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Abstract

A long-standing challenge in atmospheric science has been the detection of
changes in the atmospheric O; mole fraction which are believed to occur at
the 0.0001 {o 0.001 mole % level in background air. A novel optical method
for atmospheric oxygen analysis is described. The method relies on measur-
ing changes in the relative refractivity of dry air between 4358 and 2537A. A
prototype analyzer has been constructed which has demonstrated a resolution
of 0.00005% on synthetic air samples. Application of the method for accurate
measurement of changes in atmospheric oxygen will require the independent
measurement or elimination of CO; and other variable trace gases which can
also cause variations in relative refractivity. Measurements of long-term changes
in Oy will also require the development of highly-stable standards for mixtures
of O3 in air.

The instrument has been used in conjunction with a non-dispersive infrared
CO, analyzer to measure short-term variations in atmospheric O, and CO, in
Cambridge, Massachusetts. Changes in O, were shown to be strongly anticor-
related with changes in CO, as expected for combustion processes.

Major questions which can be addressed with this instrument include the
following: What are the amplitudes of seasonal variations in atmospheric Og
which, like CO,, are expected due to respiratory exchange with la.nd plants and
soils? Wl_1a.t is the contribution of air-sea exchange to seasonal variations in
atmospheric Oz7 What is the long-term rate of change in atmospheric Q,, which

should be declining annually by 0.0003% from burning fossi! fuel, but which also
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depends on changes in carbon storage in the land biosphere? Answers to these
questions would constrain estimates of primary productivities of land and ocean |
ecosystems and estimates of long-term changes in biospheric reservoirs.
Estimates are presented for industrial O, consumption, and for 0,/CO,
exchange ratios with the land biosphere. Upper bounds are presented for the
net-0, fluxes due to imbalances between weathering rates and sedimentation

rates and due fo long-term changes in oceanic dissolved O;.
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Chapter 1
Introduction

The purpose of this thesis is to lay the groundwork for a potentially important
but recently -neglected topic in atmospheric science—namely, the variability in
the O; mole fraction of air. Dry air contains 20.946 mole percent O, (Machta
and Hughes, 1970) which is believed to be highly constant over time and space
(Benedict, 1912; Krogh, 1919; Carpenter, 1937; Machta @d Hughes, 1970).
Arguing from analogy with measured variations of CO,;, however, we expect
that background concentrations of atmospheric O; must vary at the the 0.0001
to 0.001 mole percent level on annual time scales and hemispheric spatial scales.
Althougﬂ such minute variations can hardly be of direct environmental signif-
icance, an understanding of the spatial and temporal variability in O; would
substantially augment the framework for studying global biogeochemical cycles

and global change.

Oxygen and carbon are closely coupled through photoaynthesis, and respi-

ration:

CO; +.H,0 = CH;0 + O,

where CH;0 represents the approximate composition of land-plant organic mat-

1



2 CHAPTER 1. INTRODUCTION

ter, and also through burning fossil fuel:
1 ' 1
C.H, + (z+ Zy]Oz — zCOy + -2-yH,O.

Based on these couplings and o_ur- current knowledge of the distribution of
atmospheric carbon dioxide {Keeling et al. 1982, Mook et al.. 1583, Keeling et
al. 1984, Komhyr et al., 1985; Bischoff et al, 1985) we can anticipate that the
distribution of the atmospheric oxygen mole fraction should show the fc;llowing
features (changesin a.tmospheri.c O; will be expressed in pa.rt-'.s-per-million wixére

1 ppm = 0.0001 mole %):

e A uniform long-term decline in the annual mean oxygen of around 3

PPi:n/ year due to fossil fuel burning; -

A regular seasonal cycle with an amplitude of around 15 pj)m in the high
northern latitudes and declining to around 2 ppm in the southern hemi—

sphere due to seasona.l imbalances in net photosynthesis and resplratlon

of la.nd pla.nts and soils;

" o A difference between the mean tropospheric concentration in the northern

- and southeérn hemispheres of around 3 ppm due to .the burning of fossil

the northern hemisphere;

¢ An excess of a.pproxima.i‘.elj 15 ppm Q2 in the middle stratosphere caused

by slow penetration of tropospheric air which is depleted in O, from burn-

ing- fossil fuel.

The a.blhty to detect these mmxscule va.rla.tlons in atmospheric 04 mole frac-
tlon would prov1de a sensntlve test of our understa.ndmg of the globa.l coupled

oxygen/carbon cycles. Equally important, however, are differences which might



exist between these predictions and the actual magnitude of the oxygen signals.

These differences would provide insights into two of the most irﬁporta.nt ques-

tions faced today in global biogeochemistry.

Question 1: What is the rate of the “new” primary production—i.e.,
the rate at which carbon is photosynthetically fixed and subsequently

' exbortéd'from the euphotic zone—in the world oceans?

Understanding the magnitude of “new” photosynthetic production in the
oceans is important because it is closely tied to the rates of cycling of nutrients
and many trace chemicals in the .ocea.n. Recently, there has been considerable’
debate over the magnitude of “new” production. Estimates based on traditional
4C and ¥N incubation studies lead to estimates of new production of around
12 g C m~?yr~! in the central basins (Eppley and Peterson, 1979)." This type
of estimate has been challenged by researchers who have examined the cycling
of oxygen in the mixed layer a.n-d upper thermocline (Shul_enberger and Reid,
198]; Jenkins, 1982; Jenkins and Goldman, 1985). The oxygen studies lead
to estimates of new productioﬁ of around 50 g C m~?yr~! The oxfgen data
have raised serious questions concerning the validity of incubation studies, but-
the oxygen studies have not gone unchallenged (Platt, 1984). One particular
problem is the difficulty of interpreting the change in dissolved oxygen in terms
of in situ production without any firm data for the fluxes of oxygen across the
air-sea interface. This controversy and its relationship to the “Global Ocean
Flux Study” are re;.viewed by Brewer et al. (1986).

With _ppm—leVel oxygen measurement capability, it would be possible to es-
timate air-sea Oz fluxes, not by measuring changes in dissolved Oz, but by
detecting corresponding changes in the atmospheric O, reservoir. Jenkins and
Goldman (1985) estimate that the seasonal (Ma.rch to January) O, surface out-

gassing flux is around 7 moles/m?/yr which implies seasonal variations in atmo-~
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spheric oxygen at the 5 to 10 ppm level. The ocean signals will be superimposed
ona séasona! signal from the land biosphere fvhich, from CO, data, we expect -
to have an amplitude of 2 to 15 ppm depending on location (Mook, et al., 1983,
Keeling et al., 1984, Komhyr et al., 1985). To a first approximation, the land-
biospheric exchanges of O; a.nd CO; can be inferred from the CO4 data because
seasonal air-sea exchange fluxes of CO, are relatively unimportant (Heimann et
al., 1986). The land biosphere contribution to seasonal O, variation can thus
be tied to the CO; variations via equation {1). The remaining O, variability.
should then reflect air-sea exchange. .

A more sophisticated analysis of seasonal O; and CO, variations would
employ an oceanic mixed-layer model to estimate air-sea fiuxes of O3, CO4, N,
and the inert gases coupled to a model of the atmospheric motion field, and
to a model of land-biosphere exchange of O3 and CQ,;. With the air motions
constrained by independent tracers, the atmospheric CO; and O3 data would
simultaneously constrain the land-biosphere and air-sea exchange fluxes. This -
in turn implies direct constraints on estimates of land and ocean biological
productivities. Models of this general character, albeit with simplified treatment
of the ocean fluxes, have been used for modeling CO; seasonal cycles (Fung
et al., 1983; Keeling and Heimann, 1986; Pearman and Hyson, 1980). The
short-term changes of O; mole fraction in the atmosphere measured at a few
carefully well chosen locations would effectively constrain the net O, flux into
or out of the a.tmosl;here over an entire latitude band, over a hemisphere, or
over a continent. Neither in situ studies nor satelite-based studies are capable
of jielding accurate flux estimates over such broad spatial scales.

Two essential differences between oxygen and carbon cycling in the ocean
make it clear that atmospheric oxyéen measurements will provide a fundamen-

tally new basis for studying changes in ocean biology and chemistry. Firstly,
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although the biologically--and thermally-driven disequilibria of COy and 0. in
sea water are comparable in magnitude (i.e., in moles/kg), the seasonal flux of
CO; should be significantly smaller than the seasonal fiux of Oz because CO,
equilibrates more slowly across the air-sea.interface than O,. While O3 equi-
librates between the mixed layer and the atmosphere on a time scale of two
to three weeks, CO; equilibrates on a time scale of a year or 80 (see Broecker
and Peng, 1982). CO; equilibrates slowly because the predominant species of
dissolved inorganic carbon in sea water are carbonate and bicarbonate which do
not directly influence the CO; partial pressure. The sec'on_d difference is that
while the biological and thermal driving-force for O, exchange tend to work
in parallel (e.g. both driving outgassing in warmer months) the biological and
thermal driving-forces for CO; tend to oppose each other {e.g. biology.drives

ingassing flux of CO; in summer when temperature is driving outgassing flux).

.In summary:

- ‘e Seasonal fluxes of oxygen across the air-sea interface should produce de--
" tectable changes in the average oxygen mole fraction in the atmosphere

which are superimposed on variations induced by-the land biosphere. -

" e The ocean contribution to the measured variations can be isolated by

referring to simultaneous data for COs.

e With atmospheric data from even just a few land stations, it should be
possible to make estimates of hemisphere-scale fluxes of oxygen across the
air-sea interface. Such data would fill an important gap in our under-

standing of the cycling of oxygen and the rates of biological productivity

_in the world oceans.

Question 2: What is the year-to-year change in the total mass of

carbon in the land biosphere?
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Recent estimates of the ¢change in the size of land biosphere are only accurate
at best to the level of +1-10'® g C yr~1, and are subject to potentially large
systematic errors (Brown and Lugo, 1984; Houghton et al., 1983;_013011, 1982).
At this level it is impossible even to.answer the question as to- whether the
biosphere is growing or declining.

Measuring changes in the size of the land biosphere could provide one of -
the most valuable indices of the impact of human activities on global ecology.
Today, slash and burn agriculture is causing the rapid destruction.of tropical
forests. Also, there is an increase in the concentrations of chemicals such as
ozone (Logan, 1985) which are toxic to plants. At the same time, however,
some previously farmed land is being reforested today, and the increase in at-
mospheric CO; may be stimulating an increase in global photosynthesis. Today
we do not know the relative importance of these processes nor do we know their
net impact. Because most of these processes are accelerating, there is a clear
need to develop methods for measuring the changes which are likely to occur
over the next few decades.

. One important reason for knowing the net change in the biosphere is to
account for the recent rise in atmospheric CO;. Atmospheric CO; is increasing
at a well-established rate of 2.5 - 10'® g C yr~! (1980 rate estimated from data in
Keeling et al., 1982). The annual release rate of CO; from burning fossii fuel is
also well established at 5.2 - 10'® g C yr~! (1980 rate from Marland and Roity,
1984). The question is how to account for the difference of 2.7- 10" g C yr~!.

Initially, it was believed that the dissolution of CO; in the ocean accounted
for most of the difference. Ocean modelers in the 1970’s found that oceanic
CO, uptake could account for all but about 0.5 - 10'% g C yt~! of the difference
which -they a.ssume;d was entering the land biosﬁliere.(see e.g. Broecker et al.,

1979). The notion that the land biosphere was a net sink for CO, was met
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with scepticism by terrestial ecologists, who, by the late 1970’s, had published
independent estimates based on land-use statistics indicating that the land bio-
sphere was actually a net source of 110 to 810" g C yr! (Bolin, 1977,
Woodwell et al., 1978} . Although the discrepancy in more recent estimates is
smaller—the ocean model studies are now compatible with a biospheric source
of 0 to 1:10' g C yr! (Siegenthaler and Oeschger, 1987) and the ecologi-
cal studies are compatible with a net biospheric source of 1 - 101 to 2.6 - 1018
g C yr~* (Houghton et al. 1987)—the inability of ecologists and oceanographers
to agree on the size of net biospheric CO; source has raised some serious ques-
tions. Could the ocean ﬁodelers_ be underestimating oceanic uptake of CQ,?
Could the ecologists be neglecting other biospheric CO, sinks, such as a global
stimulation of net primary production due to higher CO; levels or due to higher
inputs of nutrients from human activities? Either scenario would have impor-
tant consequences for-the climate and habitability of the earth. To resolve the
controversy between the ocean modelers and the ecologists it will be necessary.

to develop new methods for estimating biospheric changes.

Some time ago, Lester Machta (1980) pointed out that it would be possible
to obtain the net biospheric CO, source through measurements of the long-term
decline in atmospheric oxygen. The burning of fossil fuel decreases atmospheric
O; by a predictable rate. Oxidation of biomatter also decreases atmospheric
0:. However, the reduction in atmospheric O3 partial pressure caused by these
processes is so slight that it cannot drive a significant Aux of dissolved O, out of
the 6cea_ns. Thus, if the change in atmospheric O; were measured, the difference
between the measured atmospheric O, loss and the fossil-fuel O; loss would yield
the net biospheric oxidation. This method offers two advantages: (1) it would
lead to more accurate estimates of biospheric CO; source and (2) it would

account for the sum of all oxidative processes, including global deforestation,
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soil oxidation, and stimulation of net-ecosystem-production (NEP). .

There are two experimental requirements for measuring the long-term de- -
cline in oxygen. Firstly, one must have the capability of measuring differences
of around 1 ppm in oxygen between air samples or between air samples and air
standards. Secondly, one must develop standards for Oy in air which are stable
at the level of around 1 ppm per decade. While the first difficulty has been
addressed by this thesis, the second difficulty still stands as a very significant
experimental challenge. '

There is a method, however, for inferring the recent rate of decline in oxygen
even before stable standards are developed. Essentially, the method.looks at
the ratio of total O to total N in the lower stratosphere. The inspiration for this
idea comes from the observed CO;,; profile in the stratosphere at 40 N, shown in
Figure 1.1, which shows a reduction in the CO; level in the 20-30 km region in
the stratosphere relative to the troposphere. Stratospheric CO; is lower due to
the delayed response of siratospheric CO; to increasing tropospheric CO,. The
lag time of 5.2 years, based on the CO;, data, can be fairly well explained by a
standard 1-D eddy-diffusion model (Bischoff et al., 1985) calibrated with other
tracers.

On the basis of a five-year lag time, one expects the O3 mole fraction in the
stratosphere to be higher than the mean tropospheric value by approximately
15 ppm (assuming 3 ppm/yr decline rate). If the O; mole fraction was a con-
servative tracer, simultaneous O; and CO; measurements from air samples in
the 10-20 km range would define the average rate of depletion of O; in the
troposphere over the last five yeé.rs because the CO; measurements would ef-.
fectively date each sample with respect to the time that the air parcel entered

the stratosphere.

However, it is clear that the O; mole fraction does not behave as a conser-
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vative tracer at ppm levels in the stratosphere. In addition to chemical losses of
O, from Oy formation (maximum loss & 15 ppm O;} and CH,. oﬁida.tion (maxi-
mum loss ~ 3 ppm O3) which could readily be accounted for by backconverting
Os to O, and by measuring CH, simultaneously, there is an additional loss due
 to gravimetric fractionation. Figure 1.2 shows the O; profiles predicted by a
1-D eddy diffusion modél (neglecting CH4 oxidation and Oy formation) in the
presence of gravimetric fractionation assuming (1)} no surface sink for O3; (2) a
surface sink corresponding to -3 ppm/yr loss (estimated rate for 1986); and (3)
a surface sink corresponding to -6 ppm/yr (estimated for 2030 if the current

rate of increase in fuel usage continues).

In order to relate stratospheric O, and CO; measurements to the tropo-
spheric O, decrease it will be necessary to quantitatively account for gravimet-
ric fractionation on each sample. This is clearly difficult since the extent of
fractionation varies inversely with vertical mixing, which itself is imperfectly
understood.

Nevertheless, measurements of stratospheric Oz and CO; mole fractions, in
addition to having historical importance in light of the predicted future changes,

would serve two immediate purposes:

1. Combined measurements of O; and CO,; mole fraction in the 15-22 km
range, where the shape of the O, profile is most sensitive to the secular
O, decline rate, would place constraints on the net O; sink over the past
five years. Insofar as the uncertainty in the estimated O; sink would
hinge primarily on uncertainty in vertical mixing rates, the measurements
would focus attention on the need for improved understanding of vertical
mixing in this Ira.nge which is of pivotal importance to many aspects.of

stratospheric chemistry and physics.
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Figure 1.2: Steady state profile of O, mole fraction predicted by a 1-D
eddy-diffusion/molecular diffusion-model using the composite eddy-diffusion
profile of Massie and Hunten (1981) in equation (45) of Lettau (1951). The
profile allows for temperature and pressure dependence of the molecular dif-
fusivity of Oz in Ns.. Also shown are profiles predicted in the presence of a
constant surface sink for Oy amounting to -6 ppm/yr and -3 ppm/yr in total
atmospheric abundance. The profiles are arbitrarily fixed to 0 ppm at 40 km,
only the relative change with altitude is significant.
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2. Measurements of O, mole fraction in the 30-40 km range where the tropo-
spheric O loss has little influence (see Figure 1.2) would provide a basis
for validating models of éddy mixing which are needed for predicting the
penetration of source gases such as chloroflucrocarbons which can cat-
alytically destroy Ojs (see, e.g. World Meteorological Org., 1985). As an
example of how the O; profile could be used, we note that the vertical

eddy-diffusion coefficient can be calculated from the vertical O; profile

according to: :
- log i+ f) _ D(R/R ~1)
log(p1/ps) D+K

where [ is the fractional change in composition (i.e. in the O3/N; ratio)

from pressure p; to p;, D is the binary molecular-diffusion coefficient,
R and R' are the gas constant (per unit mass) of air and the diffusive
tracer (e.g., Os) respectively, and D and K are the molecular and eddy
diffusivities, respectively (Brewer, 1949). The use of the O; mole fraction
as a tracer has an advantage over existing tracers such as N,O, CH,, O,
(see, e.g., Massie and Hunten, 1981) because its distribution is determined

only by physical processes and not by photochemistry.

