this

has been to boil the water and then cool it under a vacuum. Usually

trace amounts of the gas or other gases do not lead to serious errors

since high concentrations are used. A known volume of the gas-free

water is then brought into contact with a measured volume of the pure

gas at about 1 atmosphere pressure in a constant temperature bath.

The gas and water are mixed until they reach equilibrium~ and the

final volume of gas is measured. The difference in the gas volume is

equal to the amount dissolved in the liquid. The volume is adjusted

to STP and reported as the Bunsen solubility coefficient.
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More recently Douglas (1964) and Weiss (1971) used a microgaso-

metric procedure to measure the solubility of gases in distilled water

and seawater. The procedure is basically the same as the physical

method described above, but was specially modified to use a smaller

volume of water and give high precision results in less time. In

their procedure pure gas which had been saturated with water is sepa-

rated from degassed water by mercury. To start the experiment, the

apparatus is tipped and the gas and water mix, leaving the same total

volume in the system. A micrometer is used to adjust the mercury

level to determine the amount of gas absorbed by the water, and when

the experiment is done, the micrometer is used to determine the total

water volume. The gas volume is reduced to STP and reported as the

Bunsen solubility coefficient.

One source of error in the physical absorption procedure is the

expansion of the liquid due to the dissolving of the gas. This can be

corrected by using the molar volume of the gas. Weiss (1971) found

that this effect amounted to only a 0.1-0.2% change in the solubility

data. Since the solubility is dependent on temperature, a water bath

is used to control the temperature, and solubility measurements are

made over a range of temperatures (0-40°C). Solubility is also a

function of ionic strength, so in seawater it is often measured at

various salinities. The seawater was prepared by dilution with dis-

tilled water or by evaporation to give salinities between 20 0/00 and

40 0/00,
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Since the physical methods measure volume differences, the re-

suIting solubilities can be determined very precisely (four significant

figures). The difficulty with the procedure is that the measurements

are made at about 760 torr partial pressure of the gas, and in the ac-

tual environment the concentration is often at the parts per billion

level. The ability of Henry's law to hold over these ranges for vari-

ous gases is not well documented (Meadows and Spedding, 1974).

An alternative to the physical methods, which require the use

of pure gas, are the chemical methods, which actually measure the con-

cent rat ion distribution between the air and water. The solubility of

CO was measured by Schmidt (1979) using the EgO method where CO reacts

with HgO to produce mercury vapor, which was measured by atomic ab-

sorption. The solubility measurements were made by placing a dis-

tilled water or seawater sample in a temperature-regulated, water-

jacketed cylinder. A standard gas of known concentration was bubbled

through the solution until equilibrium was reached (30 minutes at a

flow of I L/min). A water sample was removed and measured by head-

space analysis, and the solubility calculated from the standard gas

concentration and the headspace gas concentration. The precision of

the measurements (about 7%) was not as good as the microgasometric

method, but the results for CO were found to agree to within 10% with

the physical methods. Schmidt (1979) concluded that the data for CO

followed Henry's law down to the ppb range, but cautioned that the

more soluble gases such as NzO may not.
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9.2 Experimental

To model the flux of Des between the ocean and the atmosphere,

the Henry's constant for Des in seawater at various temperatures must

be known. Table 3-4 shows that Des solubility data exist for distilled

water, but have to be estimated for seawater. As part of this project

an apparatus similar to Schmidt's (1979) was constructed and used to

measure the Henry's constant for Des in seawater at various tempera-

tures using air concentrations in the parts per billion range. The

solubility data of different temperatures will then be fitted using

equation (3.2-19). A diagram of the apparatus is shown in Figures 9.1

and 9.2. One portion is a water-jacketed equilibrium sparging column

where the air standard and water sample are brought to equilibrium.

The other part is a vacuum extraction flask for the analysis of the

gas in water, as described in Section 9.7.

The jacketed sparging column is built around alL graduated

cylinder accurate to f2 mL. The water jacket is connected to an NBS

Model G67 and RF10 refrigerated shaker bath which controls the temper-

ature to fO.OSoe. The bottom of the cylinder has a fritted gas dif-

fuser to achieve maximum air-water contact and mixing in the cylinder.

The thermometer at the top of the cylinder monitors the temperature

during the equilibration process.

Measurement of the liquid concentration in the purging column in

equilibrium with the gas concentration is done using the vacuum
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888 Out
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Thermometer
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Cooling Water--+-

1000mL Graduated
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Gas Dlffu.er

Water Out

Gas In
~

Figure 9.1. Equilibration column for measuring Henry's constant

and the preparation of solutions of known gas

concentration.
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(1)

(2)

Figure 9.2. Vacuum extraction flask with 3-way

ball valve for the measurement of

the Henry's constant.
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extraction flask. When the ball valve on the vacuum flask (Figure 9.2)

is in the 1st position, the valve and connecting line can be purged.

In the 2nd position the solution can run into the flask.

A standard OCS gas sample in the ppbv range was prepared by

cryogenically collecting a known volume of commercially prepared OCS

standard and an appropriate dilution volume of zero air in a 35 L

SUMMA@ polished stainless steel container at a pressure of 150 psi.

This is equivalent to about 350 L at 1 atm pressure. The gas dilution

was calibrated against stable laboratory OCS standards. The standard-

ized OCS sample is then used with the equilibrium sparging column to

establish an equilibrium concentration in the solution.

To measure the Henry's constant, the equilibrium sparging vessel

is first filled to about 50 mL above the zero mark with the water to be

studied. The standard gas is bubbled through the solution at a rate of

1 L per minute for 30 minutes. At the end of this time period the gas

was tested and found to be in equilibrium with the water at the desired

temperature. The gas flow is shut off and the water is lowered to the

zero mark by flushing through the connecting line and the 3-way valve

on the vacuum extraction flask. The valve is turned to position 2, and

the volume of equilibrated water (about 700 mL) needed to get a 1~1

extraction is sucked into the vacuum flask. The flask is accurately

pressurized to about 15 psi with a Va1adyne pressure gauge accurate to

1 torr.
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The vacuum flask is used to measure the liquid concentration

(Ct) using equation (7.3-12), which gives Ct (C~) in terms of the head-

space gas concentration (C;l)' with a = 1.

C~l (H+l)
H (9.2-1)

The liquid concentration in the sparging column is related to

the gas concentration (C ) by Henry's law.g

(9.2-2)

These equations can be set equal to each other and solved for H:

H =
C - C *
g gl
C *
gl

(9.2-3)

This gives H in terms of the headspace gas concentration (C~l) and the

standard tank concentration (C). Notice that the absolute calibra-
g

tion of the standard does not enter the calculation using this method.

Seawater for the solubility measurements was collected from the

Oregon coast. The salinity of the water was found to be approximately

35 0/00. This water was filtered through a coarse cellulose filter to

remove any large material and placed in the sparging column without any

additional treatment. Experiments on the extraction flasks show that
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over the time periods used to make the measurements, biological activity

is not important at a 2 ppb level.

Using equation (9.2-3) the Henry's constant for Des in seawater

has determined at four different temperatures. Duplicate data points

were collected for each temperature. The results are shown in Table

9-1. These data were used to obtain a least squares fit of the Henry's

constant against temperature using the first three terms of equation

(3.2-19).

(9.2-4)

The results of the fitting program are listed in Table 9-2 and

plotted in Figure 9.3. The figure also shows the 4 original data points

to provide a comparison of the fits and the values for AI, A2, and A3'

The figure shows a comparison of the seawater values and the distilled

water values obtained by Winkler (see Seidell, 1940). This graph

shows that the seawater values of H are about 20% higher than the dis-

tilled water values, which is the difference generally found for most

gases (see Table 3-3).
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TABLE 9-1

Henry's Constant for DCS

Experimental

*Average of 2 measurements.