Tt is clear that very few atmospheric scientists have given the question of
variability in 02 much thought. This is probably due to a general scepficism
that the miniscule atmospheric O4 changes could ever be detected. Such scep-~
ticism is reinfbrced by the difficulties which have been encountered in detect-
ing changes in atmospheric O; using traditional O, analysis techniques, such
as chemically extracting the O; and measuring the weight or volume change,
or using co_r:_:_n_u_e_r_g:_ia_.l]y_a.?gil_a.bl_g_ _I_Jg_ljz}inagnetic analyzers (Machta and Hughes,

1970).

This thesis introduces a new technique for measuring the Oz mole fraction of



13

air which can offer at least a tenfold improvement in resolution over previously
available techniques. The resolution which has now been demonstrated for the
intercomparison of standards is 0.5 ppm a.nd further improvements appear fea-
sible. The basis of the technique is to resolve changes in the relative refractivity

of dried air between the visible and ultraviolet. The relative-refractivity f is

defined here according to :
n(A) -1 .
SWE N | (L1)

where n is the index of refraction of dry air and ), and A; are a pair of Suitably

. Fe=

chosen wavelengths in the visible and ultraviolet spectrum. Primarily because of
the strong absorption of O; in the Schumann-Runge continuum a.roﬁm_i 15004,
the optical dispersion from 4000 to 2000 A is greater for Oy than for N, and Ar,
and consequently the dispersion of air varies with oxygen abundance. However,
the variation is very slight: for pure nitrogen and oxygen at A; = 2537A and
Ag = 43604 the relative difference in 7 is only 3%, which implies that 7 must
be resolved to 3 - 1078 to detect ppm changes in the oxygen mole fraction.
Such high resolution in the measurement of the relative refractivity can be
achieved interferometrically. The relative refractivity can be directly related .

to the ratio of the orders of interference at A; and A; in an ordinary dual-arm

Here, p; and p; are the integral orders of interference which elapse upon intro-

interferometer:

ducing an air sample into one of the arms of the interferometer (assumed to be
initiaily evacuated) and ¢, is the fractional order at A, for the pt" integral order
at Ag. It is not difficult to construct an interferq_meter_ W}E_i_‘:h yields p, = 10,000,
so that a sensitivity of 3 - 10”2 in ¥ requires resolving ¢; to 3 - 10~4 .of an order.

There are many techniques riow available for resolving such small fractional
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orders.

One slight complication is that relative refractivity is also sensitive to changes
in other components of air, most notably H,O and CQO,. This is not a serious
limitation of the method, however, since eliminating or analyzing all poten-
tial interfering species to the equivalent of a small fraction of a ppm in Og is
straightforward.

The subsequent chapters of this thesis address more technical aspects of
the detection of changes in O, and their interpretation. Cha.pter 2- discusses
the details of the interferometric oxygen analyzer. Chapter 3 discusses the
applicé.tion of the instrument for the detection of short-term Oz changes in
Cambridge, Massachusetis. Chapter 4 reviews what is currently known or can
be inferred about contempor#ry sources and sinks of O, with primary emphasis
on chaﬁges in O, broﬁght about by recent human activities. Finally, Ché.pter 5
ties together the objectives of this thesis with some of the broader issues faced
today in glbba._l biogeochemistry, and discusses strategies for implementing O,

measurements in the future.
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Chapter 2 °

The Interferometric Oxygen

Analyzer

2.1 Physical Basis of Measurement

The technique described here for measuring the O3 mole fraction of air is based

on measuring changes in the relative refractivity defined according to

ﬂ-(A]_) -1

F(Al,)\z)r-m:—l, . R ¢ Y

where A; an'd A2 are two appropriately chosen wavelengths of light and n is the
refractive index of air.

Relative refractivity can be measured interferometrically by techniques which
are analogous to techniques for intercomparing wavelengths of light. For exam-
ple, modern laser wavemeters (see e.g. Snyder, 1982) typically rely on measure-
ments of the ratio of the elapsed fringes in a scanning Michelson interferometer

which can be expressed according to

pr _ AL/N

"p2 AL[),

18
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where p,; and p; refer to the number of elapsed fringes at A; and A, respectively
and AL is the distance of travel of one of the interferometer end-mirrors. Thus
if Az is known, measurement of p,/p; determines A;.

Likewise, if a gas cell is present in one of the arms of ihe interferometer and

it is subject to a change in gas pressure, the ratio of the elapsed fringes can be
expressed according to-
P LA"'(AL)/_)H
p2 - LAn(Az)/ A2
where An()) is the change in refractive index at wavelength A and L is the
cell length. If both A; and A; are known, measurement of p,/p, determines
#{A1,A2) = An(Ar)/An(Az). '
Modern laser wavemeters readily achieve accuracies at the level of 1 part in

10* (Snyder, 1982) and, with care, much higher precision and accuracy can be
achieved (Monchalin et al. 1981). Even though the relative refractivity is not
strongly sensitive to ché.nges in Oz mole fra.ctio_n, as will be discussed below, the
extremely high sensitivity that had been demonstrated in modern laser waveme-
ters argued strongly for the feasibility of ppm-level O; detection. This analogy
. between the interferometric intercomparison of wavelengths and interferometric
measurement of relative refractivity was a major consideration in the selection
of the relative refractivity from among the many possible physical properties of
air that could be used for detecting changes in O,.

. Figure 2.1 shows the spectrum of the relative refractivity normalized to
' 4359.56A of air and O,. The relative refractivities of both air and Q2 are de-
scribed by smooth, monotonically decreasing functions of wavelength over the
wavelength range from 2000 to 8000A. The change with wavelength for O, is
more rapid than for air, particularly below 3000A. This difference is expected

on theoretical grounds. The dispersion in a dielectric medium is related to the
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location and strengths of absorption features as given by the Kra.tr;ers-Kronig
relations (Jackson, 1975 p. 311). These relations dictate that the refractivity .
fnust increase with decreasing wavelength in transparent regions in the spec-~
trum. The rate of increase is more rapid if there are nearby absorption features
in the spectrum. Because O; exhibits strong absorption in the Schumann-~Runge
continuum around 1500A where N; is transparent, the relative refractivity of
O3 must increase rapidly as the wavelength decreases towards 1500A.

In the limit of low number density, the refractivity n — 1 of a pure gas is -

given by
n—1=2mrpa (2.2)
where p is the number density (molecules per cm®) and « is the mean (é.ver-

aged over orienfation and quanfum states) molecular polarizibilify. Also, the

refractivity of a gas mixture is given bjr

n—1=2mpy Xioy (2.3)

where the X; refers to the mole fraction of species ¢ and p is the total num-
ber density. From Equations 2.1 and 2.3 it can be shown that the relative

refractivity of air will vary with the mole fraction of species { according to
or = S,' . (SX, (2.4)

where
_oni{Ag) =1 (A, Ag) = Fuir{Ar, Ag)
5i = na{r(Az) -1 -l 1-X; - : (2.5)

and where 6.X; is the change in mole fraction of species 1 under the constraint
that the relative abundances of ali other species {i.e. the ratio X;/X; where

7, k # ¢) remain constant. The derivation of Eq. 2.5 ia left to Appendix A.
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RELATIVE

0.98 T | NS .
Q2 . 04 . 0.8 oa

Figure 2.1: Relative refractivity of air and O3 versus wavelength. Relative
refractivities have been normalized to the 4359.56 A (vacuum) line of Hg. Re-
fractivity data for air from Edlen (1966), for Oz from equation (7) in Ladenburg
and Wolfsohn (1932). ' -
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The sensitivity coefficient So, of air is maximized by selecting a pair of
wavelengths A; and A, which spé.n as much as possible of the wavelength re-
gion between the visible and the ultraviolet absorption cut-off of O; at around
2000;&. Primarily for reasons of convenience, the wavelengths which were se-
lected are the lines of a low-;;ressure electrodeless 19¥Hg lamp at 2537.2688 and
4359.5662A. Both of these lines have been recommended as absolute length
standards (Kaufman, 1962). Although a twofold increase in-.S.;,2 could have
been achieved by selecting an ultraviolet wavelength shorter than 25374, the
convenience of deriving both wavelengths from a single source and the remark-
able brightness of the 2537A line secemed to outweigh this advantage. Several
other sources were considered, including the argon-ion laser line at 51404 and
its second harmonic at 2570A. In retrospect, using the %8Hg source appears
to have been a wise decision because the coherence and brightness of the ***Hg
lamp have now been shown to be adequate for the refractivily measurement and
because many additional difficulties (e.g. output-power fluctuations, frequency
insté.bilities, secondary modes, etc.) and much higher costs would have been
faced using the laser source. _

The sensitivity coefficient for 2537.26 and 4359.56A can be evaluated based
on data in "Table 2.1 which yield, according to Eq. 2.5, So, = 3.1- 1072 per
ppm. Thus to detect a change of 1 ppm in the oxygen mole fraction of air it is
necessary to resolve changes in 7{2537,4358) to 3 parts in 1078,

At the outset of this project, it was clear that the feasibility of ppm-level

0, mole fraction measurements would depend on the following questions:

o Could comparable fractional-fringe resolution be achieved with a Hg lamp
source as had been achieved with laser wavemeters? High fractional-

fringe resolution would be important for reducing the requirements on
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- cell pressure and cell length which, in a large measure, would dictate the

stability and versatility of the analyzer.

e To what extent does the relative refractivity of air depend on density
and temperature? The upper limits to such variability set by previous
measurements (Svensson, 1960; Enckson, 1962) were insufficient to rule

out the possnble need for a high level of stabilization of sample pressu.re

and temperature.

e To what extent would variations in relative refractivity of air depend on
variations in other gases besides 0;? (Typical variations in trace gases
are summarized in Table 2.2) The seﬁsitivity to O; was well established

- based on refractivity data for air from Edlen (1966) and for O, from Smith
et al. (1976) and Ladenburg and Wolfsohn {1932}, which were mutually
consistent with refractivity data for N; by Koch (1913). However, the
refractivity data required to evaluate the sensitivity to CO;, CHy, and -

N;O, were more than 60 years old, and data for O3 and H;O were lacking

over the relevant wavelength range.

The la.i;tef two quesi;ions above have been addressed by refractivity measure-
ments described in Appendix B. These measurements show that the relative-
refractivity does depend weakly on density. This can be expressed in terms of

a variation in 7 with n(A;) which itself is a measure of density. Expanding'in a

power series about n(A;) — 1 == 0 we can write
F(Al,h) = G(Al, Az) + b(‘\l, Ag)[n(kg) - 1] + C(Al, Ag)[ﬂ.{.‘g) - ].]2 +... (2.6)

The measurements for air yield §(2537,4360) = 0.015; the implica.t.ioﬁ of this

density dependence on the O; measurements is discussed in Section 2.4.
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Table 2.1: Refractivity data for air and its primary constituents.

Mole Fraction

Relative Refractivity Sensitivity | Relative
Species in dry air, Refractivity at 0°C, 760 torr |  Factor, Sensitivity
' X; 7(4360A,25374) | n{4360A)-1 | & (ppm~!) | 8&/So,
Air — 1.06902" 2,965 104 « - —
N2 78.084%" . 1.062023¢ 3.023.10-4 ¢ —_ —_
0, 20.946%" 1095387 2.758-104/ | 3.10-10-% 1.00
H,0 G to 3% 1.1065" 2.515.10-4* | 3.37.10~8 1.09
Ar 0.934% ® 1.06126" 2.854-10"%¢ | —0.74-10"% | —0.24
CO, 338 ppm?’ " 1.0730° 4.562- 1074 * 0.608 - 10—% 0.196
Ne 181.8 ppm 1.024;5—'—_ o "'6“}54- 10-5™ | —1014-10"8 —0.33
He 5.24 ppm" 1.0251* 3.508-10~% ™ | —0.520-10~% | —0.17
Kr 1.14 ppm* 1.0855™° 4.357-107¢° | ~2.28-10"% | -—0.74
CH, 1.7 ppm? Tloess | ';{;415- 1047 | 368-107% | - 119
Ha 05ppm® | 1.0802"" - 1416-1074 " | 0.964-1073 0.31
N,0 0.30 ppm" 1.0992° 5.18 104 5.25.10"% 1.69
co | 0.02-0.25 ppm* 11053 3.416-1074¢ | 4.15.10~% 1.34
O3 0.0 - 0.1 ppm —_ = 4.9-1077 ¢ 15.8
SEdlen, 1966. !Cuthbertson and Cuthbertson, 1932.
byus, 19076. ™ Mansfield and Peck, 1969.

“See Appendix B.
4Peck and Khana, 1966.

*Machta and Hughes, 1970.

ILadenburg and Wolfsohn, 1932.

9Typical range in moist air

BZeiss and Meath, 1975,
‘Peck and Fischer, 1964.
iKeeling et al,, 1982,

- 5QOld et al., 1971.

"Smith et al. 1974,

"Koch, 1949.

PKhalil and Rasmussen, 1986.

¥Koch, 1509.

"Ford and Brown, 1973.
*Weiss, R. F., 1081. :
*Cuthbertson and Cuthbertson., 1914.
“Logan et al.,, 1981.
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Table 2.2: Concentration ranges of trace gases at sea level"

Mean Secular Seasonal Interan. N-§
Spec. 1984 Change Var. Var. Hem.
Level . 1975-1985° (Range) (Range) Dif.
© CO,  343.8 +1.4 max. ~16 ~1 430
CH, 167 +0017to40.025  <0.2 <01  +0.14
N.O  0.30 +0.0007 © €0.001 <0.002 +0.001.
CO 013  +0.0004 to £0.004 ~ 0.022 -~ +0.09
Os 0.0-0.05 - - - -

“In ppm (mole fraction); References include World Meteorologlca.l Orgamzat:on (1985), Logan
(1985), Bacastow et al. {1980), and Keeling et al. (1984). -
In ppm/yr. _
¢Difference between mean values in the northern and southern hemispheres. Positive sign indi-
cates higher value in northern hemisphere.



26 CHAPTER 2. THE INTERFEROMETRIC OXYGEN ANALYZER

Measurements indicate an upper bound to the temperature sensitivity of
7(2537,4360) for nitrogen at room temperature of 4 - 10~7/°C. Assuming that
this upper bound is appropriate for air as well, it indicates the possible need to
stabilize temperature to ca. 0.1 °C for ppm-level O; measurements. This is not
a stringent requirement. '

Relative—refra.ct_ivity measurements performed on CO, and CO;, largely con-
firm the earlier work by Koch (1914) and Smith et al. (1976). Results from the
relative-refractivity measurements of other g'ases are summarized in Table 2.1.
Aside from the need to dry the gas to eliminate water vapor, to account for
CO, variations, and to apply small corrections for CHy and CO, the residual
corrections for trace-gas variability in background air will generally be smaller
than 1 ppm O,. It appears that all corrections can easily be accounted for with
routine trace-gas measurement techniques.

It: should be emphasized that the goal of this project was to achieve a high-
precision measurement of O, mole fraction and not to achieve an absolute mea-
sure of Oz mole fraction. Thus no attempt has been made to reduce constant
systematic errors in.the measurement of ¥ which would equally affect the mea-
surement of samples and standards. With additional work, high-accuracy mea-
surements of relative refractivify might provide a stable absolute measure of

the O content of air. However, this goal lies beyond the scope of the present

project.

2.2 Details of Operation

Relative refractivities are measured on a folded-path variant of Jamin interfer-
ometer (Born and Wolf, 1975, 309-310) which is uniquely suited for measuring

relative refractivity. Both arms of the interferometer are formed between just
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two pieces of optics: a 5.3 cm thick parallel fused-silica Jamin plate which serves

as the beam splitter and recombining surface, and a corner-cube retro-reflector,

as shown in Fig. 2.2.

A stainless-steel cylinder with four parallel bore holes is located between
the plate and the corner cube. All four bore holes are sealed with a single
pair of fused-silica windows. The light beam corresponding to one arm of the
interferometer travels first down one upper bore hole, and returns through the
_diagonally-opposite lower bore hole. The d'ia.gonally-opposite bore holes are con-
nected internally to form a single cell. To first order the optical path difference,
OPD, between the two arms depends only on the difference in the refractivity
along the two beams and does not depend on the position or orientation of any
of the optics. In order to desensitize the interferometer to ambient air currents,
all the sensitive beams outside of the cells are enclosed in an evacuated vessel.

The interferometer is illuminated with a low-pressure electrodeless lamp
filled with a trace of isotopically pure 1°®Hg and 3 torr of Ar. The output of
the lamp is transmitted through a quartz fiber onto a pinhole placed at the
focus of a parabolic mirror. The collimated output of the mirror is stopped
down with a circular aperture and is divided into two beams by a beam-splitter
coating on the front face of the Jamin plate (Note that the beam-splitter coating
only covers half of the front face of the Jamin plate). The two beams then
travel complementary paths through the interferometer and are recombined at
the Jamin plate. The 4359.56 and 2537.27A components of the recombined
beam are resolved by a quartz prism, isolated with narrow-band interference
filters, and detected by photomultipliers. The photomultip.lier ancl>de currents
are converted to voltages through a 350-hz bandwidth electrometer and areread
by a system computer after 12-bit analogue to digital conversion.