TOC TOK
- *
H

10 283 1.5

15 288 1.9

20 293 2.2

25 298 2.7
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TABLE9-2

Henry's Constant for OCS in Seawater

Interpolated Values (z10%) *

T(0C) T(OK) H

0 '273 1.0
1 274 1.0
2 275 1.1
3 276 1.1
4 277 1.2
5 278 1.2
6 279 1.3
7 280 1.3
8 281 1.4
9 282 1.5
10 283 1.5
11 284 1.6
12 285 1.7
13 286 1.7
14 287 1.8
25 288 1.9
16 289 2.0
17 290 2.0
18 291 2.1
19 292 2.2
20 293 2.3
21 294 2.4
22 295 2.4
23 296 2.5
24 297 2.6
25 298 2.7
26 299 2.8
27 300 2.9
28 301 3.0
29 302 3.1
30 303 3.2

* Data of Table 9-1 fitted using equation (9.2-4).
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CHAPTER 10

MEASUREMENT OF THE OCEAN FLUX OF OCS, CH 3I, CHC13,

10.1 Trace Gas Flux Calculations

The determination of the flux of a trace gas to or from the

ocean is important in understanding how oceans can affect atmospheric

composition and the environment. Recently it has been realized that

man's activities can produce substantial quantities of gases that can

modify the earth's climate or other features such as the stratospheric

ozone layer. These effects have been reviewed in several publications

(Kellogg, 1980; Kellogg and Schware, 1981; Hansen et a1., 1981; NAS,

1979). To calculate how trace gases can change in concentration,

models have been developed utilizing data on the sources and sinks of

these gases. Because of its size the ocean has often been considered

to be an important sink for gases such as C02, OCS, and the ch1oro-

f1uoromethanes (Bolin, 1960; Revelle and Suess, 1957; Rowland, 1979;

Junge, 1976; Gammon et al., 1982). To actually determine whether the

ocean is a source or a sink and its magnitude, a model along with ac-

tua1 data collected at various locations in the ocean must be used.

Using the two-film model described in Chapter 2 with the sam-

p1ing and analysis procedures of Chapters 5-8, the ocean flux of the

trace gases OCS, CH3I, CHC13, CC1q, CH3CC13' F-11, F-12, TCE, and PCE

was calculated. The locations where the air and seawater samples were
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collected will be described along with the physico-chemical parameters

used in the model. The importance of the ocean flux is then discussed

in terms of other sources or sinks for these gases.

The oceanic flux, F, of the trace gases was calculated using the

two-film air-sea exchange model described in Section 2.2:

C
F = K

(
-.-& - c )

.e H P-,- (2.2-9)

The Henry's constant, H, was taken from Tables 3-3 and 9-2. The over-

all transfer coefficient, K.e' was calculated from equation (2.2-8b):

(2.2-8b)

k.ewas taken to be the average of the experimentally determined liquid

transfer coefficients measured by peng et al. (1979), which is 12

cm/hr for Rn. This value was adjusted for other gases as described in

Chapter 3, and the values of k.efor the gases are shown in Table 3-4.

The value of k was taken as 1000 em/hr. Putting these data and the
g

value of H at 20°C into equation (2.2-8b), a value of K.ewas calculated.

The results are shown in Table 10-1.

The atmospheric concentration, C , of the gases studied can beg

obtained from their latitudinal profiles, and do not have to be col-

lected at exactly the same time or location as the water samples, since

experience has shown that atmospheric concentrations of long-lived



TABLE 10-1

Transfer Coefficients

Values of K.e.are based on Table 3-4 calculated

using the Radon values of peng et a1. (1979)

and corrected using equation (2.2-Bb).
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Gas
K.e.(cm/hr)

OCS 12

CH3I 11

CHC13 9

CC14 B

CH3CC13 7

F-l1 B

F-12 B

PCE 7
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gases are uniform in each hemisphere due to rapid mixing, and any sea-

for each of the gases. The concentrations are reported as parts-per-

trillion by volume adjusted to 25°C.

The value of the seawater concentration, Cl' at each sampling

location was used in equation (2.2-8), since the ocean concentration is

not uniform and H will vary with temperature. Cl is reported as parts-

per-trillion by volume, with the gas volume adjusted to 25°C for direct

comparison with the air samples. The seawater samples were collected

in a vacuum extraction flask and analyzed for the gas content using the

methodology described in Chapters 5 and 7. The single extraction pro-

cedure was used in all cases and the seawater concentration calculated

using equation (7.3-12):

C~CtH+l)
H (7.3-12)

All extractions were set up with a gas to liquid ratio, Ct,of 1.

A flux was calculated for each seawater sample using the value

of Cl' the average value of Cg for that latitude, and the value of H

corresponding to the temperature of the seawater at the time of collec-

tion (Appendix A). The samples were grouped according to biological

productivity area, since biological activity is often responsible for

sonal fluctuations are too small to be of significance (Torres et al.,

1980; Pierotti et al., 1980; Rasmussen et al., 1982c). The values of

C were determined by averaging all of the available air sample data
g
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the flux (this was not necessary for purely anthropogenic gases) (Ras-

mussen et al., 1982d; Lovelock et al., 1972; NAS, 1975). The sampling

locations are shown in Figures 10.1 and 10.2.

10.2 Carbonyl Sulfide

Carbonyl sulfide (OCS) has recently been recognized as an impor-

tant trace atmospheric gas because it is the most stable sulfur gas in

the troposphere and has a long lifetime. For this reason it is now

thought that OCS may be responsible for maintaining the stratospheric

sulfate layer (Crutzen, 1976), and changes in its concentration could

cause a change in the radiation balance and global climate.

The stratospheric sulfate layer was first discovered by Junge

et al. (1961) and has been of interest because of its potential effect

on the earth's climate. The layer is at an altitude of 15 to 30 km

and is composed of water-sulfuric acid droplets. It was first thought

that the sulfate aerosol was formed from conversion of sulfur dioxide

(S02) adsorbed by water droplets and oxidized (Scott et al., 1969;

Friend, 1973; Castleman et al., 1975). Since it is unlikely that the

S02 can cross the cold trap at the tropopause and enter the strato-

sphere, it was postulated that major volcanic eruptions directly in-

jected S02 into the stratosphere and might be responsible for the

layer (Lazrus et al., 1979; Castleman, 1973; Cronin, 1971).

OCS was first measured in the troposphere by Hanst et al. (1975)

using infrared spectrometry, and later by other groups using gas chro-

matography (Sandalls and Penkett, 1977; Maroulis et al., 1977;



Figure 10.1. Sites where samples were collected by fishing

boat (open circles) and by Scripps Institution

coastal cruise (solid circles).
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Rasmussen et al., 1982c; Torres et al., 1980). The average values of

the measurements along with the locations are shown in Table 10-2.

Using the data of Hanst et al. (1975), Crutzen (1976) was able to cal-

culate that the stratospheric sulfate layer could be maintained by the

photodissociation of DCS and have transient variations due to volcanic

sulfur emissions. Turco et al. (1980) showed that the stratospheric

sulfate layer was more sensitive to DCS than SD2 or CS2. All of this

information, with the recent findings of Rasmussen et al. (1982a) which

show that the dominant gases following the reuption of Mt. St. Helens,

Washington, were DCS and CS2, suggests that DCS may be the gas which

controls the sulfate layer. For this reason it is important to under-

stand what the sources and sinks are in order to evaluate what poten-

tial climatic implications this species may have. If DCS were found

to be increasing due to increased anthropogenic emissions, i.e., com-

bustion, wood burning (Crutzen et al., 1979), auto exhaust, then

there is a potential for global cooling due to an increase in the

amount of aerosol in the stratosphere.

Using the atmospheric values shown in Table 10-3 and the esti-

mated sources listed in Table 10-4, global budgets were proposed for

DCS indicating a lifetime of about one year (Turco et al., 1980; KurIo,

1978). These estimates of the lifetime were based on the reaction of

CS2 with hydroxyl radical (DH) as the major source and the subsequent

reaction of DCS with DH as the major sink:
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TABLE 10-2

Atmospheric OCS Concentration

512 Torres et ale (1980)GAME TAG Flights

Average
Concentration

(pptv) Location Reference

200 East Coast Hanst et ale (1975)

510 Harwell, England Sandalls & Penkett (1977)

466 s.w. & Eastern U.S. Maroulis et ale (1977)
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TABLE 10-3

Atmospheric OCS Measurements

Average Cone. Location Reference
(pptv)

200 East Coast, USA HaI1st et a1. (1975)

510 Harwell, England Sanda11s and Penkett (1977)

466 Southwest and Eastern
USA Marou1is et a1. (1977)

512 GAME TAG Data Torres et a1. (1980)
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TABLE 10-4

Non-Oceanic Sources of OCS

Source Average Flux (Tg/yr)

(a) Kurylo (1978); Leu and Smith (1981); Ravishankara et a1. (1980);

Sze and Ko (1979), (1980), (1981); Molina et a1. (1981); Jones

et a1. (1979); Wine and Ravishankara (1982).

(b) Aneja (1979); Adams (1981).

(c) Crutzen et al. (1979).

(d) Anthropogenic contribution must be small since there is no

significant Northern-Southern Hemisphere difference in concen-

tration (Khalil and Rasmussen, 1980; Khalil, 1979).

CS2 + OH + OCS + SH 1 - 2 (a)

Soils 0.02 - 0.2 (b)

Biomassburning 0.2 - 0.45 (c)

Anthropogenic 0-1 (d)

Total Average 2.5 Tg/yr
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CSz + OH ~ OCS + SH

OCS + OH ~ COZ + SH

Recently there has been some controversy over the reaction rate of CSz

with OH because the reaction is apparently catalyzed by Oz. It is now

thought that CSz may be responsible for about 1-2 Tg/yr OCS (Jones et

al.. 1982; Wine and Ravishankara, 1982), but the OCS reaction with OH

is too slow to be a sink for OCS in the troposphere (Atkinson et al..

1978; Cox and Sheppard, 1980; Ravishankara et al., 1980; Leu and Smith.

1981).

This means that the OCS budgets previously proposed with a life-

time of one year are no longer valid. In the ensuing search for an OCS

sink. the ocean has been proposed because of the alkaline hydrolysis

reaction of OCS with seawater (Rowland, 1979; Turco et al.. 1980).

This reaction has been studied by Thompson et al. (1935) and Phillip

and Dautzenberg (1965) and found to give a rate of 4.8 x 1010

exp (-6643/T) liters mole-1 s-l. This would be responsible for a life-

time of 2.8 days in the ocean. However. it can be shown that the rate

limiting step for the ocean sink is not the hydrolysis reaction but

rather the transfer rate of OCS to the ocean. which would give OCS a

lifetime of 11 years.

Because many sulfur compounds including OCS have biogenic

sources (Adams et al.. 1981; Aneja et al.. 1979; Adams et al.. 1979)

and the ocean has been found to be a source for sulfur compounds such

as dimethylsulfide (DMS) and carbon disulfide (CSz) (Lovelock et al..



168

1972; Love1ock, 1974), it was decided to investigate whether the ocean

was also a source for DCS.

The value of C for DCS was determined using data from air sam-g

p1es collected in stainless steel bottles according to the procedures

described in Chapter 6. The results are shown in Figure 10.3 (de-

tailed data tables are in Appendix A). The data points are shown for

the different types of containers used to collect the samples. This ar-

rangement was selected for DCS because the stability studies indicated

that different types of sample bottles have different stability

(Chapter 8).

To measure if there was any significant difference between air

samples collected in different containers, a "t" test was run on the

average concentrations for each set of bottles. This can be done be-

cause the atmospheric concentration of DCS is uniform and does not

vary much with latitude (Torres et a1., 1980). The average concentra-

tions are shown in Table 10-5. Table 10-6 shows that there is no

significant difference (a = 0.1) in air samples collected in the 1.6

liter cryogenic bottles and low pressure bottles, but there is a sig-

nificant difference (a = 0.1) between these bottles and the 35 liter

cryogenic tanks. This was expected because the stability studies

showed that the 35 liter cryogenic tanks gave the best long-term sta-

bility, while the other bottles often showed a slight increase (~20%).

Based on the results of the "t" test the data for the 1.6 liter

cryogenic bottles and the low pressure bottles were combined to give

one averagevalue which representsan upper limit to the DCS
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TABLE 10-5

Average OCS Concentrations in Air Samples

1.6 Liter Stainless Steel Cryogenic Cans

C = 498 pptv
g

s = 91 pptv n = 11

Low Pressure Cans

C = 517 pptv
g

s = 77 pptv n = 26

35 Liter Stainless Steel Cryogenic Tanks

C
g

417 pptv s 48 pptv n 20

Average of 1.6 liter Cans and Low Pressure Cans

C = 505 pptv
g

s = 75 pptv n 37



TABLE 10-6

Test for Significant Difference in Concentrations

in DCS Sample Bottles
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Significant Difference? (a = 0.1)

1. 6 Liter Low Pressure 3S Liter
Cryo Cans Cryo

1.6 Liter -- No Yes
Cryo

Low Pressure No -- Yes
Cans

3S Liter Yes Yes
Cryo
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atmospheric concentration. The Des flux will be calculated using both

the average of the 35 liter cryogenic tank data and the average of the

other sample bottles. These values for e are shown in Table 10-5.
g

The seawater concentrations, e!, of Des are listed in Appendix

A. The samples are arranged according to productivity area, and the

flux for each sample was calculated using the two average values of

e , 417 pptv and 505 pptv. The fluxes for all samples in a product iv-g

ity area were averaged and are shown in Table 10-7, along with the

standard deviation of the flux.

A "t" test was used to determine if there is any significant

difference (a = 0.1) between the flux for the different productivity

areas. The results at the bottom of Table 10-7 show that the two mod-

erate groups, one collected from a fishing boat and the other from an

oceanographic research vessel, are not significantly different. The

low productivity area samples did show a significant difference. The

data for the two moderate areas were combined and a new average calcu-

1ated (Table 10-7).

The flux calculated using the 35 liter cryogenic tanks was com-

pared to the flux calculated using the other pooled sample bottles,

and it was found that there was no significant difference (a = 0.1).

Therefore, for the final flux determination the 35 liter cryogenic tank

data were used to give the most conservative estimate of the flux.