Sample gas is introduced into one of the cells (hereafter called the sample



28 CHAPTER 2. THE INTERFEROMETRIC OXYGEN ANALYZER

136}/ CORNER-cuBE -
//4’ RETRO-REFLECTOR

436 M
FILTER
3 QUARTZ FIBER
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@ ALHER
Hg LAMP

PHOTOMULTIPLIERS

Figure 2.2: Optical System of the Interferometric Oxygen Analyzer.
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cell) at an actively-stabilized pressure near 10 atm and under a steady flow of

(0.2-0.5) 1 STP/min. The sample gas introduces an OPD given by
2L '
OPD,gmp(A) = —x-[n,m,(h) -1] (27

where 7n,4mp(?) is the refractive index of the sample gas, A is the vacuum wave-

length of light and L is the cell length. The relative refractivity is related to
the OPD at two wavelengths according to

- - nuamp(kl) -1 _ A2(-)1:1).m:'n.p(A1)
Taamp (Ah A?) = n.mmp(Az) -1 = AIOPDlamp(Az) (2‘8)

In order to resolve small changes in ¥,5m,, the OPD of the interferometer is
modulated by repeatedly admitting dry air at a uniform rate into the second
cell (hereafter called the scanning cell), from vacuum to around 20 torr and

then re-evacuating. The total OPD of the interferometer is now given by
where A(}) allows for any additional contributions to the OPD and where
2L o
OPDSCGR (A) - T[n'ggn(A) - 1] . (2-10)

where n,.n is the refractive index of the scan gas. From Eq. 2.8 and Eq. 2.9,

we have

Az Az
) OPDtol(Al) = 'A":'fmmpOPDmmp(Ai) - A—:ruarlOPDscnn(l\z) + A(Al) A (2-11)

where .
- AZOPDaccm(Al)
Tscan = 2.12
’ A101:'-sza.n(A!) ( )
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is the relative refractivity of the scan gas.
As scan gas is' admitted into the scanning cell, fringes elapse on both the

A1 and A; detectors. At the instant of occurrence of a particular: A; fringe

maximum, hereafter known as the reference fringe, we have
OPDgog(Ag) = P2 . (2.13)

OoPD,, (Al) =p+ E.]_ ' (2.14)

where 0 < €1 < 1 and p; and p; are exact integers. The parameter ¢;, which
measures the relative time of occurrence of the reference fringe to an adjacent
Ay fringe is sensitive to the rela.tive refra.ctivity of the sample gas as cé.n be

shown by substituting Eq 2.14 into Eq. 2.11 a.nd dlfferentla.tmg with respect to

X;, the mole fraction of species 1:

dt‘; Az .

E{:‘ - A]_ S OPD,amp[Ag) . ' (2.15)'
where S; = dF,ump/dX; is the relative-refractivity sensitivity factor (see Ta-
ble 2.1). In deriving Eq. 2.15 we have assumed that OPD,,m, (22} is held con-
stant as X; changes which implies, from Eq. 2.9 and 2.13 that O_PD,,._,,._,(A;) also
remains constant. The sensitivity of €, to changes in OP D, mp(Az) is discussed

below in Section 2.4.3.

. With a cell length of 61 cm (2 ft.) and a sample pressure of 10 atm at 298°C
we have from Eq. 2.7

OPDyamp(A2) = (Zﬂ%(%))_-ﬁ (;;2) (2.965 - 107%)(10) = 7608 (2.16)

and from Eq. 2.15,

_ (4358) -8y __ ] —~4 -1
v o (2537)(7608)(3.10-10 ) =4.05+107 ppm (2.17)
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Thus a resolution of 1 ppm in the oxygen mole fraction requires a resolution in
the relative OPD of 4-10~* of a 2537.27A fringe.

The fringe remainder ¢; is estimated from the A; and A; fringe signals which
are synchronously sampled and stored at a rate 20 to 40 times the fringe rate
during the rise in scanning-cell pressure. An example of the raw fringe signals
is shown in Fig. 2.3. An algorithm is used for estimating ¢, from the fringe
signals which is adapted from the algorithm of Snyder (1980}). Details of the
fringe algorithm are discussed in Appendix C. In essence, the algorithm first
estimates the times of occurrence of all the fringe maxima and minima during
the scan (rejecting the first few maxima and minima occurring during the start—
up transient) and then uses these times to project an estimate of €;. While the
systém -computer is occupied with the fringe algorithm, the scanning cell is
again evacuated. The entire cycle is rep.ea.ted automatically after the algorithm
is finished and the scanning cell is evacuated to below 0.5 torr. Typically the
time required for the entire cycle is around 30 seconds, with around 20 seconds
spent on the pressure scan, and 10 seconds spent on the fringe algorithm and
other housekeeping tasks. The short-term (scan to scan) repfoducibility in €
is typically around +0.0002 whiéh, under the conditions applying to Eq. 2.17,

corresponids to £0.5 ppm in the Oz mole fraction.

The A: reference fringe is unambiguously identified on successive scans on the
basis of two independent criteria: (1) The scanning-cell pressure at which the
reference fringe occurs should be within a fraction of 1 torr from the pressure at
which it occurred on the previous scan and (2) The value of €; should lie within
:1:6.06 of the value oBtained on the previous few scans. Thé search algorithm
for calculating €; starts with a default guess for the reference fringe, p,!), based
on the scanning-cell pressure at which the ;'eference fringg occurred on previous

scans. The algorithm then calculates the fringe remainders () for each A,



32

CHAPTER 2. THE INTERFEROMETRIC OXYGEN ANALYZER

| Friisthinoneennd

A & 2 A & 5 A A R 2 A 2 X K & 2 2 & 8 32
N .-
HERY
H -
e/ V § ¥ ¥ ¥ % ¥ ¥V ¥ ¥ % Vv § ¥ ¥ % ¥ ¥ ¥
i I 1 1 |} I i 1 | ] L]
2 i@ 11

1 2 3 4 S (] 7 8 ]
time (seconds) )

Figure 2.3: Photomultiplier signals versus time at the 2537.27A (upper) and
4359.56 A (lower) photomultiplier detectors. The fringes are produced by the
controlled admission of gas into the scanning cell. Fringe rate at 4359.56 A
corresponds to approximately 1 fringe per torr scan-gas.



2.3. LABORATORY TES T RESULTS : 33

fringe p2') over the range p2{® — 4 < p;¥ < p,(» + 4 and seeks ¢ such that
¢, %) best matches the value of €1 obtained on the previous few scans. With dry
air as the scan gas {for which (A\3/A{)Fscan = 1.8363) an incorrect assignment
of the reference fringe leads to an error in ¢; of at least 0.180 which is easily
distinguished from the typical scan-to-scan reproducibility of +0.0002. The
search algorithm breaks down if the sample concentration changes too rapidly
with time: - However, the maximum slew rate of §¢; = 0.0060 per scan or 300
ppm O; per minute is certainly adequate for monitoring ambient air.

The calibration of the instrument response depends only on OPD,gmg(Az)
since the other factors in Eq. 2.15 are constants. OP D,gmp(A2) can be measured
directly by initially filling the sample cell from vacuum and counting the elapsed
fringes. This yields a calibration factor that is accurate to around 1 part in 10%.
For applications involving small deviations between a sample gas and a standard
it is only necessary to know the calibration factor to around 1 percent. This can

be achieved by using an absolute pressure gauge previously calibrated against

the A, fringe count to determine OPD,G,,.,,(Ag).

2.3 Laboratory Test Results

The physical principles and sub-ppm sensitivity levels of the oxygen analyzer
have been verified through a series of calibrations based on proportional mixing
of known source gases. The source gases consisted of two cylinders with 21.65%
and 21.40% oxygen as supplied by the vendor and certified by comparing to
NBS standards with a pa.ra.rnagnetit.: analyzer. The concentration difference
of these cylinders was also verified to be 2500 & 90 ppm on the basis of the

difference in relative refractivity of the samples.

By bleeding small known amounts of the 21.65% mixture into a primary
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flow consisting of the 21.40% mixture, concentration shifts at the .ppm level
could be produced. Fig. 2.4 shows the time trend: of the fringe remaindér €1
as the blended gas stream passed through the sample cell. Each data point
corresponds to a single fringe analysis cycle. The data show an upward-drifting -
baseline corresponding to the 21.40% mixture flowing through the interferom-
eter sample cell on which negative offsets corresponding to the injections of
the 21.65% mixture are superimposed. The response of the ¢; to the changing
concentrations was estimated by inte_rpolating against the drifting baseline, and
by scaling the.shift in €; in units of ppm O, according to Eq. 2.15. The con-
centration shifts derived from the instrument response are plotted against thé

concentration shifts expected from the proportional mixing in Fig. 2.5. - -

The linear regression to the data yields a slopeé of 0.99 i 0.01 and an inter-
cept of —0.9 £ 0.2 ppm. The standard deviation of the residuals to fhe fit is
+0.32 ppm. The intercept of -0.9 ppm between the measured and calculated -
"concentrations is statistically significant and is probably due to slight leakage of
the 21.65% mixture into the 21.40% mixture even when the flow of the 21.65%

mixture was nominally zero. It is likely that such “leakage” was caused by
diffusive mixing of the two source gases from a dead-space hetween the shut-off
valve and the injection point of the 21.65% mixture. -

In addition to the respons;e to the changing oxygen concentration, the fringe
remainder ¢; exhibits apparently random scan-to-scan variations as well as long-
term drift. The origins of these and other errors in the oxygen measurement

are discussed in the next section.
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Figure 2.4: Fringe remainder ¢; versus time as differing oxygen concel:ttra;-
tions pass through the sample cell. Each data point corresponds to a 31ngle
fringe-analysis cycle. .
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Figure 2.5: Concentration shift as measured from the response in efversus the
concentration shift calculated from the known flow proportions.
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2.4 Sources of Measurement Error

2.4.1 Signal Intensity Stability

The scan-to-scan repeatability in €, is primarily limited, at present, by fluctu-
ations in the intensity of the A, and A, signals. These fluctuations have three
origins: Firstly, thgre is inherent shot-noise which is set by the beam intensity
in quantum/sec and the quantum efﬁcienﬁy of the photomultiplier tubes. Sec-
ondly, there iz additional noise generated by the amplification circuitry in the
dynode chain of the photomultiplier and subsequent electronics. Thirdly, there
is noise in the emission intensity of the lamp due to fluctuations in the lamp.

power-supply, or fluctuations in the lamp teﬁlperature.

Because the scan-to-scan reproducibility is already as good as 0.5 ppm, as
discussed above, the noise sources have not been submitted to a detailed study.
The photocathode current at the weaker 4359.56A line is typically 5 - 10° pho-
toelectrons/sec which is the primary source of shot-noise. On the basis of simu-
lations of the fringe-analysis algorithm on signals which contain only shot-noise,
it appears that observed reproducibility is within a factor of two of the repro-
ducibility expected on the basis of photomultiplier shot-noise alone. Thus per-
haps a two-fold improvement in scan-to-scan reproducibility could be achieved
by improving the stability of lamp supply or other electronics. Perhaps an ad-
ditional two-fold improvement could be achieved by increasing the throughput
of the optics which would reduce detector shot-noise. However, a fundamental
limit to the scan-to-scan repeatability is set by the finite brightness of the Hg

lamp source, and the achieved repeatability is probably no more than a factor

of four from this limit.
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2.4.2 Scanning-Gas Coﬁcentration

Eq. 2.11 indicates that the sensitivity of ¢, to ¥,, is reduced compared to that

Of 74amp by & factor of OPD,ean{A2)/OPDyump(As) % 0.001. Thus ppm—level

fluctuations in the scan-gas composltmn are negligible.

2.4;3 Sample-Gas Density

In order to evaluate the sensitivity of ¢, to variations in sample-gas density it is

convenient to use Eq. 2.13, Eq. 2.14, and Eq. 2.9 in order eliminate OP D, ,.(A;)
from Eq. 2.11 to yield

Az
ntea= (raamp - rscan)OP-Dmmp (Aﬂ) + ruanpz + A’ (2-18)
where
) Aa ) i _
A(’\l) - :rlcanA(Az)- . (2.19)

The first term on the right-hand side of Eq. 2.18 gives the direct response of ¢,
to a change in OPD,am,(Ag) which, at constant composition, is equivalent to a

 change in density. The rate at which ¢; will drift for a drift in OPDyamp(Xs) is -
given by . '

wheré the second term in brackets allows for the variation of ,um, with density
at constant composition. By properly adjusting the scan-gas composition it is
possible to adjust ¥,can S0 that the right-hand side of Eq. 2.20 vanishes.

A special case, which is convenient in practice, is to use a scan gas which

has virtually the same composition as the sample gas. In this case Eq. 2.20 can,
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be simplified to yield

S =2+ 3 [Ruamp(\s) — 1] - S0P Diamp(ha) (2.21)
1 .

where the approximations Fsamp = @ + b[nsamp(A2) — 1], and Frean = @ . have been

used. With the sample cell at 10 atm pressure we have n{As) — 1 = 0.003 which
yields

dOPI;tm,,(A,) ()E::g(014)(003) =14- 10" . (222)

This shows that if the sample-cell pressure drifts by the eﬁuiva.lent of one ~
4359.56A fringe the error in the estimate of the oxygen mole fraction is
0.00014/0.0004 = 0.3 pprm.

The errors induced by density changes in the sample gas are reduced by
- actively stabilizing OPD,amp(Az). A two-level feedback-control loop is used for
this .pu'.rpose. At the inner level, the pressure in a buffer volume upstream of
the sample cell is actively stabilized using 2 capacitance differential-pressure
gauge to generate an error signal proportional to the difference between the
buffer- and reference-volume pressures. The error signal is fed back fh:ough a
control ci'rcﬁit (MKS Instruments 250B controller) which makes settings on an
automatic regulating valve at the inlet to the buffer volume. The inner feedback
loop typically achieves a short-term stability of better than +0.01 torr out of
a total pressure of around 7600 torr. The outer control loop relies on an error
signal consisting of the deviation of the OPD,gmp(X2), detected as described
below, from a setpoint to make adjustments in the pressure setpoint of the
inner con_trol loop. The outer loop operates once per fringe-analysis cycle and
can either be operated by making manual adjustments to the pressure setpoint

or by using the system computer to make automatic adjustments.
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The technique for measuring changes in OP D,y (A2) relies on Eq. 2.9 and

Eq. 2.13 which can be rearranged to yield

OPDyean(A2) = OPDyomp(Az) — p2 + A(Ag) o (2.23)

which indicates that changes in OPDyamp(A2) can be detected via changes in
OPD,.n(A2). Changes in OPD,n{A2) can be detected throuéh. scan-to-scan -
changes in the value of scanning-cell pressure at which the reference fringe
occurs. Since, for a 61 cm cell, one A; fringe correspond_s to roughly one torr-
change in pressure, thg scanning-cell pressure only needs to be determined to
0.1 torr out of 10 torr in order to determine OPD, pm,(Az2) to 0.1 of a fringe.
Using this technique, it has been possible to stabilize OP D,gmg(A2) for several
hours to within 0.2 fringe corresponding to an error in Xg, of :l:0.06- ppm (see
Eq. 2.22). |

2.4.4 Temperature

Temperature changes in the interferometer opt-iés and in the gas cells are the .
primary cause of long-term variations in e; through the A' term of Eq. 2.18.
Unfortunately, the form given for A' in Eq. 2.19 is not very helpful for un-
derstanding sources of drift in A’ because the terms are not easily measured.
However, considerable insight has been gained into the factors contributing to
changes in A’ by studying how e, responds to systematic changes in ambient
temperature.

- Changes in ambient temperature cause changes in the OPD of the cell win-
dows due to thermal expansion and the increase in the refractive index of the
glass with temperature. The change induced in a 1.6 cm fused-silica cell window

amounts to 0.37 A/°C and 0.77 A/°C at 4359.56A and 2537.27A respectively -
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(calculated from specifications of Corning 7940 fused silica). A uniform change
in window temperature, however, does not induce changes in the OPD of the
interferometer because both beams in the interferometer are transmitted thé
same number of times (twice} through each window optic. Only temperature
gradients in the windows can cause shifts in the OPD through this mechanism,
and the temperature gradients induced by changes in ambient temperature are
probably not significant. '

The initial cell-window design called for a high parallelism specification (1
arc-second) in order to reduce prismatic separation of the two wavelengths. -
Thr-ough a mechanism which was not anticipated, however, this parallelism of
the window apppears to cause siéniﬁca.nt variations in the OPD of the interfer-
ometer through variations in window temperature. This mechanism operates
because a plane-parallel window acts like a low-finesse 'eta.l.on.

The amplitude of a light beam transmitted through a plane-parallel window
consists of the sum of a directly-transmitted and multiply-reflected components
(which have suffered one or more reflections on each face of the window). The

amplitude of the transmitted beam is given by (see e.g. Born and Wolf, 1975,
pages 323-325)
. 1—r

® = (8 : i
AN = —"Toa (2.24)

where AW is the incident amplitude, r is the (intensity) reflection éoefﬁcient,
and where - ' | -

6=é’\£nh

where n and & are the refractive index and window thickness respectively. For

r < 1, Eq. 2.24 can be simplified to -

AW =1 — #(1 — cosb)] e Al) (2-25)
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which -indicates that the phase of the transmitted beam varies sinusoi'd_ally
with 6, i.e. with the window temperature. For an uncoated window, r & 0.05 so
that the phase can vary over a range of £0.05 /27 = £+0.008) over temperature
changes as small as 0.5 °C. :

- The OPD of the interferometer is affected by the etalon phase-shifts at
each of the four window orifices for each of the two arms of the interferome-
ter. Furthermore, the quantity ¢, is affected by the shifts in the OPD at iJOth
wavelengths with the 4359.56A shifts scaled b,;,r the factor (), ]M) * Facan ==
(436/254)(1.08) = 1.8 as indicated by the coefficient of the A();) term in
Eq. 2.18. Assuming all these components add randomly, one expects the root~ -
mean-square deviation of ¢ with small temperature changes to be around
+06.023.

If the windows of the interferometer were perfectly parallel and flat, one
would expect the etalon phase-shifts on both arms of the interferometer to
complement one another and thus produce no change in the OPD. This is
because both arms of the interferometer pass the same number of times through
each window optic and thus would experience identical phase-shifts. However,
in order for phase-shifts of one arm to compensate the phase—shifts in the other
arm it would be necessary to hold the window-parallelism specification to better
than A/8 at 2537.27A between the orifices. With the present window orifice
separation of 3.2 cm, this corresponds to a pa.i'a.llelism of 0.15 arc-seconds, a
specification which is not satisfied with the present window optics.