The total oceanic flux was calculated by multiplying the flux per cm2
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OCS Ocean Flux Calculated by Productivity Area
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Test for Significant Difference Between Productivity Areas ( a = 0.1)

ModerateProductivity(1) FishingBoat Samples n = 10

F = (3.6 + 1.3) x 10-11
2

35 Liter Cryo g/cm . hr

Low Pressure F = (3.5 + 1.3) x 10-11

ModerateProductivity(2) Coastal n = 11

35 Liter Cryo
-11

F = (2.9 + 1.7) x 10

-11
Low Pressure F = (2.7 + 1.7) x 10

Low Productivity n = 6

35 Liter Cryo
-11

F = (1.3 + 0.6) x 10

-11
Low Pressure F = (1.2 + 0.6) x 10

Moderate (Combined) n = 21

35 Liter Cryo
-11

F = (3.3 + 1.5) x 10

-11
Low Pressure F = (3.1 + 1.5) x 10

M(l) M(2) L

M(l) - No Yes

M(2) No - Yes

L Yes Yes
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by the total oceanic area of that productivity region, as shown in

Table 2-2. The areas of the moderate and high regions were added

together to calculate the combined region. The total oceanic flux

for each region is:

FM = 0.6 Tg/yr

FL = 0.2 Tg/yr

The total oceanic flux is equal to the sum of these fluxes: 0.8 Tg/yr.

A 90% confidence limit based on the standard deviation of the measure-

ments in the particular region is equal to 0.1 Tg/yr, but the uncer-

tainty from the propagation of error in the two-film model is 0.5 Tg/yr

(Chapter 4). These results indicate that the ocean is a source of DCS

with a total flux of about 0.8 1 0.5 Tg/yr. When compared to other

sources of DCS listed in Table 10-4, the ocean could be responsible

for about 25% of the yearly flux.

10.3 Methyl Iodide

Methyl iodide (CH3I) was first measured in the atmosphere and

in seawater by Lovelock et al. (1973) when they reported a mean atmos-

pheric concentration of 1.2 pptv and a mean ocean concentration of 135

pptv. Even though CH3I is present at extremely low concentrations, it

is believed to play an important role in atmospheric organic iodine

chemistry (Cicerone, 1981; see also Chameides and Davis, 1980).

The ocean was found to a source of CH3I by Lovelock et al.

(1973) when they found high concentrations of CH31 in seawater.
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Love1ock (1975) also found CH31 to be a product of marine algae and

kelp, and that seawater concentrations in kelp beds had an average

concentration of 120,000 pptv. Liss and Slater (1974) calculated an

ocean flux of CH31 of 0.27 Tg/yr, using the data of Love1ock et a1.

(1973), which suggested an additional source of gaseous iodine needed

to make up the 1-2 Tg/yr flux that was calculated by Zafiriou (1974)

to balance the gaseous iodine budget.

Extensive atmospheric methyl iodide measurements were made by

Rasmussen et a1. (1982d). 375 samples were collected at locations

from the Arctic to the South Pole and averaged according to latitude.

The results are shown in Figure 10.4 where the atmospheric concentra-

tion of CH31 is shown to vary with latitude, with the highest concen-

tration in the tropics. Exceptionally high values, 7-22 pptv, were

found in air samples from regions of high biomass productivity where

production of CH31 would be expected to be the largest.

The equilibrium seawater concentrations are plotted in Figure

10.5, showing a flux of CH31 from the ocean. The flux (per unit area)

for the different productivity regions was calculated and is shown in

Table 10-8. There is a significant difference (a = 0.1) in the CH31

flux for the three regions:

High Productivity

Flux = 0.06 Tg/yr

Moderate Productivity

Flux = 0.14 Tg/yr

Low Productivity

Flux = 0.05 Tg/yr
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Figure 10.5. Atmospheric and equilibrium seawater concentrations

of methyl iodide.
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TABLE 10-8

CH3I Flux from the Ocean Calculated

by Productivity Area

High n = 3

F = (18.1 + 2.8) x 10-12 g/cm2 hr

Moderate n = 8

F = (8.8 + 3.8) x 10-12

Low

F = (4.0 + 1.6) x 10-12
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The data for the high productivity region probably represent a

lower limit since samples collected by Lovelock (1975) gave CH3I con-

centrations of 3400 pptv. Using Lovelock's value, a much higher total

flux can be estimated for the high productivity region:

High Productivity

Flux = 0.20 Tg/yr

Adding this in gives a total global oceanic flux of about 0.5 Tg/yr

with the largest portion of the flux coming from the high productivity

areas. This is an example of how a small region of the ocean can be

responsible for a large portion of the flux.

10.4 Chloroform

It was first thought that the ocean might be a source of chloro-

form by Su and Goldberg (1976) when they observed large concentrations

of CHC13 in open ocean samples. However, they did not have enough

samples to discount the possibility of contamination. High concentra-

tions (40 pptv) of CHC13 observed over the ocean and lower concentra-

tions (25 pptv) over land along with data which show a vertical de-

crease in CHC13 concentration in the troposphere support the idea of

an oceanic source of CHC13 (Singh, 1977; Pierotti et al., 1980b;

Rasmussen and Khalil, 1981c). Although the ocean is thought to be a

source of CHC13' there is little firm evidence for this conclusion.

On the Atlantic and Pacific Cruises seawater measurements of CHC13

have been made providing evidence of an oceanic source of CHC13.
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The average atmospheric chloroform concentration over the ocean

was 24 ! 2.7 pptv with n = 9. The atmospheric concentrations and the

equilibrium seawater concentrations are shown in Figure 10.6. lndivid-

ual data points are in Appendix A. The equilibrium seawater concentra-

tion was calculated using H = 0.19, since the temperature dependence of

the Henry's constant was not known. Using these data a flux of 0.65

Tg/yr was calculated. These samples were collected in a low produc-

tivity area, on the open ocean far away from any shoreline contamina-

tion. Compounds such as F-ll, F-12, CH3CC13' and PCE, which are known

to be man-made, were simultaneously measured with results indicating

that there was no contamination in the seawater samples (see section

on methylchloroform, F-ll, F-12, and PCE).

An oceanic flux of 0.65 Tg/yr fits in with the total global

CHC13 budget proposed by Yung et al. (1975). Yung estimated a dis-

persed global source of 0.99 Tg/yr. From production figures of 1976

the upper limit of the annual anthropogenic release of CHC13 is 0.3

Tg/yr. Additional chloroform is thought to be produced by paper

bleaching and water chlorination with an upper limit of 0.3 Tg/yr.

Remembering that these represent upper limits that were arrived at in

an attempt to balance the budget, an oceanic source of 0.65 Tg/yr fits

into the budget within the uncertainty limits.
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Figure 10.6. Atmospheric and equilibrium seawater concentrations

of chloroform.
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10.5 Other Halocarbon Gases

Carbon Tetrachloride

The production and source data are more complete for carbon

tetrachloride (CC14). and there do not appear to be any natural sources

(NAS. 1975; Lovelock et al.. 1973; Singh et al.. 1981). The annual

production of CC14 in 1973 was estimated to be 1 x 1011 grams. of which

it is estimated that 9 x 1010 enter the atmosphere (Galbally. 1976).

Air and seawater measurements of CC14 have been made by Lovelock (1973)

who found CC14 to be essentially in equilibrium. The air and seawater

data collected on the three cruises are plotted in Figure 10.7. which

shows the ocean to be a 0.2 Tg/yr sink for CC14. This was larger than

Love10ck found and may be the result of storage problems for CC14.

However. since the Henry's constant temperature dependence is not well

known for CC14 in seawater. the uncertainty in the calculation is so

large it is difficult to estimate what the magnitude of the ocean sink

is, or even to rule out the ocean's being in equilibrium.

Methy1chloroform, F-ll, F-12, PCE

These compounds are of anthropogenic origin and are not expected

to have an oceanic flux (Rasmussen and Khalil, 1981a, 1982e). Since

these compounds have been released for several years, it is expected

that the surface waters of the ocean will be close to equilibrium with

the atmospheric concentration (Junge, 1976). As shown in Chapter 4,

when a gas is close to equilibrium, the uncertainties in the flux
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Figure 10.7. Atmospheric and equilibrium seawater concentrations

of carbon tetrachloride.