The etalon action of the cell windows can be elimiated by giving the window
a slight wedge angle. However, this introduces prismatic separation of the
A; and A; beams which can also cause temperature sensitivity through the
interaction between variable density gradients in the gas and misalignment of

the A, and )A; beam components. It was assumed, in deriving Eq. 2.8, that
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the A; beam and the A; beam exactly overlap. If the beams do not exactly
overlap, the ratio OPD,,pmp(A1)/OPD,,pmp(A2) is sensitive to any difference in
the average density of the sample gas between the A; beam and the A, beam.. For
example, for the 61 cm cell at 10 atm, a uniform misalignment of 1mm between
the 2537.27 and 4359.56A components subject to a temperature gradient along
the direction of misalignment of 10™® °C/cm yields an offset in ¢; of around
0.004. This offset would change if the magnitude or direction of the temperature.
gradient changed. -

The prismatic .separation of the beams can be avoided, however, by in-
troducing a2 wedged compensation plate which counteracts the window wedge
angle. ‘In the near future, I am planning to install cell windows with a 120
arc-second wedge with compensating plates which should significantly reduce
the sensitivity of the interferometer to changes in ambient temperature..

Temperature changes can be caused by heating or cooling in- the gas itself.

Under adiabatic expansion or contraction, the temperature of an ideal gas varies

with pressure according to

T o P'5 | (2.26)

where 4 = C,/C, = 1.4 for air. The most serious consequence of fiuctuations
in sample pressure is the inducement of temperature changes in the cell win-
dows. The fringe positions are particularly sensitive to temperature changes
originating in the gas because the heating or cooling is initially communicated
to window orifices in only one arm (the sample-cell arm) of the interferometer.

A sudden increase in the sample-cell pressure of, for example, 0.01 atm. out
of 10 atm. total pressure increases the gas temperature by 9-10-2 °C. As the
gas cools back into equilibrium with the cell walls a certain amount of the excess

heat is conducted into the window. -As a very rough estimate we can assume
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that the excess heat produced up to distance r from the window, where r is the
sample-cell bore radius, will be condﬁcted into the window. By conservation of
energy, this implies that the average temperature of the orifice will increase by
roughly (r/h) * (CpfCyiass) times the temperature increase in the gas where A
is the window thickness, C, is the heat capacity of the gas (expressed per unit
volume) and Cy,,. is the heat capacity of the glass (also expressed per unit
volume). Taking r/h = 0.4 and C,/Cq,, = 0.01 (values for air at 10 atm. and
fused silica), yields a ratio of 3-107%. For the pressure fluctuation of 0.01 atm
this yields an average temperature increase in the window. orifice of 2.7-10~*
°C'. This same increase wiltl occur in each window orifice of the sample-cell, i..e.
at four locations in total. Thus the change in the OPD of the sample-cell at
2537.274A is estimated to be 8 - 10™* A. This thermal perturbation will relax on a
time scale gwen approximately by h?/Dy,,, = (1. 6<:m)z /(0.008cm?/sec) = 320
"seconds where Dyq,, is the thermal diffusivity of the window material (here
Corning 7940 fused silica).

Oxygen measurements are particularly sensitive to pressure ﬂuctﬁations
which occur in sample cell at the instant when the reference éa.s and sample
gas are exchanged. Such pressure fluctuations can produce relatively long-lived
temperaturé transients in the cell windows which can obscure the signature of
concentration difference between samples. This difficulty has been eliminated
by the active feedback-conirol loop discussed above which readily reduces short-
term fluctuations in sample-cell pressure to below one part in 10° of the total

pressure.
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Chapter 3
Air Measurements in Cambridge

3.1 Introduction

In this chapter I report measurements of the atmospheric Oz mole fraction in
Ca.mbridge, Maasa.chusetts using the interferometric oxy;gen analyzer. These
mea.surements were conducted w1th simultaneous CO, measurements on the

same air stream. The purpose of these measurements was twofold:

e To test the instrument on real air.

¢ To explore the correlation between CO, and O, in urban air.

Urban air is a useful testing ground for the oxygen analyzer because local
fuel combustion causes the atmospheric O; mole fraction to vary at the 10
to 100 ppm level on a relatively short time scale of a day or less. Insofar as
the dominant fuels—natural gas, fuel oil," and gasoline—span a limited range
of oxidation states, simultaneous measurements of CO, provide an important -

consistency' test for the O, measurements.

47
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3.2 Experimental Method

Air was drawn from outside a first-floor window located about 10m from Oxford
St., a moderately busy street. The air was drawn through an inlet system into a
manifold and from the manifold into the oxygen analyzer. The inlet system con-
sisted successively of a 12m inlet line, a cold trap at —78°C, a membrane filter
for removing particulates, a diaphram compressor pump, and a second cold trap
at —-78°C. Previous tests {involving saturating, drying, and then analyzing for
differences in O mole fraction) showed that this procedure did not detectably
alter the O, mole fraction. The manifold allow_ed ambient air or reference gas
to be introduced into the interferometer alternately. When a reference gas was
used, the ambient air stream was vented to the room through a back-pressure
regulator in order to maintain a constant flow rate and a steady pressure in the
inlet system at all times. This was necessary because it was found that pressure
fluctuations could lead to fluctuations in O, mole fraction (presumably due to

differential physisorption of O; and N,).

Between the manifold and the interferometer the flow passed successively
through a cold trap at —78°C, a sub-micron filter, an automatic flow-control
. valve, a ballast volume, and a fine metering valve. The ballast volume served
to isolate the interferometer sample cell against upstream pressure variations
and to stabilize the flow. The pressure in the ballast volume was stabilized
by feedback from an electronic controller (MKS 250B) to an automatic flow-
control valve. The materials exposed to the gas inclﬂded stainless steel, glass,
and teflon, and trace amounts of viton and Apiezon N vacuum grease. The
sample attained a pressure of 1935 torr in the sample cell at a flow rate of 680
cm® STP/min. The time required to flush the volume spanned by inlet manifold .

and sample cell (combined volume estimated to be 380 cm®) was roughly 1.3
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minutes.

Carbon dioxide concentrations were measured in the exhaust line of the in-
terferometer with a non-dispersive dual-cell infra.red analyzer (Binos) operated
at ambient pressure. The infrared.a.na.lyzer was operated at all times with a
nominal 340-ppimn reference gas flowing througﬁ the carbon dioxide analyzer ref-
erence cell at ambient pressure. Carbon dioxide concentrations are reported on
‘ascale linear in instrument response which was based on a two-point calibration
with reference gases with 340.010.5 j)pm and 380.0+0.5 ppm respectively. The .
imprecision of replicate readings on the adjusted scale was 0.1 ppm.

- To correct for thermal drift, the interferometer sample cell was flushed with
a reference gas at intervals of a.r;)und 2 hours. The reference gas, containing
343.9 ppm CO,, was derived from a cylinder of air compre_sséd at the Scripps -
Pier in La Jolla, California during conditions when the wind was blowing off the
ocean. The interferometer response from tl;ree or four consecutive calibrations
was fitted in a least-squares sense to a éecond- or third-order polynomial. This
established a calibration baseline which was subtracted from the interferometer
readings with ambient air on a point-for-point basis. Tests using polynomials of
different orders and using different consecutive sets of réa.dings indicated that

the baseline could be interplpla.ted with a precision of approximately £2.0 ppm
02. ’

3.3 Results and Discussion

Ambient air was monitored en the evening of 25 Oct. 1986 and throughout the .
next day.  Fig. 3.1 shows the output_of the CQ, and O, analyzers over a selected
time interval on 26 Oct. which spans three calibrations intervals. Fig. 3.2 shows

a fraction of this interval in closer detail. The output of both analyzers is
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expressed in units of ppm mole fraction difference between ambient air and
the reference gas. The individual readings of the oxygen and carbon dioxide
analyzer, taken at 30-second intervals, have been smoothed with a four-point
running mean. The output of the oxygen analyzer has been scaled according to
the sensitivity factor in Eq. 2.5 but has not been corrected for the interference
of carbon &ioxide and other gases. The 603 corrections are the wrong sign.
~and four times too small to account for the observed response. Other gases,
most notably CO and hydrocarbons, which can be present in the 0 to 10 ppm
level in urban a.ir,'might also account for a fraction of Eé response of the Og
gna.lyzer.' However, since these gases would tend to increase with increasing
CO,, their contribution to the change in dispersion is, again, of the wrong sign.
The observed decrease in dispersion with increasing CO, must be caused by
changes in Oz mole fraction.

The data show fluctuations in CO, and O mole fraction that are strongly

anticorrelated on time scales ranging from minutes to hours. The level of in-

strumental noise on the oxygen analyzer is evident from the scale of fluctuations

during the calibration intervals.

A summary of the diurnal trends in O; and CO; is_shown in Fig. 3.3. These
data represent the average concentration recorded between calibration intervals
on both 25 and 26 Oct. These O, data have been corrected for the instrumental

CO; interference according to

§Xo, = SXGreo=ted) _ %c-ilaxco,. | (8
On the evening of 26 Oct., the atmosphere was relatively still, and ambient
CO; increased from 350 to 410 ppm overnight while O, decreased by a similar
amount. A storm system moved in on 26 Oct. accompanied by increasing winds,

- a decrease in CO, towards background levels, and a comparable increase in O,.
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Figure 3.2: Detail from Figure 3.1. 02 axis has been inverted to allow better
visualization of correlations.
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Figure 3.3: Diurnal trend in O, and CO;. The data represent averages of the
ambient levels of the oxygen and carbon dioxide recorded between calibration
intervals. The data are expressed in units of ppm (mole fraction) difference
between ambient air and reference gas. The O, data has not been corrected for
possible interferences of CO and hydrocarbons. :
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Table 3.1: Measured difference between ambient oxygen and carbon
dioxide mole fractions and reference gas in ppm.

Date Time CO; O, Date Time CO2 O,
25 Oct. 86 22:44 125 -5.9 |26 Oct. 86 14:21 28.8 -200
23:31 17.0 -8.9 15:14 33.1 -31.9
23:17 13.5 -6.7 16:16 24.3 -18.0
26 Oct. 86 0:16 18.3 -10.2 | 16:52 17.0 -8.4
6:50 60.0 -867.0 18:14- 4.4 1.3
7:13 855.8 -55.2 18:35 7.0 -14
7:21 622 -64.5 _ 19:07 39 7.2
7:36 56.2 -56.7 20:26 9.3  -1.1
8:46 49.3 -51.7 2043 141 -T.T
9:00 42.1 -39.5 21:02 28 7.0
10:58 27.6 -19.8 | 22:09 49 53
11:16 214 -13.0 22:23 49 7.8
13:33 26.2 -15.7 |

In order to explore the extent of the correlation between O, and CQ, mole
fractions, time intervals of approximately five minutes were selected during
which stable readings were recorded on both analyzers. The CO,; and O, read-
ings were averaged over each interval, and the O readings were corre.ct'ed for
CO, interference as outlined above. These data are surnmarized in Table 3.1 and
the CO,-corrected O; readings are plotted against CO; readings in Fig. 3.4. A
least-squares fit to the data yields a linear correlation coefficient of 0.991 which
is valid at better than the 99.9% confidence level, and a slope of —1.218 4 0.025
(1o} ppm O; per ppm CO,. Based on the imprecision for replicate scans of £2
ppm, the imprecision for a five-minute average is estimated to be +0.6 ppm.
The ambiguity of the calibration baseline leads to an additional error of around
+2 ppm, as discussed above. The standard deviation of the riduals to the fit
is +2.5 ppm which is an independent upper estimate to the total error since

some of the variance in the fit could be due to atmospheric variability.
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Figure 3.4: Measured ambient O; versus CO; concentrations measured on 25
and 26 Oct. 1986. Concentrations reported in mole-fraction difference between
ambient air and reference gas in ppm. The O, data have not been corrected
for possible interferences of CO and hydrocarbons. The line through the data
is a linear least-squares fit. The line labeled “photosynthesis or respiration”
corresponds to an oxidative ratio of 1 mole Oz per mole CO,.
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The slope of the correlation plot contains information about the average
composition of material oxidized in the local environment at the time of the
measurements. Quantitative interpretation of the correla.tidn, however, requires
an assessment of the magnitude.of CO and hydrocarbon interferences. CO levels
often achieve 10 ppm or more in urban air, and significant CO interference
during the measurements appears likely. Although non-methane hydrocarbon
(NMHC) levels in Boston as high as 5 ppm have been observed in the summer,
a typical summer value is around 400 ppb (Sexton a;nd Westberg, 1984} and
lower NMHC levels would be expected under the cool (=5 10°G) conditions under
which. these measurements were carried out. The following analysis neglects

posgible interferences from NMHCs.

Allowing for formation of CO, we can represent the combustion of fuel ac-

cording to -
y, %, T
CH,+(1—§+Z)-02—P(1—y)-COz+y‘CO+§'HzO. (3.2)

where CH,, represents the composition of the fuel and y represehts the fraction
of C emitted as CO. The oxidative ratio of the fuel, i.e. the ratio of O, consumed

to CO; emitted in the full oxidation of the fuel, is given by
z
(OR)=1+7. (3.3)

If changes in the atmospheric a_bﬁndance_s of 05, CO;, and CO afe determined.

only by Eq. 3.2, then the atmospheric mole fractions of these species are related

according to

Lz
6oy = ~(1 - Xou) - [FTEEE] 6, 34

Y '
5 - | 1. .
Xco [1 ] 6Xco= . (3 5)
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where X, is the O3 mole fraction on a constant CO, and CO basis. _
We now define the quantity r to be the ratio of the change in the relative

refractivity of air scaled in units of ppm O, according to Eq. 2.4 to the change

in Xco,. It foilqws that

S S -
r6Xco, = 6Xo, + =22 - §Xc0, + == - §Xco- (3.6)
SO, 303

From Eq. 3.3 to 3.6 it follows that

C1l—-y Sco, ) Sco y
= - . L 3.
(OR) T .03[ r+-.5‘o,+1——y So,]+2' (3.7)

Eq. 3.7 has been used to calculate the observed oxidative ratio listed in
Table 3.2 where r — Sco,/So0, has been identified with the least-sqda.res slope
in Fig. 3.4. The uncertainty in the oxidative ratio allows for experimental
uncertainties and assumes y = 0.085 X 0.085. This latter assumption allows
CO/total C emission ratios to range from 0% to 17% where the high value
corresponds to the emission factors for automobiles in an urban environment
(Holey, 1987). The observed oxidation ratio agrees with the ratio expected for
gasoline burning to withiﬁ the uncertainties (see Table 3.2). This is consistent

with automobiles being the dominant local CO3 source and O sink.

3.4 Comparison with Previous Studies

A landmark in the study of atmospheric O; is the work of Benedict (1912).
Benedict performed numerous analyses of air drawn from outside the Nutrition
Laboratory of the Carnegie Institution of Washingtorn located in Boston in or-
der to assess the level of variability in atmospheric O2. These measurements

spanned a period of nearly three years and were conducted during different
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Table 3.2: Comparison of oxidative ratio for commmon fuels compared
with oxidative ratio implied by the measured 03/_ CO; correlations.

Observed oxidative ratio® 1.60+ .07

gasoline® 1.52 — 1.56
natural gas® . 1.83 — 2.00
fuel oil® 1.39 — 1.44

2Computed according to Eq. 3.7. The calculation assumes that 8.5 & 8.5% of
the C is emitted as CO and the stated uncertainty allows of the variance to the
least-squares fit between the scaled instrument response and measured CQ2 con-
centrations, the inaccuracy of scaling of carbon dioxide analyszer response, and the
uncertmnty in the CO emission factor, assuming errors are statistically mdependent

bBased on range of composition spanned by the two t.ypes of gasoline listed in
Mark’s Handbook {1967).

°Based on range of composition spanned by fuels, Index 1 and Index 7 from
Ca.rdwell and Benton (1971)..

4Based on range of composition spanned by the three typea of fuel oil listed in
Mark’s Handbook, (1967).

weather conditions and different seasons. These measiirements relied on chemi-
cally extracting Oy from air and observing the volume contraction, a technique
which formed the primary basis for virtually all atmospheric O, measurements
prior $0-1970. Several modifications in the analysis procédure were, carried
out in an endeavour to improve the measurements. Benedict was concerned
with random errors arising in the measurements and performed replicate mea-
surements on air drawn from a.. steel cylinder as a control. A latter set of
measurements from April, 1911 to January, 1912 achieved a standard deviation
of 0.06% (60 ppm) while measurements on air from the steel cylinder over the
same period achieved a comparable standard deviation. Benedict’s work pro-
vided strong evidence that fluctuations in oxygen in Boston over a wide range
of conditions did not exceed 0.06%. Concurrent measurements of atmospheric
CO; yielded a mean of 0.030% (see footnote in'K’rogh, 1919) and a standard
deviation of 0.0025%. Although Benedict did not examine correlations between
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the atmospheric CO; and O3 measurements, his study is significant because it
demonstrated that the fluctuations in O, did not greatly exceed the fluctuations
in CO;.

Krogh (1919) reports simultaneous measurements of CO; and O; in Copen-
hagen. This study employed a volumetric technique, which Krogh claimed
achieved a standard deviation for replicate measurements of an identical air
sample of 0.00025% (2.5 .ppm) for CO; and 0.0005% (5 ppm) for Og.- Krogh re-
ported a seri_e;s of .14 measurements from October, 1917 to January, 1918 which
showed that CO; levels in Copenhagen were usually increased 10 to 70 ppm
above the background (then about 300 ppm), and tha;ti_ there was roughly an
equal deficit in O; corresponding to the incx;ease in atmospheric CO;. The cor-
relation plot of these data is shown in Figure 3.5. Krogh’s data yields a linear
correlation coefficient of 0.83 which is significant at greater than the 99.9% level.
A linear least-squares fit yields a slope corresponding to an oxidative ratio.of
1.39 + 0.23. The scatter of Krogh’s data about the least-squares line is greater
than allowed by his stated precision. Because Krogh’s study was conducted over
several months, this scatter might very likely be due to true atmospheric vari-
ability, although analytic errors may also be a factor. Note that the oxidative
ratio implied by Krogh’s measurements is slightly larger than one would eﬁpect
from coal burning or from photosynthesis/respiration, presumably the major
0O, and CO; sources and sinks at that time, although this difference probably

is not statistically significant.