200- CCI4>-
Q.

[ CS 08Q. 00 SO-
o-Atmospheric

Z Air Conc
0 (pptv)-
I- 100 .-Equilibrium<{ .
0:: . Seawater Conel- . . . ( pptv)z .
w .u
z
0
u

0
0 0.2 0.4 0.6 0.8 1.0

SIN (cp )



184

calculation become very large. The atmospheric concentrations and

equilibrium seawater concentrations for these gases are shown in

Figures 10.8 to 10.11. Methylchloroform (CH3CC13) clearly shows that

the air and seawater samples are in equilibrium. For the case of

F-ll (CFC13) the seawater is undersaturated with respect to the air

samples. This is probably due to the uncertainty in the Henry's con-

stant, which varies widely in the literature. There was a lot of

variability in the F-12 data with some points showing saturation and

some undersaturation. The wide distribution in points is partly due

to the large Henry's constant, used to calculate the equilibrium sea-

water concentration and potential F-12 contamination from the ship.

The data for perchloroethylene (C12C=CC12) show equilibrium between

air and seawater for most points. The one set of high points may be

due to coastal contamination in the seawater or contamination from the

boat. The calculated fluxes for these gases are shown below where a

positive flux indicates transfer into the ocean.

needs to be accurately measured in seawater.

CH3CC13 F = 0.008 Tg/yr

F-ll F = 0.04 Tg/yr

F-12 F = -0.01 Tg/yr

PCE F = 0.10 Tg/yr

Due to the uncertainties in the flux calculations, these are not a

significant indication that the ocean is a source or a sink for these

compounds. To get a better estimate of the flux, the Henry's constant



Figure 10.8. Atmospheric and equilibrium seawater concentrations

of methyl chloroform.
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Figure 10.9. Atmospheric and equilibrium seawater concentrations

of F-ll.
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Figure 10.11. Atmospheric and equilibrium seawater concentrations
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10.6 Conclusions

The data collected on the seawater concentrations of OCS and

ha1ocarbons have provided new evidence that the ocean may be an impor-

tant source for OCS and CHC13' In addition, the oceanic source

strength of CH3I has been verified. Since the flux of these three

gases appears to be dependent on the primary productivity of the ocean,

it would seem that the ocean source would be biological. The calcu-

lated fluxes of these gases along with the uncertainty calculated using

the values in Table 4-2 are summarized in Table 10-9 along with the

totals for atmospheric sources.

Data for the anthropogenic halocarbons are summarized in Table

10-9, which shows them to be essentially in equilibrium in the surface

waters of the ocean (within experimental uncertainty). To give some

idea of the magnitude of the uncertainty, the estimated yearly emis-

sions are included for comparison. From this it can be seen that a

small difference in the ocean and atmospheric concentration can result

in a calculated yearly flux equivalent to the anthropogenic release.

Better estimates of the flux await better measurements of the Henry's

constant, which is a major source of uncertainty. However, just be-

cause the surface waters are close to equilibrium does not mean that

the ocean does not act an as important sink, since there are cold

surface currents that rapidly move to the deep ocean, bringing much

of this material into unsaturated areas (Gammon et al., 1972). Re-

search into this area awaits more data on depth profiles of gases

such as F-I1, F-12, and CH3CC13'
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TABLE 10-9

OceanFlux of OCS and Halocarbons with

the Estimated Uncertainty

Gas P Flux * Uncertainty Total Non-Oceanic

(Tg/yr) Table 4-2 Sources (Tg/yr)

OCS M - 0.6 + 0.4

L - 0.2 + 0.2

Total - 0.8 + 0.5 1.2 - 3.7

CH3I M - 0.14 + 0.09

L - 0.05 + O.03

Total - 0.2 + 0.1 -0-

CHC13 L - 0.7 + 0.6 0.6

CC14 L + 0.2 + 0.2 9 x 1010 g

CH3CC13 L + 8 x 109 g + 15 x 109 g 6 x 109 g

F-ll L + 3 x 1010 g + 4 x 1010 g 6 x 109 g

F-12 L - 1 x 1010 g + 2 x 1010 g 6 x 109 g

PCE L + 0.1 + 0.15 4 x 1011 g

* (-) indicates flux from ocean to air
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CHAPTER 11

CONCLUSIONS

This dissertation began as a project to determine if the ocean

was a source of carbonyl sulfide (OCS), an atmospheric trace gas that

is believed to maintain the stratospheric sulfate layer. OCS has

recently generated interest among atmospheric chemists, since its

sources and sinks are not well known, and changes in its concentration

could have important climatic impacts. While surveying methods to

determine gas fluxes from the ocean, it became clear that previous

efforts to calculate the ocean fluxes of trace gases were based on old

and limited sets of data and model parameters. To get a good estimate

of the OCS ocean flux it would be necessary to thoroughly evaluate the

available models, update the material on the physio-chemical constants,

and develop a method for collecting and measuring seawater gas concen-

trations in the laboratory.

The results of this research project were not just the calcula-

tion of the OCS flux and the flux of some other important atmospheric

gases, but served to update and tie together the material on ocean-air

exchange. In the pursuit of this goal several important conclusions

on flux calculation methods were reached, and some new measurement

methodology was developed.

When comparing the widely used two-film model for ocean flux

calculations to the more complicated surface renewal models, it was
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found that the two models were fundamentally different because they

predicted a different dependence of the transfer coefficient, K, on

the diffusion coefficient. However, in actual use, with experimentally

measured transfer coefficients, the models give similar results with

the differences being small compared to the experimental variations

observed for K. Using the recently published data base for transfer

coefficients measured at 110 stations in the Atlantic and Pacific

Oceans, along with an improved correction procedure for the different

diffusion roles of gases based on their molar volumes, an updated

table of transfer coefficients for the different gases was made.

The values of the Henry's constant, H, were found to be impor-

tant in determining whether the ocean is a source or a sink for a gas.

For OCS no measurements of H have been made in seawater, so an experi-

mental procedure was developed to determine H for OCS as a function of

temperature using atmospheric partial pressures of the gas. These

were found to agree favorably with the values measured in distilled

water using the pure gas. This result also demonstrates for OCS that

Henry's law holds from atmospheric pressure down to the parts per

billion range, a question that is always of concern in applying

laboratory measurements of H to environmental applications.

To better understand some of the limitations of the two-film

model, a propagation of error analysis was done to determine what the

major sources of uncertainty were in using the model for flux calcu-

lations. The results were interesting because they show that the

major sources of uncertainty are different for each gas and depend on
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the gas saturation level in the seawater. For man-made gases such as

the chlorofluoromethanes, which have saturation values close to zero,

the major source of uncertainty is in the Henry's constant of the gas,

and the closer to zero the saturation becomes, the larger the uncer-

tainty will be. For a gas produced in the ocean, the major sources of

uncertainty will be the seawater concentration and the transfer coeffi-

cient. In all cases the atmospheric concentration is not a limiting

factor.

Most measurements of gas concentrations in seawater have been

made on board a ship because attempts to collect seawater gas samples

have been plagued with problems of sample losses from the headspace

and contamination. For this project, a method was developed for co 1-

lecting samples to be brought back to the laboratory for analysis.