Carpenter (1937), using apparatus similar to Benedict’s, reports measure-
menfs of atmospheric O; and CO; in Baltimore, Boston, and Durham. Each
series yielded a virtually constant atmospheric O3 concentration ‘with the stan-
dard deviations of individual measurements being typically 0.04% (40 ppm).

Concurrent measurements of atmospheric CO; yielded a standard deviation of
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Figure 3.5: O; and CO,; measurements of Krogh (1919). O; concentrations are
reported on a mole-fraction basis which includes CO; as opposed to'a CO,—free
basis used in Fig. 3.4. '
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0.0016%. Carpenter does not address the possibility of correlations between
atmospheric O; and CO, and does not present tabulations of the individual
analysis. _ ' .

The only additional survey of atmospheric O; conducted since 1910 appears
to be the work of Machta and Hughes (1970). Samples of dried air were taken
in stainless-steel flasks and analyzed in the laboratory by comparison with a
cylinder of compressed air with a paramagnetic O; analyzer. Samples were
taken only in “cle_a.n” air, mostly over the oceans. Examination of the tabulated
shipboard samples yields a standard deviation of 15 ppm. Any variability in Q,
was generally smaller than the uncertainty of the measurements. This study
was not accompanied by simultaneous measurements of CO,. -

In addition to the studies mentioned above, a few isolated measurements
of atmospheric O; have been reported: Lockhart and Court (1942), Shépherd
(1935), and Hughes (1968) These studies, however do not address the question
of short-term variability in atmospheric Os.

Only one previous study by Krogh {1919) demonstrated sufficient precision
in simultaneous O;/CO; measurements to detect coherent variations. Krogh's
data is qualitatively consistent with the data presented here; however, the com-

parison i8 not very meaningful because of the relatively large uncertainties in

Krogh’s data.

3.5 Conclusions

Short-term fluctuations in atmospheric oxygen mole fraction have been detected
in the air in Cambridge, Massachusetts by interferometric detection of changes .
in relative refractivity. The fluctuations in oxygen are strongly anti-correlated

with changes in carbon dioxide, and the amplitude ratio of the changes is con-
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sistent with that expected from gasoline burning. The precision of the oxygen
measurements is +2 ppm in the mole fraction. This study represents a signifi-
cant improvement in analytic precision over the previous study of Krogh (1919)
which is apparently the only previous study in which variations in atmospheric
0O, have been positively detected. .

Although this study reports only measurements in urban air, the resuits
are significant because they demonstrate the feasibility of detecting variations
in atmospheric oxygen at the level expected in background air. There are
many important biogeochemical questions which could be addressed with this
technique inciuding the magnitude of seasonal variations and the ratio of O,

exchange to CO; exchange from different ecosystemé.
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Chapter 4

The Contemporary Oxygen
Budget |

4.1 Introduction

One feature which clearly distinguishes the earth from the other planets of the
solar system is the presence of oxygen in the atmosphere. The oxygen content
of the earth’s atmosphere is remarkable given the overall oxidation state of
the upper ciust and mantle, and the origin of atmospheric O; must ultimatly
be a consequence of its productioﬁ by photosynthesis. The OQ; in the earth’s

atmosphere is testimony to to the strong impact of life on the overall chemistry
of the earth.

Recent studies of atmospheric O, have centered around 'the' questions of the
origin and long-term stability of atmospheric Q3; questions which are funda-
mental to the study of the coevolution of climate and life (see e.g. Holland,
1984; Garrels and Lerman, 1981; Walker, 1977; Lovelock and Lodge, 1972, Van

Valen, 1971). The time scales of interest to these studies has ranged from téns

64
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of millions to billions of years.

Little scientific effort has gone into the study of changes in O, on time
scales shorter than a million years. This is in part because changes in Q; on
such short time scales must of necessity be very slight and thus of little direct
environmental consequence (see e.g. Broecker, 1970). A more fundamental rea-
son, however, is the lack of evidence for changes in atmospheric O, on shorter
time scales. Small changes in Oy would be virtuaily impossible to discern in
the geologic record, and even the depletion in atmospheric O3 over the last cen-
turir caused by burning fossil fuel has been too slight to detect with previously
available oxygen analyzers (Machta and Hughes, 1970).

This latier difficulty has recently been overcome: with the development ‘of -
the interferometric O; analyzer, discussed above, it should now be possible
to resolve short-term seasonal, secular, and interannual variations in the at-
mospheric O, mole fraction. (Changes in 02 mole fraction essentially record
changes in O; because the cha.ngés in N2 and Ar, the other dominant species
in air, are much smaller than changes in 0;.): Other techniques to measure the
0, mole {raction (or equivalently the O,/N, ratio) such as Raman scattering or
conventional mass spectrometry may soon achieve similar resolution. Also, past
changes in O; may be detectable through measurements of air trapped in ice
cores. It is appropriate, therefore, to review what is known about short-term
sources and sinks of 03. |

The purpose of this chapter is to review what is presently known or can
be inferred about contemporary sources and sinks of O,. Priﬁcipal concerns
are the sources and sinks of O, from human activities such as burning fossil
fuel and deforestation. Also of .interest is the application of atmospheric O,
measurements for deriving changes in size of the biosphere, an idea first put

forth by Machta (1980). Section 4.2 outlines the primary terms in the global
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04 cycle. Section 4.3 discusses the coupling between the sources and sinks of
Q3 and sources and sinks of CO; from burning fossil fuel and changi:_lg biomat-
ter reservoirs, and discusses the possibilty of estimating biospheric CO; sources
from atmospheric O, data. Section 4.4 discusses the oxygen consumption from
industrial activities. Included in Section 4.4 are estimates of O, consumption
factors for solid, liquid, and gaseous fuels and tabulations of the yearly O; con-
sumption from 1860 to 1982. Section 4.5 discusses the 0,/CO3 exchange ratios
with terrestrial organic matter. Section 4.6 assesses the magnitude of various
natural sources and sinks of O,. Finally, Section 4.7 diécusses the likeliest sce-
narios for recent atmospheric O, depletion. These scenarios will form a basis

for comparing measurements of future or past changes in atmospheric O,..

| 4.2 The Oxygen Cycle

Tables 4.1 and 4.2 summarize the principal reservoirs and fluxes- of Oz and

organic matter. Fig. 4.1 depicts the O, cycle.

Atmosphéric oxygen is coupled to the terrestrial reservoirs of organic matter

via photosynthesis and respiration
CO: + Hgo = cho + 03 . - (4.1)

where CH;O represents the approximate composition of terrestrial organic mat-
ter (see Section 4.5 below). Atmospheric O, is a.lso_ coupled to the reservoir of
dissolved O; in the ocean via air-sea exchange. Dissolved O, tn the ocean
is‘ coupled to the marine reservoirs of organic matter via photosynthesis and

respiration which proceed according to

106CO, + 16NO;~ + H;PO,~ + 17TH* 4 122H,0 = Cyo6H2630110N16P + 1380,
' (4.2)
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Table 4.1: Primary reservoirs of O and organic matter.

Oz Reservoirs

Moles O3

Atmosphere® 3.705 - 101°°
Total ocean” 2251047
Surface ocean (0-100m}* 8.3 108
Organic Reservoirs
Est. Averageé Potential
Moles C Oxidative Ratio 03 sink
. Terrestrial Reservoirs: . -
Living Biomass 4.7 . 10t 1.05 5.0- 1019
" Soils : 1.3 - 1017¢ 1.07 1.4-10'7
Ocean Reservoirs: - . . . : Co
Dissolved Organic Carbon 8.3 1018/ 1.0-1.3 8.3-11.10¢
Particulate Organic Carbon 2.5 1015° 1.3 3.2- 1015
Plankton 2.5 - 10%¢x 1.3 3.2-10'¢
. Fossil Fuel:?
Coal 5.7 - 1047 1.17 6.7 - 1017
-Crude 0il 2.1-101° . " 1.44 . 3.0-10'¢
Natural Gas 1.2 - 1018 1.95 2.3-10'¢
0Oil Shale 2.4- 1016 1.44* 3.5- 1016
Oil Sands _ 8 - 1016 1.449 1.2 -10'¢
"~ Total fossil fuel 7.1-1017 7.7 - 1017
Sedimentary rocks’ 1.6-10%!

“Based on total mass of dry air of 5.124 - 10?!g (Trenberth, 1981), mean molecular weight

of dry air of 28.97g/mole (US 1976}, and Oz mole fraction of .20946 (Machta and Hughes,
1970).

*Derived using 3.90 mljl average Oz comrcentration and 1.209222 - 10° km? total ocean
volume, from Table 65 in Levitus (1982).

°Derived from Levitus (1982) tables 59a. and 61 taking tota,ls for atandard levels 1 through
6 plus half of standard level 7.

4From Olson (1982).

*From Schlesinger (1984).

fFrom Mopper and Degens. (1979)

9Ultimately recoverable reserves. Values for C reserves from Sundqulst (1985) based on
fuel reserves from WEC (1980).

hOxidative ratic for cride oil is assumed to apply for oil shale and oil sands.

‘Includes oxygen demand of both organic carbon and pyrite in sedimentary rocks and in
metamorphic rocks of sedimentary composition, from Garrels and Perry (1974).
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Table 4.2: Fluxes of O, and organic matter.®

Atmosphere, terrestrial biosphere:

Net primary production (NPP) 4.4-5.5
Gross primary production (GPP) =~ 2 - NPP
Litter fall 4.2
Decay of organic matter : _ = .—NPP
Anthropogenic deforestation (net) - —0.08 £0.04
Agriculture (net) —0.12 £ 0.08
Fossil fuel burning (1980): —0.610 & 0.061
Iron ore reduction {1980): +0.0066 =+ 0.00007
Air-sea exchange® 140
Ocean, marine biota: :
Primary production ' 4.3
Detritus fallout from surface _ 04

Lithosphere: .

- Sedimentation +0.010 & 0.002
Weathering —0.012 + 0.003
Oxi‘da.tion of volcanic gases : 0.to —0.003

- Hydrogen escape (i.e from H0)%: +0.00004

5In units of 10'® moles O3 or O3 equivalent (i.e. O3 required to fully oxidise the
matena.l) per year, . Adapted from Bolin 51983) unless otherwise indicated.
®Based on invasion rate of 379 mole/m*/yr from Broecker and Peng (1982) and
. ocean surface area of 362 - 10° km? from Dietrich et al. (1980). Invasion rate used
is the average of the rates listed for 0°C and 24°C.
“Fluxes from Holland (1978).
4Calculated from rate of 3 - 10% atoma/cm? sec cited in Holland (1984).
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Figure 4.1: The global oxygen cycle showing short-term and long-term sources
and sinks and coupling with the carbon cycle in units of 10'® moles and 10'®
moles/yr. Oxygen fluxes and reservoirs are denoted by solid lines, and solid
boxes, respectively. Organic fluxes and reservoirs are denoted by dashed lines
and dashed boxes, respectively. Organic matter is expressed in terms of O,
equivalent, i.e. the amount of O; required to fully oxidize the material. Organic
reservoirs and fluxes are adapted from Bolin (1983). Advective fluxes of O; in
the ocean are determined by the assumption of steady state consistent with an
assumed 1000-year turnover time for the intermediate and deep-water reservoir.
Other reservoirs and fluxes are consistent with Tables 4.2 and 4.1
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where CipeH3e301:0N16P represents the approximate composition of plankton
(Redfield et al. 1962).

Most -organic matter produced photosynthetically on land and in the ocean
is rapidly recycled. Net O; is produced only by that small fraction of organic
matter which escapes oxidation and is buried ‘permanently* in sediments. It
appears that most organic carbon in sediments is of marine origin, terrestrial or-
ganic matter being of secondary importance (Holland, 1978, pp. 221-222). Some
of the organic matter is oxidized at the expense of sulfate during the formation
of sediments, although this process is probably only of secondary importance
to the balance of atmospheric O;. Net O, is consumed by the weathering of
re-exposed sediments and by the oxidation of volcanic gases. These processes
effectively couple the atmospheric O; reservoir to the reservoir of reduced ma-
terial cycling through the crust and mantle.

The estimated a‘ﬁunda.nce of reduced material in the crust and mantle would
consume, if fully oxidized, 40 fimes the present atmospheric level (PAL) of O;.
With the cycling time of atmospheric Oz with respect to coupling with the litho-
sphere estimated at four million years, it is clear. that the processes of weath-
ering, volcanism, and sedimentation must exert a major influence on the atmo-
spheric abundance of O; on time-scales longer than a few million years. Because
the deposition rate of reduced sediments is a sensitive function of dissolved-O,
and nutrient Ievels in the ocean, it is possible that marine biological cycles have
served.to stabilize atmospheric O, on time-scales loﬁger than 4 miilion yeé.rs (see
e.g. Holland, 1978. McElroy, 1976). Mechanisms for stabilizing atmospheric O,
through biclogical or abiological control of the escape of hydrogen hé.ve also
been proposed (Lovelock and Lodge, 1972; Brinkmann, 1969). Such feedback:
mechanisms could hardly be expected to prevent significant variations in atmo-

spheric O; over geologic time: Indeed, studies of the isotopic composition of

!
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carbonates suggest that there has been substantial variability in the fracfion of
carbon deposited as organic matter over the past 600 million years, although
studies of the isotopic composition of sulfates suggest that variations in the de-
position rate of reduced sulfur compounds may have partially compensated for
variations in the deposition ré.te of organic carbon (Holland, 1984; Veizer et al.
1980). Probably the most significant boundary condition on_ the variabilty of
atmospheric Oy over the past 600 million years is the continuity of aerobic life.

.. On time-scales much shorter than 4 million years the overall oxidation state
of the atmosphere-ocean-biospheric system must remain nearly constant. Thus
changes in atmospheric O; must be balanced by changes in the organic reservairs
or in the dissolved-O; reservoir of the oceans. Over time-scales of 10,000 years:
or more we might expect substantial variations in' the reservoirs of terrestrial
organic carbon or in the reservoir of dissolved O; in the ocean. Based on the
present sizes of these reservoirs, we would expect the corresponding variations
in atmospheric O; to amount to at most 1% of PAL.

‘On time-scales of a few years or less we expect the dominant natural vari--
ability in atmospheric O; to be caused by seasonal or interannual imbalances in
the exchange with land plants and ocean surface waters. The regular seasonal
variations which have been detected in atmospheric CO; (see e.g. Keeling et al.
1982, Kohmyr et al. 1985) are attributed primarily to exchange with: the land
biosphere, and it is expected that atmospheric O must undergo complemen-
tary variations. Dissolved O; in the ocean mixed-layer equilibrates with the
atmosphere on a time-scale of approximately 3 weeks. Plankton blooms, the
seasonal warming and cooling of surface waters, and the rapid weakening of the
thermocline in winter could drive substantial seasonal fluxes of O, across the
air-sea interface.. Indeed, the study of Jenkins and Goldmann (1985) of a site

- off Bermuda indicates seasonal net fluxes as large as 7 moles m™2 yr~! which
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implies hemispheric-scale variations of roughly 0.002-0.005% of PAL (4 to 8

ppm in the O, mole fraction)

4.3 The Human Imprint on Atmospheric O,

Burning fossil fuels depletes a.tmoépheric O; according to
1 : 1 :
CH,+ (z+ Zy)Oz - zCO, + Eszo (4.3)

At the present rate of fuel consumption atmospheric O; would be exhausted in
_ 64,000 years; however, the known fuel reserves will be exhausted long before this
happens.  The oxidation of known fuel reserves would reduce atmospheric-O,
by 2%. The consequences of a 2% loss in O; are probably not serious since the
reduction in O, partial pressure is equivalent to orﬂy a 160-m rise in elevation.

Although the loss of O3 from burning fossil fuel is apparently not a serious
environmental issue, knowledge of the net changes in-atmospheric-O; could be
of importance for defining sources and sinks of CO;. In particular, as noted
by Machta (1980), atmospheric Oz data could potentially be used to determine
the net CO; source from biospheric changes.

Assuming that the burning of fossil fuel and the oxidation of bicspheric

organic matter are the only significant sources and sinks of O3, we can express

the change in atmospheric O; according to

- Aqg, = Fo, + Bo:, (4.4)

where Ag, is the net decrease in atmospheric Oy, Fy, is the net. O, sink from

burning fossil fuel, and Bo, is the net O, sink from oxidation of biospheric
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organic matter, all in units of moles O,/yr. Likewise, we can express changes

in atmospheric CO, according to

Aco, = Fco, + Beo, — Oco, - (4.5)

where Aco., is the net increase in atfnospheric CO., F¢o, is the CO; source from
burning fossil fuel, Bgo, is the net CO; source due to oxidation of biospheric
organic matter, and O¢o, is the net CO; sink due to dissolution of inorganic
carbon in the ocean, all in units of moles C/yr
The fossil-fuel CO; source can be linked to the fossil-fuel O4 sink according
o . . .
Fo, = (OR)r - Feo, _ (4.6)

where {OR)F is the average ratio of moles O; consumed per mole CO; produced
by burning fossil fuel. {ORy) accounts, not only for the C content of the fuel,
but also for'H, S, N, or O which are important for the determining oxygen
consumption. Likewise, the net biospheric CQO4 source can be linked to the net

biospheric O4 sink according to

By, = (OR)B - Beo, . | (4.7)

where (OR)p is the average oxidative ratio, {also known as photosynthetic
quotient) for biospheric organic matter.

If the change in atmospheric O, is measured and the loss of O from burning
fossil fuel ié accounted for, the net biospheric CO; source can be estimated from

Eqs. 4.4—4.7 according to
Beo, = (OR)El [Aoz - Foz] . (4'8)

. The determination of the net biospheric CO, source from Eq. 4.8 requires,

in addition to measurements of atmospheric O, the following information:
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e Accurate accounting of the O sink from burning fossil fuel and other

industrial processes.

e An estimate of the appropriate world-mean oxidative ratio of biospheric

organic matter.

e Accounting of any additional sources and sinks of O; and CQO, which have

been neglected in this analysis.

The primary purpose of the subsequent sections is to discuss these terms.

For some applications the magnitude of the net oxidative CO; source,
Sco, = Fgo, + Bgo,, | (4.9)

is more relevani rather than the magnitude of either component Fgo, or Beo,
separately. The net oxidative CO; source is required for estimating the air-

borne fraction

(AF) = Aco - (4.10)
Sco,

which is an important constraint on models used to forcast the uptake of fossil-

fuel CO; by the ocean. (see e.g. Clark et al., 1982). From Eq. 4.8 and 4.9 we

can write
— Ao, — Fo,
Sco, = Foo, + (OR)B_ (4.11)
which from Eq. 4.6 can be rearranged to yield
Ao (OR)F .
Sco, = 2 _ — 1§ - Feo,. .
%0 = +1oR), [(OR)B - 1] Feox (4.12)

Since (OR)p = 1, the second term on the right-hand side is nearly equal to
[(OR)r — 1)Fco,, which is simply the O, loss owing to the oxidation of elements
other than carbon (e.g. H, S, N, etc.) in fossil fuel.
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Using Eq. 4.12 to estimate the net oxidative CO; source has two potential
adva.nta.gés. Firstly, Eq. 4.12 does not require knowing the net biospheric CO,
source. Secondly, the term in Eq. 4.12 which is proportional to fossil-fuel con-
sumption i_s smaller than the corresponding term in Eq. 4.9. This means that
errors in estimated fossil-fuel consumption will propagate to.sma.ller errors in

the net oxidative CO; source using Eq. 4.12 than using Eq. 4.9.

4.4 Industrial Oxygen Consumption

In this'séction; I have outlined a procedure for calculating the historical indus-
‘trial oxygen consumption. These estimates use, where possible, the same data
sets that have been used for calculating industrial production of CO;. Included
in this section are estimates of the year-by-year oxygen consumption from 1860
. to the present. This work should be viewed as a preliminary set of estimates,
and I have fried to show where refinements may be needed if more accurate
estimates are to be made.

The procedure for estlma.tmg fossil-fuel CO; emissions used by Keelmg
(1973a.), Rotty (1983), and Marland and Rotty (1984) is based on calculat-
ing sepa.ra.tely the CO; emissions from solid, liquid, and gaseous fuels according
to

FY). = (P¥)(FoW)(c®) (4.13)

where Ft.o, is the annual CO, emissions in units of mass of carbon, (P{) is
the fuel-production data, (FO'Y) is the fraction of the fuel produced which is
oxidized, and {C) is the average carbon content of a particular fuel group.
The factor (P%) is derived from the global fuel-production figures published by
the United Nations (UN,-1982). The factor (FO) is derived from estimates

of the fraction of ‘fuel’ diverted into non-fuel uses or incompletely oxidized
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in combustion. The factor (C) is derived from statistical summaries of the
average elemental abundance of carbon in each fuel group.

The same procedure can be used for estimating oxygen consumption if, in-
stead of the factor (C¥), a factor is substituted which accounts for the quantity
of oxygen required to fully oxidize the fuel: Oxygen consumption is then esti-

mated according to

(1) = (P FO"’)(O(')) . (4.14)

where Fgl is the mass of oxygen consumed, and {O%) is the mass of oxygen
consumed per unit of fuel burnt and (P1¥) and (FOW) are the same as in
Eq. 4.13. | |

Tﬁe factor (O) deﬁends on the carbon, hyarogen,' oxygen, sulfur, and

nitrogen content of the fuel. Oxygen consumption is calculated according to

CH,0.S,N, + (1+§3—f+gy+gz) 0, — © (4.15)
CO, + (E -y - —) H,0 + yHgSO4 + ZHNOs

which assumes that the final oxidation states of sulfur and nitrogen are SY! and
NV.respectively. Although this assumption requires more careful consideration,
the sulfur and nitrogen content of fuels is virtually insignificant compared to -
the hydrogen and carbon content. :

Some justification is required for using the same efficiency factor-(FO®) for
estimating O, consumption as well as CO, emissions. Fuels which are diverted
into non-fuel usages or incompletely burnt may be partly oxidized such that
O, is consumed even though CO; is not released. An example of this is the
formation of carbon monoxide during combustion (alithough CO formation is
not accounted for in CO, emission estimates because CO undergoes relatively

rapid oxidation in the atmosphere). I am neglecting such processes in the -
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present analysis because I am assuming that only a small fraction of diverted
or incompletely-burnt fuels remain for very long in a partly-oxidized state, and
the fractions of fuel diverted or incompletely burnt are not large enough to
justify applying small corrections to them. A more thorough ex@ination-of ;

this assumption should be carried out at some point.

4.4.1 Oxygen Consﬂmptioﬁ Factors for Fossil Fuels

The United Nations reports fuel production in energy equivalent units in or.der
to account for variations in fuel quality. The use of energy equiva.len-t units Ha,s
been advantagous for the purpose of calculating CO, emission factors because,
for a given fuel type, the energy content of fuel is usuall& nearly proﬁortiona.l

to carbon content. This same advantage applies to the estimation of oxygen

consumption.

Tables 4.3-4.5 summarize the ﬁigher heating values of different fuels nor-
malized per mole of Oz consumed. (Higher heating value is the heat released
upon oxidation .of the fuel to carbon dioxide, water, sulfuric acid, and nitric
acid followed by the condensation of all condensible products to liquid.) - For
the réma:inder of this discussion the heating value normalized per mole of O,
consumed will be refered to as the normalized higher heating value, NHEV.,
Oxygen consumption is computed according to Eq. 4.15. For some of the fuels
listed it is not clear.at what temperatures the heating values are measured or -
whether they are measured at constant pressure or at constant volume. This is
not of great concern because the adjustments which would apply to correct for
a temperature difference of 10°C or from constant pressure to constant volume
are typically 0.5% or smaller. The NHHV of virtually all the fuels listed. in
Tables 4.3—4.5 lies between 101 and 110 kcal/mole which indicates that energy.
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production is nearly proportional to oxygen consumption over a broad range of

fuels.

Solid Fuels

The NHHVs for the different ranks of bituminous coal from Brame and King
(1975) listed in Table 4.3 range from 99 to 103 kcal/mole with an average 101.5
kcal/mole. Since bituminous grades comprise the bulk of world coal production,
we can take the value of 101.5 + 1.5 kcal/ mt;\ié, w}lich corresponds to an oxygen

consumption factor of “

~

(7keal/gm)(32gm/mole)/(101.5kcal /mole) = 2.187 % 0.032

tons Oy per ton coal'equival.lent, as valid for world-average coal {calculated based
on the United Nations definition of a coal equivalent of 7000 calories per gram).

" The United Nations ta.bula.tioﬁs for energy production from solid fuels also
include contributions from lignite production, which in 1980 ;:omprised around
16% of the total for coal equivalent. The NHHV of brown lignite from Brame
and King (1975) listed in Table 4.3 of 119.0 kcal/mole is 15 kecal /ﬁm]e higher
than the value derived above for world-average coal. However, the the NHHV
values of the two lignites from Marks’ Handbook (Marks, 1967) of 103.4 and
103.8 kcal/mole are much closer values for world-average coal, and I suspect
there is an error in the composition data for lignite listed in Brame and King
{1975). Assuming that the world-average NHHV for lignites lies in the range
103-105 kcal/mole, I have adopted a world-average NHHV for coal equivalent
of ‘102 £ 2 kecal/mole corresponding to an O, consumption factor of {O,) =
2.20 £ 0.04 ton O3 per ton coal equivalent. The question of the correct world-

average NHHYV for lignite should be examined more closely in the future.
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Table 4.3: Combustion data for solids
heat of heat of
salids “ ,ehmental.abundm:t-:u_(wt. %) combustion combustion | oxidative

" H c o] 3 1-‘;- other | keal/gm fuel . kealf mole Oz ratio

sucrose® g8 { 4201|5142 | o [o| o -2.089 1124 | 100
graphite® 6 |00 | o} olo| o .7.803 940 1.00

sulfur® o - 0 0 10060 | O 0 -3.918 -83.7 oo

wood® 65 [ 50 | 48 |o005| - | 45 44 -100.2 - 1.08

peat* 0 e 60 32 2 |-} o -5.8 -90.6 1.12
_brown Ii_gnilge’ 5.5 67 8 1.6 | - 0 -1.83 -118.7 1.11
black lignite® 54 T4 19 18 | - 0 -7.72 -110.68 1.18
bituminous1® || 5 { 77 | 18 | 2 -] o -T.44 -102.8 118
bituminous 2° 5 34 3 3 {-] o -8.89 -103.3 1.16
bituminous 3° 5 | 856 | 54 | ¢« | -] o -B.44 -100.7 1.18
bituminous 4° 53| 87 | 47 | 3 |-| o -85 -99.4 1.18
carbonaceous® 4 o2 2 2 - 0 -8.5 -101.1 1.13
anthracite® 8 | o4 | 2 1t [-| o -8.78 -101.3 1.0
lignite (N. Dakota)® || 6.7 | 424 | 4338 | 07 | - | 69 -4.01 ~-108.5 1.10
_ lignite (Texas) 88 | 425 | 422 | 05 | - | o0 -4.33 -103.8 111

2Chemical Rubber Company (1974).
bRossini et al. (1952).

°Brame and King (1967).

4Marks (1967).
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Table 4.4: .Combustion data for liquids

_ heat of heat of

liquida elemental sbundances (wt. %) combustion combustion | oxidative
" H l c o 8 N | other | kcal/gm fuet | kenl/mole Oy ratio
n-pantane* 1876 | 88323 } O 0 0 0 -11.63 -104.9 1.80
n-hexane® 1637 | 8363 | O 0 0 0 -11.586 -104.3 . 1.58
n-heptane® 16.09 | 83.91 0 0 0 0 -11.48 -104.5 167
n-t.Jctlme“ 1588 | 8412 | © 0 0 0 -11.40 -104.2 1.68
cyclo—hexaone® 14.37 | 85663 | © 0 0 0 -11.13 - =104.1 1.50
benzene” 7714 | 92.26 . 0 0 0 0 .-10.00' -104.1 1.25
Calif. crude® 12.7 84 1.2 ] 0751 1.7 - -10.51 - -104.2 - 1.47
Kansas crude"- 13 84,16 | - i.9 . 0.45 0.5 -10.64 -104.8 148
Oklahoms crude (1) [| 13.11 | 85.7 | - | 04 | 038 | 0.0 -10.84 -106.1 1.46
Oklahoma crude (2)% || 13.0 85 - |lors) - 1.34 -10.83 -107.2 1.48
Penn. crude." 1388 | 8606 | 0 | 0.08 0 0 -10.84 -104.4 1.48
Texas® 123 | 8606 | 0 {175 | o7 | 02 -10.82 -107.4 148
Mexidan crude® 102 ; 83.7 | - | 416 | - 1.95 -10.43 -106.5 . 199

%Chemical Rubber Company (1974).

*Marks {1967).
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Table 4.5: Combustion data for gases’
heat of heat of
~ gases volume frm.:tion % combustion combustion oxid.
CH, | CaHg | CaHy | HCs® | CO; | other | keal/mole firel | keal/mole 0_-;__ rotio
methane® 100 - ] 0 -0 0 0o | -2128 1084 ] 2.60
ethane? 0 100 0 0 ] 0 -372.8 -106.5 1.75
n-propane’ 0 0 100 0 0 0 -530.6 -106.1 1.687
. jso-butane? o |0 0 100 | o 0 -683.4 -108.1 1.626 |
n-pentane® 0 L0 0 - 0 0 -845.3 -105.6 1.60
1976 US ref. gas® 88.32. | 465 | 213 | ‘Lss | 092 | 246 -220.4 . -107.4 1.923
1970 wtd. US mean® || 89.32 | 4668 | 204 | 156 | 0.65 | 2.33 -230.2 . -106.9 1.928
unwtd. US mean® || 86.63 | 5.02 | 2.57 | 1.88 | 0.63 | 3.28 -233.5 -108.1 1.919
wid. world mean® || 80.24 | 452 | 195 | 154 | 078 | 242 -220.2 -107.0 1.927
1976 adj. dry gas® || 92.88 | 3901 | o0.62 - - | 250 -215.5 -107.9 1.980

“Includes other hydrocarbons taken as bﬁta.ne.
*Chemical Rubber Company (1974).
"®Marland and Rotty (1984).
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Marland and Rotty (1984) note that the United Nations has recently switched
from basing its definition of coal equivalent from a higher-heating-value ba-
sis to a lower- or net-heating-value basis while retaining the 7000 cal/g stan-
dard. They estimate a factor of 1.055 to convert from the lower-heating-
value basis to the higher basis for world-average coal based on data for United
States coals. They adjust their emission factor for coal upward by a factor
of 1.055 in order to account for the coal-equivalent basis used by the United
Nations. Because the oxygeh consumption factor estimated above is also based
on higher heating values, the same upward adjustment is necessary for the
the oxygen consumption factor. Thus the corrected consumption factor is

(0,) = (1.055)(2.20 = 0.04) = 2.32 £ 0.04 ton O, per ton coal equivalent.

Liquid Fuels

The N HHVS of the crudes listed in Table 4.4 range from 105 to 110.6 kcal/mole.
In comparison to the NHHVs of the liquid hydrocarbons listed in Table 4.4,
which vary between 104 and 105 kcal/mole, the NHHVs for the crudes appear
to be too high. The origin of this dis;:repa.ncy is unclear, and the possibility that
the caloric content of the crudes listed in Table 4.4 are systematically too high
by around 3% cannot be ruled out. An additional difficulty with the heating
values in Table 4.4 is noted in comparing the heating values for crudes, ra.ngﬁg
from 10.51 to 10.84 kcal/gm with the basis for oil equivalency used by the
United Nations (UN, 1981) of 10.180 cal/gm. Here the discrepancy is probably
due to the usage of a lower-heating-value basis by the United Nations.
Because of the difficulties in reconciling the various heating value bases for
liquid fuels, I have followed the procedure of Marland and Rotty (1984) of
estimating the world-average composition of liquid fuel from the world-average

specific gravity crude. The specific gravity of crudes is usually expressed in’
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terms of API gravity where

141.5 _
specific gravity

API gravity = 131.5. (4.16)

and where the specific gravity refers to the value at 15 °C. The API gra.vit.y_
can be taken as a rough indicator of the composition of a crude because denser
crudes tend to have a higher carbon fraction, and thus a lower hydrogen fraction.
Mariand and Rotty (1984) estimate the world-average API gravity of crudes is
32.5° 4+ 2° by coﬁsidering the average value for the 10 largest crude—producing
countries in 1978 and other published estimates for the world average.

Fig. 4.2 shows a plot of the nﬁmber of grams of oxygen consumed per gram
of fuel vetsus the- API gravity for the crudés in Table 4.4. There is a rough linear
relation between API gravity and oxygen consumption, with the API gravity of
32.5° £ 2° suggesting the value of 3.26 + 0.05 grams O, per gram crude where
the uncertainty allows for the uncertainty in the world-average specific gravity
of crude as well as the uncertainty in the relation between speciﬁ;: gravity and
oxygen consumption.

The United Nation tabulations for liquid fuels include contributions from
crude petroleum and natural-gas liquids. A factor of 1.06 is applied to convert
natural-gas liquids into oil equivalents in order to account for the higher en-
ergy content per unit mass of natural-gas liquids. In 1980 natural-gas liquids
contributed around 3% to the total liquid fuel production. Because Marland
and Rotty (1984) did not wish to take into account this weighting factor for
the calculation of CO; emission, they based their estimaies on an unweighted
sum of petroleum and natural-gas liquids rather than on the United Nations
totals. For the purpose of calculating oxygen consumption, however, it is logi-
cal to use the weighted-sum figures from the United Nations because of the the

general proportiality between oxygen consumption and heating values. I have,
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Figure 4.2: Oxygen consumed per gram of fuel burnt versus API gravity for
various crudes listed in Marks’ Handbook (Marks, 1967)



4.4. INDUSTRIAL OXYGEN CONSUMPTION 85

nevertheless, used the tabulated liquid-fuel tonnages of Marland and Rotty
(1984) because they are the most up-to-date year-by-year tabulation of liquid
prodﬁction since 1950 that has been published. (The 1980 Yearbook of World
Energy Statistics, lists production figures at five yea.r. interva.ls before 1970).
The wéighted and unweighted sums differ by only 0.2% (product of 0.03 and
0.086) v_vhich is negligible compared to other sources of error.

Based on the above considerations, I have taken the oxygen consumption

factor to be {O;) = 3.26 £ 0.05 ton O, per ton crude oil.

Gaseous Fuels

Table 4.5 lists NHHVs for the gaseous hydrocarbons and for several estimates
of the average composition of natural gas, as compiled by Marland a._pd Rotty |
(1984). The NHHVs of the natural gases span the range of 107.4 to 108.1
kcal/mole with an average value of 107.5 kcal/mole. This value is around 1 to 2
keal/mole higher than the value for the constituent hydrocarbons also listed in
Table 4.5. Part of the discrepancy may come from the assumption that tﬁere are
no hydrocarbons heavier than butane in the fuels and from disparate tempera-
ture or pressure conditions in the caloric measurements.' As was the case for the
liquids discussed above, however, it is possible that the heating values reported
for the natural gases are systematically too high, in this case by around 1%. I
have adopted a NHHV of 107.5 + 1 kcal/mole corresponding to a consumption
factor of ‘71.1 & 0.6 tons O3 per terajoule as valid for world-average natural
gas. Note that the use of perhaps a more theoretical]y-c6rrect NHBYV of 106
kcal/mole would be inconsistent with the CO, emission calculation of Marland
and Rotty (1984) leading to an oxidative ratio for world-average natural gas of

around 1.98 which lies at the extreme range of the values for the compilations
in Table 4.5.
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Natural-Gas Flaring

I have followed the assumption of Marland and Rotty (1984} that the composi-
tion of flared natural gas is close to that of the compilation for dry marketed gas
in the United States included in Table 4.5 as 1976 adjusted dry gas. This gas
has a carbon content 525 g C/m® and an oxidative ratio of 1.980 correspond-
ing to a consumption factor of 2.77 tons oxygen per thousand cubic meters.
The uncertainty figure of 3% assumed by Marland and Rotty (1984) for carbon

content should be valid for oxygen consumption as well.