This allows more compounds to be measured per sample, and makes the

sample collection procedure more flexible and less expensive. The

result was the development of the vacuum extraction flask in which the

sample could be collected, stored, and analyzed in a single bottle

with a minimum of loss and contamination. Using this procedure many

compounds can be analyzed in each sample, increasing the data base

for ocean-air exchange calculations of trace gases. In addition, this

technique has made it possible to determine that the ocean is a source

of chloroform, CHC13' because simultaneous analysis of the flasks

showed elevated CHC13 and low values for gases indicative of

contamination.
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The two-film model with the updated values for K£ and H was

used with the seawater sampling methodology to calculate the OCS ocean

flux and the flux of some halocarbon gases from seawater and air sam-

pIes collected on oceanographic cruises in the Atlantic and Pacific

Oceans. The results were summarized in Table 10-9, showing the ocean

to be a source of OCS and CHC13' The large ocean source of OCS is an

important finding since it indicates that anthropogenic sources were

not as large as previously thought, reducing the potential for climatic

impacts from man's increasing activities.

The initial thrust of the research was to determine the magni-

tude of the ocean source of OCS. The results of the work have been of

more general application to the field of ocean-air exchange because

they provide a unified pathway to get from air and seawater concentra-

tion measurements to the final flux values for gases. The major

sources of uncertainty can be estimated beforehand, and the best

sampling and measurement program can be developed. It is anticipated

that these techniques will be useful since the importance of ocean-

atmosphere exchange in trace gas cycles is just being fully realized.
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APPENDIX A

Atmospheric OCS Measurements

OCS Seawater Concentrations and Flux Calculations

Atmospheric CH3I Measurements

CH3I Seawater Concentrations and Flux Calculations

Atmospheric CHC13 Measurements

CHC13 Seawater Concentrations and Flux Calculations

Atmospheric F-ll Measurements

F-ll Seawater Concentrations and Flux Calculations

Atmospheric F-12 Measurements

F-12 Seawater Concentrations and Flux Calculations

Atmospheric CH3CC13 Measurements

CH3CC13 Seawater Concentrations and Flux Calculations

Atmospheric CC14 Measurements

CC14 Seawater Concentrations and Flux Calculations

Atmospheric PCE Measurements

PCE Seawater Concentrations and Flux Calculations



Atmospheric OCS Measurements

C Sine Date Latitude (</»-g
(pptv) </> (1981) Container Longitude Location

403 0.57 10-11 C 35°N 56°N North Atlantic Ocean

650 0.48 10-8 C 29°N 54°W " " "

452 0.60 10-2 C 37°N 46°W " " "

441 0.68 9-28 C 43°N 41°W " " "

566 0.72 7-23 C 46°N 1300W Pacific Ocean
488 0.72 7-23 C 46°N 1300W " "

575 0.44 7-18 C 26°N 137°W " "

599 0.44 7-23 C 26°N 137°W " "

525 0.33 7-16 C 19°N 142°W " "

388 0.72 11-5 C Cape Mearest Oregon
388 0.72 11-5 C " " "

409 0.68 7-22 S 43°N 134 Ow Pacific Ocean
455 0.68 7-22 S 43 oN 134 Ow " "

535 0.63 7-21 S 39°N 135°W " "

478

458 0.57 7-20 S 35°N 135°W " "

564

520 0.50 7-19 S 300N 135°W " " N0
489 ex>



Atmospheric OCS Measurements (continued)

Cg
Sine Date Latitude ($)-

(pptv) $ (1981) Container Longitude Location

537 0.33 7-16 S 19°N 135°W Pacific Ocean

474

586 0.26 7-15 S 15°N 145°W
" "

502

655 0.21 7-14 S 12°N 147"W " "

491

540 0.74 Al 48°N 124°W Pacific Coast Cruise

418 0.69 Al 44°N 123°W " " "

450 0.64 Al 400N 124°W
" " "

396

513 0.64 Al 400N 125°W
" " "

751

494 0.62 Al 38°N 125°W
" " "

545

540 0.56 A1 34°N 121°W
" " "

525

628 0.54 Al 33 oN 1l0oW
" " "

496

454 0.72 1-15 A Cape Meares, Oregon
379

N
0
\0



Atmospheric OCS Measurements (continued)
C Sine Date Latitude (<1»-g

(pptv) <I> (1981) Container Longitude Location

440 0.72 2-25 A Cape Meares, Oregon

388 3-11 A " " "
367

499 3-18 A " " "

441 4-17 A " " "

438 5-13 A " " "

504 5-27 A " " "

499 6-17 A " " "

325 7-15 A " " "

420 8-19 A " " II

367 9-2 A " " "

397 9-16 A " " "

413 9-30 A " " "

385 10-28 A " " "

400

370 11-20 A " " "
N
I-'

441 " " " 0
12-30 A

420



OCS Seawater Concentrations and Flux Calculations

C Date T C /H -[C /H-C ] Flux Latitude- Sine
g g

(pptv) (1981) P (°C) H (pptv) (pptv) x1011 Longitude 4J Location

840 10-18 M 14 1.8 230 610 2.29 4PN 68°W 0.66 North Atlantic

975 10-18 M 14 1.8 230 745 2.79 41°N 68°W 0.66 " "

946 10-15 M 17 2.0 205 741 2.78 44 oN 600W 0.69 " "

1120 5-29 M 13 1.7 240 880 3.30 46°N 125°W 0.72 Ti11amook Boat

1180 5-29 M 13 1.7 240 940 3.53 " " " "

1210 5-29 M 13 1.7 240 970 3.64 " " " "

1320 5-29 M 13 1.7 240 1080 4.05 " " " "

1800 5-29 M 13 1.7 240 1560 5.85 " " " "

683 5-29 M 13 1.7 240 443 1.66 " " " "

1198 7-9 M 15 1.9 222 976 3.66 37°N 122°W 0.60 Cambria, CA, Boat

1291 7-9 M 15 1.9 222 1069 4.01 " " " "

1809 7-9 M 15 1.9 222 1587 5.95 " " " "

993 7-9 M 15 1.9 222 771 2.89 " " " "

761 5-8 M 14 1.8 230 531 1.99 48°N 123°W 0.74 Pacific Coast N

Cruise I-'
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OCS Seawater Concentrations and Flux Calculations (continued)

C1
Date T C /H

-[C/H-C1]
Flux Latitude- Sine

g
(pptv) (1981) P (OC) H (pptv) (pptv) x1011 Longitude cj> Location

170 5-8 M 14 1.8 230 -60 -0.23 48°N 124°w 0.74 Pacific Coast Cruise

900 5-8 M 14 1.8 230 670 2.51 " " " " "

1027 5-6 M 13 1.7 240 787 2.95 45°N 127°W 0.71 " " "

1196 5-6 M 13 1.7 240 956 3.59 " " " " "

1900 5-5 M 14 1.8 230 1670 6.26 400N 125°W 0.64 " " "

1270 5-5 M 14 1.8 230 1040 3.90 " " " " "

736 5-5 M 16 2.0 213 523 1.96 34°N 121°W 0.56 " " "

585 7-19 L 21 2.4 177 408 1.53 31°N 135°W 0.52 Pacific Ocean

391 7-19 L 21 2.4 177 214 0.80 " " " "

315 7-18 L 22 2.4 171 144 0.54 26°N 137°W 0.44 " "

547 7-18 L 22 2.4 171 376 1.41 " " " "

778 7-15 L 26 2.8 149 628 2.36 15°N 1400w 0.26 " "

432 7-15 L 26 2.8 149 283 1.06 " " " "
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Atmospheric CH31 Measurements

C Sine Date Latitude (cj»-
g

(pptv) cj> (1981) Con ta iner Longitude Location

3.4 0.72 7-23 C 46°N 1300W Pacific Ocean
0.9

2.0 0.44 7-18 C 26°N 137°W " "

1.6

2.6 0.33 7-16 C 19°N 142°W " "

1.3 0.14 7-13 C 8°N 1500W " "

1.0 0.60 10-2 C 37°N 46°W North Atlantic Ocean

1.7 0.48 10-8 C 29°N 54°W " " "