Summary of O; Consumption Factors

Table 4.6 summarizes the O, consurﬁption factors oY) derived above. To be
consistent with the errors estimates of Marland and Rotty {1984), I have es-
timated errors in the oxygen consumption factors such that there is a 90%
probability that the true value lies within the specified ra.ngé. It should be

kept mind, however, that both the error estimates and the cdnﬁdence limits are

rough guesses.

Table 4.6 also lists world-average excess-O, consumption factors &eﬁned ac-

cording to .

Ly 3200 . o
) = o) _ 249 ()
AO 0 o0l C | (4.17)

which yields the oxygen consumed in the oxidation of eierﬁents other than car-

bon in the fuel, and also lists 1'ii\rorld-a.vera.ge oxidative ratios calculated according

to
g _ 12:01 o

52,00 0" (4.18)

The factors C) used in Eq. 4.17 and Eq. 4.18 are given in Marland and Rotty
(1984).
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Table 4.6: Oxygen consumption factors and oxidative ratios for fossil fuels.

From natural gas _
0 = 0.0711 {+1%); in 10° tons O, per thousand 102 J.

AOW) = 0.0346 (£3%); in 10°® tons excess O, per thousand 10'? J.
ORY) = 1.95 & 0.04% in moles O, per mole C.

From crude oil end natural gas liquids
oW =3.26 (£1.5%); in tons Oz per ton crude. : .
- AO® = 0.988 (£5%); in tons excess O, per ton crude. : H
OR® = 1.44 £+ 0.03%; in moles O; per mole C.

From coal production
009 = 2.32¢ (+2%); in tons Oy per ton coa.l equivalent.

AOW =0, 33° (+30%); in tons excess O, per ton coal equivalent.
OR(®) = 1.17 4 0.03%; in moles O per mole C.

From natural gas flaring :
O = 2.77 (£3%); in tons O, per thousand m?.
AOU) = 1.37 (+6%); in tona O, per thousand mS.
ORY) = 1.98 £ 0.07; in moles O; per mole C.

*Error estimated from range of oxidative ratios for gases in Table 4.5,
5Frror eatimated from range of oxidative ratios for crudes in Table 4.4.
¢Includes heating value adjustment to account for the lower heating value basis used in production
da.ta. in UN (1982).
4Error estimated from range of oxidative ratios for coals in Table 4.3.
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I have estimated errors in the excess-Q, consumption factors AO?) and ox-
. idative ratios OR!¥ based on the range in composition of the particular fuels
(listed in Tables 4.3 through 4.5) which were used to derive the oxygen con-
sumption factors Ogi). (Note that errors in AO?] and ORY cannot be estimated
by assuming errors in Of and C are uncorrelated because both Of? and GtV

are derived from the same estimates of the world-average composition of fuels.)

4.4.2 Fossil-Fuel Oxygen Consumption

Table 4.7 lists yearly oxygen consumption and carbon dioxide consumption from
1860 to 1982. Oxygen “consumption from 1950-1982 is derived according to Eq.
4.14 where the factors (O(")) are listed in Table 4.6 and the factors (P6)) and
(FOW) are listed in Marland and Rotty (1984). O, consumption from 1860 to
1950 is estimated by scaling the CO; emission estimates of Keeling (1973) by the
oxidative ra.tios- listed in Table 4.8. CO, emissions in Table 4.7 for 1950-1982
are taken from Watts (1982). .

In constructing estimates for CO; production for these earlier years, Keel-
ing (1973) used the fuel-production tabulations in UN (1955) with overlapping
data for the years 1929, 1037, 1949, from UN (1951-1969). The estimates of
Keeling (1973) have apparently never been revised, and the more recent tabu-
lations of CO; production listed in Watts {1982) for thé'years before 1950 are
identical to those of Keeling (1973). Scaling the emission estimates of Keeling
(1973) based on oxidative ratios which were derived, in part, from the emis-
sion factors used by Marland and Rotty (1984) is justified because the emission
factors used by Keeling (1973) and Marland and Rotty (1984) are mutually
consistent to within quoted uncertainties (Marland and Rotty, 1984). Also,
although Keeling (1973) classifies natural-gas liquids differently from Marland
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and Roity (1973) (Keeling (1973) classifies them as gasous fuel whereas Mar- _
land and Rotty (1984) classify them under liquid fuel), this leads to a negligible
error in total O consumption in the earlier years because natural-gas liquids
are not very important. Note that there is probably not enough information
to account for changes in oxidative ratios of fuels before 1950, and that; in any
case, the assumption of {ime-invariant oxidative ratios is fully consistent with
the assumption of time-invariant CO; emission factors by Keeling -(1973).

Taking the suggestion in the note added in proof by Keeling (1973), I have
accounted for the flaring of natural gas before 1950 by a.ssu.ming that the ca.rbc;n‘
produced by flared gas amounted to 5.7% of the carbon produced from crude
petroleum. Oxygen consumption from flaring before 1950 is based on scaling
the CO; .emmisior_zs_i by the oxidative ratio of 1.980, tht_e same factor _y!rhich is
used for the years after 1950, _

The-principa:l errors .and approXimations which have been in!;roduced:i;x
estimating O, consumption are identicg.l to those introduced in estimating CO_,
emissions by Keeling {1973) and Marland and Rotty (1984) and are discussed
further in these _references. Errors in O; consumption per unit fuel _derived
above are relatively minor. The most serious errors a.re.- in the étima.tes of
world fuel production derived from the United Nations compila.tio;m. Other
€ITOrsS are ‘introq_u_ced in estimating how fuels _produced are ult;imately used,

and in assuming that fuel produced in a given year can be equated to the fuel

consumed in that year.
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Table 4.7: Foesil fuel CO; production and O, comuﬁption (10° tons C or 0,).

“ ' 1. total total
CO; production Oz consumption CO, 03
II solid | liquid l gas gas | sohid | liquid | gas I gas prod- cons-
ear || fuels | fuels | fuels | flaring | fuels | fuels | fuels | flaring | uction umgtion
1860 93 0 0 0 290 0 0 1] 93 291
1861 o8 0 0 1] ‘307 1 0 0 99 308
1862 o8 0 0 g 306 1 0 0 o8 307
1863 || 106 0 0 0 | 320 | 1. 0 0 106 330
1864 || 115 0 0 0 358 1. 0 0 - 115 359
1865 || 122 0 0 0 379 i | 0 0 122 330
1866 j 128 0 0 0 400 2 | 0 -0 129 402
1867 | 138 0 0 0 429 2. 0 ¢ 138 430
1868 || 136 0 0 o 425 2 0 0 137 428
1869 || 141 1 0 0 440 2 0 0 142 442
1870 || 144 1 ) 0 450 2 0 0 145 4583
1871 || 161 1 0 0 503 2 0 0 162 505
1872 || 175 1 0 0 546 3 0 a 176 549
1873 j| 187 1 0 0 584 5. 0 0 189 589
1874 || 183 1 0o . 0 569 5 0 0 184 574 .
1875 | 188 1 0 0 586 4 0 g 189 591
1876 || 190 i 0 0 593 5 0 0 192 598
1877 {| 194 2 0 0 606 6 0 1 196 613
1878 || 195 2 0 o 607 7 0 1 197 614
1879 || 205 2 0 0 639 10 0 1 208 850
1880 || 224 3 0 0. 698 |- 12 0 1 227 711
1881 || 241 3 0 0 751 13 1 1 245 766
1882 || 258 4 0 0 806 15 2 1 263 823
1883 §| 276 3 0 o 862 12 2 1 280 877
1884 || 278 | 4 1 0 866 15 3 1 282 884
1385 | 272 4 1 0 847 15 4. 1 277/ 347
1886 § 273 5 1 0 850 19 5 2 279 876
1887 || 291 5 1 0 908 19 7 2 208 936
1888 || 315 6 2 0 982 21 8 2 322 1012
1889 || 320 <] 2 0 998 25 9 2 329 1034
1890 |- 340 8 2 1 " | 1059 31 10 2 350 1103
1891 || 354 16 2 1 1103 L1 10 3 366 1153 -
1892 | 357 9 2 1 1114 | 36 11 3 369 1163
1893 | 350 | 10 2 1 1090 37 11 3 362 1142
1894 | 365 9 2 1 1139 36 12 3 378 - 1190
1805 | 385 11 2 1 1201 42 12 3 399 1259
1896 || 397 12 3 1 1237 40 14 4 412 1301
1897 || 4i6 13 3 1 1296 49 16 4 432 1364
1898 || 438 13 3 1 1366 51 17 4 455 1437 -
1899 ] 480 14 4 1 1496 53 18 4 498 1571
1900 || 505 16 4 1 1576 61 19 5 526 - 1660
1901 || 518 18 4 1 .{16168 | 68 21 5 541 1711
1902 § 529 19 4 1 1650 13 23 6 554 1752
1903 || 581 20 5 1 1812 79 24 6 608 1921
1904 || 586 23 § 1 1826 88 26 i 615 1946
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Table 4.7: Fossil fuel CO; production and O; consumption (10° tons C or O,).

total total
Oz consumption from: CO,
solid liquid | ‘gas |. gas prod-
fuels [ fuels -| fuels | flaring | uction

2080 86 [ 32 7 | 697 2205
2207 | 107 33 8 773 2446
- 2183 | 116 33 9 738 . 2340
2276 | 121 39 10 171 2445
2376 | 132 42 10 807 2560 .
2423 |1 139 42 11 824 - 2616
2557 | 142 46 11 868 2756
2739 | 158 48 12 932 2958
2451 | 165 48 13 841 2677
2418 | 174 51 14 .833 2657
2603 | 184 61 15 898 2863
2742 | 204 65 18 048 3027 °
2704 | 205 59 16 935 2983
2362 | 229 61 18 832 2669
1920 || 870 76 -13 2712 | 293 67 | 23 903 3003
1921 j| 7385 83 10 220t | 317 54 25 833 | 2687

1
1
2
2
2
2
2
2
2
2
3
3
3
1918 || 867 83 11 3
3
4
5
1922 || 786 92’ 12 5 2451 | 354 62 28 896 2806

6
6

]
7
8
8

9

9
8
8
9
9

10

11

1919 || 758 60 12

1923 | 881 109 16 2745 | 417 82 33 1012 3278 -
1024 || 872 109 18 2718 | 417 93 33 .| 1005 3261
1925 | 873 114 19 . 2722} 439 ] 98 | 34 | 1013 | . 3203
1926 |, 868 118 21 2705 | 451 108 35 1018 3209
1927 || 940 138. | 23 ° 2930 | 517 119 40 . 1105 | 3608
1928 || 924 142 25 2881 | 543 129 43 | 1099 3596
1929 ) 983 159 | 30 3083 610 157 48 | 1181 3878
1930 j| 898 151. | 28 . 2799 | 580.) 148 46 1086 3572
1931 || 795 146 28 2478°| 539 143 44 o7T6 | 3224
1932 || 709 139 26 2210 | 533 | 134 42 882 2919
1033 | ‘741 152 26 2311 | 582 135 46 | 927 ! 3073
1934 || 807 160 | 29 2516 | 614 153 48 1006 | 3331
1935 || 827 174 | 30 2579 | 669 156 B2 1042 3466
1936 § 923 188 [ 35 2878 { 723 181 87 1157 3338
1937 | 972 | 215 3 | 12 3030 | 826 | 202 @5 1238 4123
1938 || 914 | -210 37 12 2850 | 805 192 63 1173 3811
1939 || 974 | 220 40 12 3035 | 842 207 66 " | 1245 4150
1940 [} 1033 | 224 - | 43 13 | 8220 881 223 i 1313 4372
1941 || 1077 | 215 45 12 3358 | 823 | 236° G4 1349 4481
1942 || 1083 | 202 49 12 3375 | 716 | 257 61 1346 4469
1943 || 1087 | 222 | 55 13" | 3390 850 | 286 67 1377 4592
1944 | 1043 | 249 60 i4 3252 | 956 | 3i1 75 1366 4593 .
1946 || 875 263 66 15 2728 | 1009 | 340 79 1219 4157
1946 || 914 | 289 68 17 2848 | 1109 7} 352 87 1287 4396
1947 || 1028 | 318 75 18 | 3205 | 1222 | 3960 96 1440 4912
1048 § 1073 | 360 | 85 - 21 | 3348 ) 1381 | 439 108 1538 5274 |
1949 || 1022 | 358- | 89 20 3186 | 1375 | 463 108 1490 ., 5132
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Table 4.7: Fossil fuel CO; production and ‘O consumption (10 tons C or 0;).

) . total |- total
CO7 production from: O, consumption from: CO, Oy
solid | liquid | gas gas | solid | liguid | gas gas prod- | conms-
year || fuels | fuels | fuels | flaring | fuels | fuels | fuels | flaring | uction | umption
97 23 | 3351 [ 1620 [ 501 | 122 | 1620 } §50¢ |
115 24 3536 | 1832 506 | 127 1755 6091
124 26 3504 | 1930 844 138 1781 6217
131 | 27 3522 | 2044 681 141 1823 6388
138 | 27 3490 | 2134 714 144 |. 1845 6482
150 30 3780 | 2394 | 776 161 2020 7110
161 32 - | 3982 2600 838 169 2153 7589
178 35 4006 | 2734 923 186 | 2244 7939
192 35 | 4178 | 2803 -| 996 183 | 2303 8160 -
214 36 4290 | 3024 | 1114 191 2420 8619
235 39 4449 | 3254 | 1219 208 2554 9130
253 | . 41 4171 | 3469 | 1315 219 2541 9174
276 44 4272 | 3759 | 1435 233 | 2674 9698
300 47 4449 | 4037 | 1658 249 2832 10294 -
328 51 | 4607 | 4357 | 1704.| 269 2998 10936 -
351 55 4673 | 4670 | 1824 288 3129 11455
380 60 4739 | 5068 | 1973.| 319 .| 3287 | 12007
409 66 4556 | 5dd4 | 2125 349 3382 12475
445 73 4654 | 5940 | 2308 385 - 3566 13288
487 80 4739 | 6392 | 2527 421 3760 14078
516 88 .| 4903 | 7022 | 2678 463 | 4014 15066
553 a0 4880 | 7443 | 2871 474 4159 15677
583 95 4928 | 7365 | 3023 { 499 | 4316 16314
608 112 4989 | 8570 i} 3155 590 4562 17304 -
616 | 107 5017 | 8597 | 3197 565 4581 17375
621 96 5233 | 8160 | 3221 507 4531 17122
645 110 5370 | 8851 | 8347 582 4793 18150
663 108 5532 | 9156 § 3465 571 1 4946 18723
695 106 5582 | 9281 | 3605 557 5019 19025
730 {. 105 5885 | 9675 | 3789 554 5254 19903
Ti8 102 6017 | 9236 | 3724 537 5167 19514
727 93" 6056 | 8692 | 3771 493 1 5037 19012
727 92 6217 | 8280 | 3774 485 4980 18756
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The procedure used to estimate the propagatlon of errors is out‘.lmed in Table
4.8. Following Marland and Rotty ( 1984] Thave assumed that errors in product
F(') (P('))(FO('))(O(’)) for a given fuel type can be estimated by the usual
procedure (squa.re foot of the sum of squares) for addition of random errors.
This is justified because the different factors are derived from independent data
bases and therefore should have independeni biases. Also following Marland and
Rotty (1984) I have estimated the errors in the sum L F, m two ways: firstly
assuming errors add randomly, Whlch yields a lower estimate of the error, a.nd_
secondly assuming the errors add systematlcally, which yields an upper-estlm'ate

of the error. The latter o.ssumption allows for the possibility that pr'odui:tion.

data for different fuel types compiled by the same sources have similar biases.. -

(Il; is plo.ﬁsible! for exa.rhple, that all production data is too low because of
incomplete réporting, or too hlgh because of over-reporting.) The uncertainty
in O consumption since 1950 is estimated by this procedure to be 7% to 10.6%
at the 90% confidence level.” This répresents a best eﬂ'ol't to- combine errors_

from various sources. However, it should be kept in mind that such errors o.re '

only approximately known.