2.3 0.69 9-28 C 44°N 41°W " " "

1.7 0.57 10-11 C 35°N 56°W " " "



CH3I Seawater Concentrations and Flux Calculations

C1 Date T C IH
-[Cg/H-C1]

Flux Latitude- Sine
g

(pptv) (1981) P (OC) H (pptv) (pptv) x1012 Longitude <f! Location

208 8-15 H 14 0.18 8 199 17 0.74 San Juan Islands, WA

245 8-15 H 14 0.18 8 236 21 " " "

184 6-24 H 13 0.17 8 175 16 0.71 Bay Oyster House,
Til1amook, OR

161 6-9 M 15 0.19 9 152 14 37°N 122°W 0.60 Cambria, CA, Boat

118 6-9 M 15 0.19 9 109 10 " " "

95 6-9 M 15 0.19 9 86 7.7 " " "

184 6-9 M 15 0.19 9 175 16 " " "

74 8-14 M 13 0.17 9 65 5.8 0.71 Newport Bay, OR

85 8-15 M 13 0.17 9 76 6.8 "
Depoe Bay, OR

82 8-15 M 13 0.17 9 73 6.5 " "

65 4-26 M 13 0.17 9 56 5.0 "
Ti11amook Bay, OR

47 5-29 L 13 0.17 9 38 3.4 46°N 125°W " Ti11amook Boat

50 5-29 L 13 0.17 9 41 3.7 " " "

36 5-29 L 13 0.17 9 27 2.4 " " " NI-'
J:-



CH31 Seawater Concentrations and Flux Calculations (continued)

C1
Date T C /H -[C /H-C ] Flux Latitude- Sine

g g 1
(pptv) (1981) P (OC) H (pptv) (pptv) x1012 Longitude <I> Location

52 8-15 L 13 0.17 9 43 3.8 44°N 125°W 0.69 Wa1dport,OR, Boat

114 8-15 L 13 0.17 9 105 9.4 " " "

52 8-15 L 13 0.17 9 43 3.8 " " "

53 8-15 L 13 0.17 9 44 3.9 " " "

71 8-15 L 13 0.17 9 62 5.5 " " "

52 5-8 L 14 0.18 8 44 3.9 48°N 124°W 0.74 Pacific Coast Cruise

30 5-8 L 14 0.18 8 22 2.0 " " "

49 5-8 L 14 0.18 8 41 3.7 48°N 123°W
" "

38 5-8 L 14 0.18 8 30 2.7 " " "

50 5-5 L 14 0.18 8 41 3.7 400N 125°W 0.64 "

40 5-3 L 16 0.20 9 31 2.7 34°N 121°W 0.56 "

28 10-15 L 17 0.21 7 21 1.9 44°N 600W 0.69 North Atlantic Ocean

34 10-18 L 14 0.18 9 25 2.2 41°N 68°W 0.66 "

41 10-18 L 14 0.18 9 32 2.9 " " "
N......
U1



N
......
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CH31 Seawater Concentrations and Flux Calculations (continued)

C1 Date T C /H -[C /H-C ] Flux Latitude Sine
g g 1

(pptv) (1981) P (OC) H (pptv) (pptv) x1012 Longitude Location

58 7-19 L 21 0.25 8 50 4.5 31°N 135°W 0.52 Pacific Ocean

59 7-19 L 21 0.25 8 51 4.5 " " "

74 7-18 L 22 0.26 8 66 5.8 26°N 137°W 0.44 "

63 7-18 L 22 0.26 8 55 4.9 " " "

64 7-15 L 26 0.30 9 55 4.9 15°N 1400w 0.26 "

72 7-15 L 26 0.30 9 63 5.6 " " "



N
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Atmospheric CHC13 Measurements

C Sine Date Latitude (4))-
g

(pptv) 4> (1981) Container Longitude Location

20 0.57 6-24 C 35°N 1500W Pacific Ocean

22 0.34 7-03 C 200N 151°W "

26 0.34 7-03 C " "

28 0.33 7-16 C 19°N 142°W
"

23 0.45 7-18 C 27°N 137°W
"

23 0.45 7-18 C " "

25 0.72 7-23 C 46°N 1300W
"

20 0.72 7-23 C " "

25 0.48 10-8 C 29°N 54 Ow North Atlantic Ocean



N
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CHC13 Seawater Concentrations and Flux Calculations

C1 Date T C /H
- [C/H-C1]

Flux Latitude- Sine
g

(pptv) ( 1981) P (OC) H (pptv) (pptv) x107 Longitude cp Location

576 7-19 L 21 0.19 126 450 2.6 31°N 135°w 0.51 Pacific Ocean

664 7-19 L 21 0.19 126 538 3.1 " " "

326 7-18 L 22 0.19 126 200 1.1 26°N 137°W 0.44 "

457 7-18 L 22 0.19 126 331 1.9 " " "

532 7-15 L 26 0.19 126 406 2.3 15°N 1400w 0.26 "

582 7-15 L 26 0.19 126 456 2.6 " " "

307 10-18 L 14 0.19 126 181 1.0 41°N 68°w 0.66 North AtlanticOcean

375 10-18 L 14 0.19 126 249 1.4 " " "

225 10-15 L 17 0.19 126 99 0.56 44°N 600W 0.68 "



N
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Atmospheric F-11 Measurements

C Sine Date Latitude (1/»-
g

(pptv) I/> (1981) Container Longitude Loca tion
-

196 0.57 6-24 C 35°N 1500W Pacific Ocean

199 0.34 7-03 C 200N 151°W "

199 0.34 7-03 C " "

198 0.33 7-16 C 19°N 142°W "

0.45 7-18 C 27°N 137°W
"

200 0.45 7-18 C " "

203 0.72 7-23 C 46 oN 1300W
"

201 0.72 7-23 C " "

192 0.48 10-8 C 29°N 54°w North Atlantic Ocean
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F-11 Seawater Concentrations and Flux Calculations

C1
Date T C /H

-[C/H-C1]
Flux Latitude- Sine

g
(pptv) (1981) P (OC) H (pptv) (pptv) x108 Longitude <I> Location

27 7-19 L 21 4.2 47 -20 1.2 31°N 135°W 0.51 Pacific Ocean

26 7-19 L 21 4.2 47 -21 1.3 " " "

28 7-18 L 22 4.2 47 -19 1.2 26°N 137°W 0.44 "

27 7-18 L 22 4.2 47 -20 1.2 " " "

36 7-15 L 26 4.2 47 -11 0.55 15°N 1400W 0.26 "

26 7-15 L 26 4.2 47 -21 1.3 " " "

25 10-18 L 14 4.2 47 -22 1.9 41°N 68°W 0.66 North Atlantic Ocean

30 10-18 L 14 4.2 47 -17 1.6 " " "

20 10-15 L 17 4.2 47 -27 2.0 44 oN 600W 0.68 "



N
N
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Atmospheric F-12 Measurements

C Sine Date Latitude (</»-
g

(pptv) <I> (1981) Container Longitude Location

330 0.57 6-24 C 35°N 1500W Pacific Ocean

339 0.34 7-03 C 200N 151°W "

335 0.34 7-03 C " "

338 0.33 7-16 C 19°N 142°W
"

330 0.45 7-18 C 27°N 137°W "

332 0.45 7-18 C " "

332 0.72 7-23 C 46°N 1300W
"

334 0.72 7-23 C " "

338 0.48 10-8 C 29°N 54 Ow North Atlantic Ocean



N
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F-12 Seawater Concentrations and Flux Calculations

C1 Date T C /H -[C /H-C ) Flux Latitude- Sine
g g 1

(pptv) (1981) P (OC) H (pptv) (pptv) x109 Longitude cf> Location

37 7-19 L 21 10 34 3 -1.7 31°N 135°W 0.51 Pacific Ocean

37 7-19 L 21 10 34 3 -1.7 " " "

48 7-18 L 22 10 34 14 -6.9 26°N 137°W 0.44 "

41 .7-18 L 22 10 34 7 -3.5 " " "

63 7-15 L 26 10 34 29 -13.9 15°N 1400w 0.26 "

53 7-15 L 26 10 34 19 -9.2 " " "

30 10-18 L 14 10 34 4 1.7 41°N 68°W 0.66 North Atlantic Ocean

46 10-18 L 14 10 34 12 -5.9 " " "

22 10-15 L 17 10 34 12 5.9 44°N 600W 0.68 "
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Atmospheric CH3CC13 Measurements

C Sine Date Latitude (cf»-g
(pptv) cf> (1981) Container Longitude Location

145 0.57 6-24 C 35°N 1500W Pacific Ocean

157 0.34 7-03 C 200N 151°W "

153 0.34 7-03 C " "

157 0.33 7-16 C 19°N 142°W "

0.45 7-18 C 27°N 137°w "

156 0.45 7-18 C " "

153 0.72 7-23 C 46°N 1300W
"

154 0.72 7-23 C " "

149 0.48 10-8 C 29°N 54Ow North Atlantic Ocean
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CH3CC13 Seawater Concentrations and Flux Calculations

C1 Date T C /H -[C /H-C ] Flux Latitude- Sine
g g 1

(pptv) (1981) P (OC) H (pptv) (pptv) x109 Longitude <I> Location

91 7-19 L 21 1.4 110 19 -9.0 31°N 135°W 0.51 Pacific Ocean

87 7-19 L 21 1.4 110 23 -10.8 " " "

105 7-18 L 22 1.4 110 5 -2.4 26°N 137°W 0.44 "

105 7-18 L 22 1.4 110 5 -2.4 " " "

120 7-15 L 26 1.4 110 10 4.7 15°N 1400W 0.26 "

120 7-15 L 26 1.4 110 10 4.7 " " "

106 10-18 L 14 1.4 110 4 -1.9 41°N 68°W 0.66 North Atlantic Ocean

113 10-18 L 14 1.4 110 3 1.4 " " "

99 10-15 L 17 1.4 110 11 -5.2 44°N 600W 0.68 "
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Atmospheric CC14 Measurements

C Sine Date Latitude (</»-
g

(pptv) </> (1981) Con tainer Longitude Location

152 0.57 6-24 C 35°N 1500W Pacific Ocean

151 0.34 7-03 C 200N 151°W "

156 0.34 7-03 C " "

158 0.33 7-16 C 19°N 142°W "

0.45 7-18 C 27°N 137°W
"

154 0.45 7-18 C " "

154 0.72 7-23 C 46°N 1300W "

155 0.72 7-23 C " "

154 0.48 10-8 C 29°N 54°w North Atlantic Ocean
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CC14 Seawater Concentrations and Flux Calculations

C1
Date T C IH -[C IH-c ] Flux Latitude- Sine

g g 1
(pptv) (1981) P (OC) It (pptv) (pptv) x108 Longitude cf> Location

68 7-19 L 21 1.0 153 85 -5.1 31°N 135°W 0.51 Pacific Ocean

70 7-19 L 21 1.0 153 83 -5.0 " " "

72 7-18 L 22 1.0 153 81 -4.9 26°N 137°W 0.44 "

78 7-18 L 22 1.0 153 75 -4.5 " " "

90 7-15 L 26 1.0 153 63 -3.8 15°N 1400w 0.26 "

90 7-15 L 26 1.0 153 63 -3.8 " " "

60 10-18 L 14 1.0 153 93 -5.6 41°N 68°W 0.66 North Atlantic Ocean

68 10-18 L 14 1.0 153 85 -5.1 " " "

52 10-18 L 17 1.0 153 101 -6.1 44°N 600W 0.68 "
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Atmospheric PCE Measurements

C Sine Date Latitude (cp)-
g

(pptv) cp (1981) Container Longitude Location

36 0.57 6-24 C 35°N 1500W Pacific Ocean

44 0.34 7-03 C 200N 151°W "

45 0.34 7-03 C " "

41 0.33 7-16 C 19°N 142°W "

42 0.45 7-18 C 27°N B7°W "

43 0.45 7-18 C " "

33 0.72 7-23 C 46°N 1300W "

40 0.72 7-23 C " "

39 0.48 10-8 C 29°N 54Ow North Atlantic Ocean



N
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PCE Seawater Concentrations and Flux Calculations

C1 Date T C /H -[C /H-C ] Flux Latitude- Sine
g g 1

(pptv) (1981) P (OC) H (pptv) (pptv) x109 Longitude 4> Location-
72 7-19 L 21 0.6 67 5 3.1 31°N 135°W 0.51 Pacific Ocean

64 7-19 L 21 0.6 67 3 -1.6 tI tI tI

85 7-18 L 22 0.6 67 18 10.8 26°N 137°W 0.44 tI

83 7-18 L 22 0.6 67 16 9.5 " tI tI

91 7-15 L 26 0.6 67 24 14.3 15°N 1400W 0.26 tI

120 7-15 L 26 0.6 67 53 31.3 tI tI tI

176 10-18 L 14 0.6 67 109 64.2 41°N 68°W 0.66 North Atlantic Ocean

211 10-18 L 14 0.6 67 144 86.7 " tI "

10-15 L 17 44°N 600W 0.68 tI--- -- --- ----
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APPENDIX B

RT as a Function of Temperature

Chlorinity-Salinity Conversions

Vapor Pressure of Water

Vapor Pressure of Seawater



RT as Function of Temperature

5 278.15 22.824 17346

10 283.15 23.234 17658

15 288.15 23.645 17969

20 293.15 24.055 18282

25 298.15 24.465 18594

30

40

50

303.15

313.15

323.15

24.876

25.696

26.517

18905

19529

20153
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Temp Temp RT RT
°c oK L.atm.mole-1 mmHg_L_mole-1

0 273.15 22.414 17035



231

Chlorinity - Salinity Conversions*

Ch10rinity (g kg-I)

5.527

8.290

11. 054

13.817

16.581

17.133

17.685

18.239

18.791

19.344

19.897

20.449

21. 002

21. 555

22.107

22.660

23.213

*From Riley and Skirrow (1975)

Salinity (0/00)
-

10

15

20

25

30

31

32

33

34

35

36

37

38

39

40

41

42



Vapor Pressure of Water

232

T (0 C) T( OK) Pvp(atm) Pvp(nunHg)

0 273 0.0060 4.6

5 278 0.0086 6.5

10 283 0.0121 9.2

15 288 0.0168 12.8

20 293 0.0231 17.6

25 298 0.0313 23.8

30 303 0.0419 31.8

35 308 0.0555 42.2



For other salinities:

~Pvp 2--0- = 0.0009206 (0/00 C1) + 0.00000236 (0/00 C1)p

~Pvp is the vapor pressure lowering.

pO is the vapor pressure of pure water at the temperature of
interest.

From: Robinson (1954)
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Vapor Pressure of Seawater

Salinity 350/00

T(OC) T (OK) Pvp(atm) Pvp (mmHg)

0 273 0.0059 4.5

5 278 0.0084 6.4

10 283 0.0118 9.0

15 288 0.0166 12.6

20 293 0.0228 17.3

25 298 0.0308 23.4

30 303 0.0411 31.2

35 308 0.0545 41.4
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