The uncertainty in tho Oz consumption data before 1950 is more difﬁcult' to
estimate. Keeling (1973) notes that the production figures before 1950 are likely
to be yistematically too low due to incomplete reporting but tha.l‘. the oa.rbon
content of fuels was likely to be higher. Presumably the O, consumption per
ton of fuel was also higher. Keeling (1973) suggests that the CQ, production
data before 1950 could be in error by as much as 20%. Comparable errors may

be present in the Q; consumption data before 1950,

Taking the figures for CO, production and O; consumption, one can de-

rive the excess-O; consumption i.e. the O; consumed consumed owing to the
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Table 4.8: Propagating errors in O, consumption. Errors in percent {%).

gases liquids solids gas flared

E,, error in 1_’("]“ _ 10 8 11.2. 20
E,, error in FOU)s 1 3 2 1
E;, error in O 1 1.5 2 3
VS E? 10.5 8.2 116 20.2
Ji, fraction of total cons.

in 1950 0.09 0.30 0.59 0.02

in 1980 0.19 0.48 0.30 0.03

Total uncertainty:

in 1950
in 1980

If uncertainties for
the individual fuels are
mutually independent

o

7.3
6.8

If uncertainties for
the individual fuels are
not independent

Efi‘\/EEjz

10.6
10.5

*From Marland and Rotty {1984).
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oxidation of elements other than carbon according to

FQ, = (Féi,) - ?1’—::—2% é’?,,) o (419)
where F,E\"(},2 is the excess-O; consumption, Foo, is the total oxygen consump-
tion (column 11 in Table 4.7) and, F((,'?,, is the total fossil-fuel CO; production
(column 10 in Table 4.7); For example, this yields 1.28 - 10° tons O, (0.40 - 104
moles Oz) and 5.75 - 10° tons O, (1.80 - 10** moles O,) in 1950 and 1980 re-
spectively, The_um:e.rta.ini:j.r in exés—Og consumption is estimated to be 13%.
to 19% in 1950 and 8% to 14% in 1980 at the 90% confidence level. These un-
certainties estimates have been derived by combining errors in AO!) (see Table
4.6) with errors in (P(*)) and (FO) according to the same assumptions used -
in Table 4.8.. The change in the uncertainty over time primarily reflects the
change in the relative importance of coal, the fuel with greatest uncertainty in
excess-O; consumption per ton of fuel. The percentage uncertainty in excess-O,
consumption bt_efore 1950 is even larger. Allowing an unceftainty of 30% for the
excess-0, consumﬁtion factor for coal and allowing for 20% uncertainty in the
fuel-production data, I estimate the uncertainty in excess-O, consumption to
be 36% in the earlier years when coal burning dominates.

Oxygen consumption before 1860 can be estimated by assuming that fuel

production grew exponentially according to
Fo,(t) = Fo, (1860)¢%0435(¢~1860) (4.20)

where t is the calendar year and F02(1860) = 291 - 10° tons O,. The growth
rate of 4.35%/yr is based on Keeling’s (1973) estimate for the growth in CO,
production over the period 1860 to 1900. Since coal was the only fuel of signifi-

cance over this period, the same growth rate applies to O; consumption, Based
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on Eq. 4.20 the integrated O, consumption through 1859 amounts to 6.69 - 10°
tons O, or 2.09 - 10! moles Q. _

Table 4.9 summarizes the CO; production, O; consumption, and excess-O,
consumption in 1950, 1980, as well as the cumulative. totals through 1980. The .

cumulative totals include the estimated contributions before 1860.

4.4.3 Other Industrial Activities

The reduction of metal ores, fixation of iron, and other industrial activites
besides burning fossil fuel involve a consumption or production of oxygen, Ta-
ble 4.10 gives figures for the global production of raw materials in 1980 as listed
in the Un-ited__ Nations Statistical Yearbook (UN, 1981). Genera.ﬂy, ‘the fota.l _
tonnages produced are negligible in comparison to oxygen consmption from
burning fossil fuel. I shall consider here only the contributions froﬁ the iron

production and nitrogen fixation.

Iron Production

Iron ore, which consists of various mixtures of hematite Fe;O3 and magnetite
Fe3Q,, is reduced to elemental iron either by a blast furnace or by direct reduc-

fion. In either case the overall chemistry is given by

2Fe;05 + 3C — 2Fe + 3CO,

and

Fe:03 + 3Hg — 2Fe + 3H20

where the C and H; are obtained from coke, a derivative of coal (Encyelopedia

of Chemical Technology, 1984). It is evident that the reduction of iron ore
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Table 4.9: Summary of Fossil-Fuel CO; Production and Oz Consumption

Total CO; Production

1950 .- 1.62:10%tons C.  or 1.35-10™ moles C (+10%)
1980 5.17-10° tons C  or 4.30-10' moles C (+10%)
cumulative® 163.8-10° tons C or 136.4-10Y moles C (+10%)

Total O, Consumption.

1950 5.50-10° tons O, or 1.75-10 moles O, (£11%)
11980 19.51-10° tons O; or 6.10 - 10'* moles O; (£10%)
cumulative® 577.7-10° tons Oz or 180.5 - 10" moles O; (+10%)

Total Excess-O,; Consumption

1950 1.28-10° tons O or 0.40- 10! moles O, (+17%)
1980 5.75-10° tons O; or 1.80-10' moles O; (+13%)
cumulative® 136.1-10° tons Oz or 42.5-10' moles O; (+16%)

Oxidative Ratio® -
1950 1.30
1980 1.42
cumulative®* 1.32

%Includes cumulative tatal from preindustrial times through 1980.
bTotal O, Consumption/Total CO, Production.



98 ) CHAPTER 4. THE CONTEMPORARY OXYGEN BUDGET

Table 4.10: Production of raw ma.t.erals.ir.L 1980%.

Pig Iron 525.8
Sulfuric Acid (a.s HzSO;) 132.4
Nitrogenous fertilizers (as N)  67.7

Nitric Acid (as HNOs) 20.7
Aluminum 18.7
Copper. o 8.1
Lead ] _ 34

*From United Nations Statistical Yearbook, 1931 (UN,
1981). Units are in millions of metric tons (10° kg): -

represents an oxidative use for coal in which the oxygen comes from iron ore

rather than from the atmosphere.

The Uni_ted Nations pig-iron production figure for 1980 of 526 - 10° tons Fe
corresponds to the production of 213 + 23 - 10° tons O3 (6.65 £ 0.72 - 10!? moles
03) or 1.1% of fossil-fuel production in 1980 where the error estimate allows for
both a 10% uncertainty in the United Nations production ﬁgures as-well as a

uncertainty'in whether the iron is derived from hernatite or magnetite.

Industrial Nitrogen Fixation

Atmospheric N; is fixed in the production of nitrogenous fertilizers and in the
combustion of fossil fuels. These processes directly affect the abundance of

atmospheric O, in two ways:

1. because the nitrogen changes its oxidation state when it is fixed, and
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2. because the incorporation of industrial nitrogen in organic form implies a

net accumulation of organic matter.

To estimate the first effect it is sufficient to know the final oxidation state
of the nitrogen after it is released into the environment. Because nitrogen can
exist in such a wide range of oxidation states (-3 to +5) and undergo such a
wide range of transformations in the environment this is not an easy problem.
Nevertheless, comparing the- 5.10" moles N/yr of fixed as fertilizer and the
1.4 - 10" moles N/yr of NO, released from fossil fuel burning (Séderland and
Svensson, 1975) with the 6.1 - 104 moles Og/yr consumed from fossil burning,

we see that the maxin“mm possible effect is only about 2% of fossil-fuel O,

consumption.

To estimate the second effect one must know what fraction of the nitrogen
ends up in organic matter and one must know the C/N ratios of this organic
matter. - C/N ratios in terrestrial organic reservoirs range from 12:1 to 150:1
(Peterson and Melillo, 1985) and theé standard value for marine organic matter
is T:1. (Redfield et al., 1963). The potential carbon tdra.ge due to eutrification .
by anthropogenic nitrogen is quite large. If all of the 6.4 - 102 moles N/yr of
fixed nitrogen is assimilated in organic matter with a C/N ratio of 15:1, this
implies a net C sink or O3 source of about 1-10' moles/yr. There are large
uncertainties in making this kind of estimate, and it is likely that the estifnat.e
of 1.10" moles C/yr storage is too high. Peterson and Melillo {1985) have
recently considered the question of the eutrophication caused by anthropogenic
nutrients by examining separately the potential storage in forests, rivers, coastal
sediments, the open ocean, and the deep-sea sediments. They estimate a max-

imum storage of 1.7 - 10'® moles C/yr due to eutrophication.
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We can conclude from this analysis is that the changes in oxidation state
of the industrial nitrogen, in terms of the consequences for atmospheric O,
are about ten times less important than changes in carbon storage caused by
eutrification. Therefore the consequences of industrial nitrogen fixation should
be viewed as part of the bioiogic_a.l term in the oxygen budget rather than as

part of the industrial consumption term.

4.5 Oxida_ti*_ire Rat_ios of Terrestrial Carbon

An important aspect of the coupling between the oxygen and carbon cycles is the
0Q;/CO; exchange ratio between the atmosphere and the terrestrial biosphere.
- It is often assumed that land biomatter can be adequately described by the
formula CH;O corresponding to an oxidative ratio of 1 mole O; produced per -
mole CO, fixed. While this formula may accurately describe organic matfer
consisting predominantly of ca.rbohydrate_s such as-starches and cellulose, the
formula is only approximately valid for lignins, lipids, and humic substances,
all of which are important geochemically. Also, one must consider not only the
exchange fluxes from formation and destruction of organic matter, but also the
exchange flixes from material transformation between one organic form and
another (e.g. the transformation of litter into humic material). For material
transformations what matters is the difference in the oxidation states of the
starting and ending material. The purpose of this section is to define the range
of oxidative ratios for terrestrial organic matter.

For terrestrial matter, just as for fossil fuels, the estimation of oxidative ra-
tios requires knowledge of the elemental abundances of C, H, O, N, and S in the
material. Unfortunately, although a vast number of studies of biotic materials

have been carried out, a large percentage of these studies fail to include analy-
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sis of O which is essential for determining the oxidation state of the material.
Often O is estimated by subtracting the weight of other elements from the total
dry weight (Bowen, 1966 p. 46) which does not inspire great confidence in the
results. |

Table 4.11 sumzﬁa.rizes results from elemental analysis of a (haphazard) se-
lection of organié substances and organisms. Although the elemental composi-
tion of different woods listed in Table 4.11 vary significantly, the computed ox-
idative ra.tio are remarkably consistent—ranging only from 1.03 to 1.07 (moles
O, per molé dO,). An oxidative ratio of 1.05+ 0.02 .a.ppea.rs to characterize the
composition of wood globally, a.ltht;ugh this result-must be treated cautiously
because the data in Table 4.11 do not include tropical samples. Since most of
the carbon present in living organisms is stored in forests (Atjay et al., 1979;
Olson, 1982), the oxidative ratio 1.05 should be a reasona.’ble estimate for the
living biosphere as-a whole.

‘Soil organic matter is usually classified according into incompletely decom-
posed organic matter and humus (Schlesinger, 1985). Humus, in turn, is classi-
fied based on solubility in weak acids and bases into three fractions: (1) fluvic
" acid, (2) humic acid, and (3) humins (Schnitzer and Khan, 1971). The com-
position of newly-decomposing matter should have an ‘oxidative ratio close to
that of wood (O.R. =~ 1.05) whereas the oxidative ratios of various types of soil
organic matter vary considerably, from around 0.9 for some fluvic acids to 1.15
for peat (Table 4.11), Based on the model of Schlesinger (1985), humic acids
and humins appear to comprize the bulk of humus. Since peat comprises only
10% of global soil carbon (Bolin,. 1983), the world-average oxidative ratio for
soil carbon can be assumed to lie in the range 1.07 + 0.05 (mean and standard

deviation of the humic acids and humins listed in Table 4.11).

- Based on the above discussion, it is clear that the O3/CO; exchange ratios
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Table 4.11: Elemental abundances and oxidative ratios of terrestrial organic
matter. |

% Dry Weight' -
C H [ ¢) ] N O.R.* references

Living Organisms

*Wood” 50 65 43 005 0.1 107 Brame and King (1967)"
Typical nonresinons 379 7.2 538 0 0.1 108 Marks (1971)
Charcoal, willow 8 27 101 01 0.3 1.05 Marks (1967)
California redwood 26.5 8.5 6483 0 0.2 104 Marks (1967)
Western hemlock 212 89 69 0 0 1.03  Marks (1967)
Douglas fir 335 8 B579 0 01 106 Marks (1967}
Tanbark 142 96 749 0 0 1.03  Marks (1967)
Angiosperms 455 55 41 044 33 104 Bowen {1966}
_Brown Algae 345 41 877 1.2 15 100 Bowen (i966)
Fungi 494 55 34 04 51 109 Bowen (1966)
Mean plant 45 5 40 05 3 1.02 . Bowen (1966)
Bacteria’ 485 7.4 27 061 107 127 Bowen (1966)
Mean Animal .4 65 380 13 - 10 123  Bowen (1966)

Soil Organic Matter

Humic acids . 564 55 329 11 41 110 Schnitzer and Khan (1972)
~ 538 58 368 04 3.2 108 Schnitzer and Khan (1972)

56.7 5.2 354 04 23 105 Schnitzer and Khan {1072)

664 58 356 0.6 16 1.09 Schnitzer and Khan (1972)

80.4 3.7 336 04 19 098 Schoitser and Khan (1972)

60.2 4.3 319 0 3.6 1.01  Schnitzer and Khan (1972)

Lake sediment HA  53.7 58 351 0O 5.4 1.08  Schnitzer and Khan (1972)
Fluvic acids 425 59 47.1 17 2.8 1.08 Schniteer and Khan (1972)
- 476 41 473 01 09 089 Schnitser and Khan (1972)

509 3.3 448 0.3 0.7 087 Schnitzer and Khan (1972)

Water fluvic acid 46.2 59 453 0O 2.6 1.01 Schnitzer and Khan (1972)

Humins 554 5.5 338 07 46 109 Schuitzer and Khan (1972)
563 6 318 08 51 113 Schnitzer and Khan (1972)
Peat 60 6 32 2 0 1.15  Brame and Kirng (1967)

" eOxidative ratio
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appropriate for describing long-term growth and destruction of the land bio-
sphere are reasonably well constrained. Eventually a more through study of
this subject will be required. What is needed is a classification scheme for ter-
restrial organic matter which distiguishes materials of different oxidative ratios
combined with a knowledge of the global distribution and fluxes. Note that
short-term O3/CO; exchange ratios could bg directly measured through corre-
lation studies of atmospheric CO; and 0;. However, such studies may be of

little help in defining long-term exchange ratios.

4.6 Na_i_:iiral Oz'Sources and. Sinks

We now address the .question of whether there are natural long-term séurces
and sinks for O, that are significant compared to burning fossil fuel. Two
possibilities are considered: (1) imbalances in weathering and sedimentation

rates, and (2) changes in the dissolved O, or organic matter in the ocean.

4.6.1 Weathering and Sedimentation

The fluxes of 0, from: weathering and sedimentation listed in Table 4.2 are
roﬁghly 60 times smaller than current O, consumption from burning fossil fuel.
Tﬁus sedimenfa.tioﬁ and weathering fluxes would have to be underesti_t:natle& By
a factor of .ﬁve' or more in order to be significant compared to the uncertainty
in fossil-fuel O, consumption. Estimates of present weﬁthering rates based
on the particulate load of rivers are not well constrained (see discussion of
Holland, 1978, pp. 88-89). However, a factor-of-five uncertainty can safely
be ruled out. Human activites have recently accelerated weathering rates in

some regions; however, even in areas which one would expect significant human
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acceleration e.g. the drainages into the Gulf of Mexico and the Bay of Bengal, .
the effects appear to be smaller than a factor of 2 (Holland, 1978, p. 89). The
organic content of modern sediments of roughly 0.6% is similar to that of ancient
sediments (Holland, 1978, p 215-216) which suggests that the operation of the
weathering and sedimentation cycles are presently nearly in steady state with
respect to production or loss of O2. The overall uncertainty in the net gain or
loss of O3 due to these cycles is obviously difficult {o estima.te.- If we assume a
factor-of-two uncertainty in weathering rates, and a possible diﬁ'erenee of 50%
between organic content of present sediments and ancient sediments undergoing
weathering, we arrive at a maximum net source or sink of 1.2 - 10'® moles/yr or

2% of present fossil fuel Oy consumption.

4.6.2' Ocean Net Sources or Sinks.

The possible cha.nges in the eﬂ'ectiv-e.Og tora.ge in the ocee.n can be divi.de-d- into
three cate.gories: (1) cha.ngee in the integrated phj-rsica.l capacity of the ocean for '
0,, (2) changes in the amount of organic matter in the ocean, and (3) changes
in the deficiency between the integrated O, ca.pacity and the actual storage of
02 The physxcal ca.pacxty is defined here in terms of a completely llfelus ocean
in whxch 03 is saturated everywhere with respect to the atmosphenc pa.rtlal
pressure of O; at the a.mblent potentla.l iemperature and sa.llmty, all the carbon
in the ocean is fully oxldlzed (1 e. to carbonic acid, bicarbonate, or carbonate),

and a.ll the fixed mtrogen is ox1d1zed to mtra.te

Physical Capacity

The current physical capdcity of the oceans for O, of 4.2 - 10'7 moles indicated

in Table 4.12 amounts to 1.1% of the atmospheric O, content.. Because O»
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Table 4.12: Ocean Inventories of O, Organic C, and P.
' - Total (10'° moles}) Average (1 mole/kg)*

Oxygen (moles 0,):

Dissolved O, capacity® 423 ' 302
Dissolved O2® - : 225 " 161 -
Dissolved O deficit (AOU) 198 141
Potential 0, deficit® ' 359 ' 256
Orga.mc Carbon (moles C) _ .

Dissolved Organic Carbon® o83 69
Particulate Organic Carbon® - 25 .18
Plankton® 0.25 0.18
Phosphorus (moles P): L

Total Phosphorus® 2.6 .19
Preformed Phosphate’ 1.5 0.8

“Based on 1.40 - 103! kg total ocean mass (Dietrich et al., 1980 p. .6).
*Based on 1.209222 - 10° km?3 total ocean volume, 3.90 ml/l average oxygen concentration, and
53.1% average oxygen saturation; from Levitus (1982), page 108.
"{Tot.a.l phosphorus):-138.
dfrom Mopper and Degens (1979).
“From Richey {1983).
1 Total phosphorus AQU/138.

obéf Henry’s law (in contrast to COj), if there were a sudden reduction in the
atmospheric O, partial pressure, and there were no change in the physical or
biological processes operating in the ocean, the oceans would replenish approxi-
mately 1% of the loss in re-establishing equilibrium. This equilibrium would be
established on a time scale of 1100 years, the turnover time of the deep sea with
respect to the atmosphere {Keeling, 1979). On this basis it can be concluded
that any reduction in a.tmospherii: O2 partial pressure from burning fossil fuel-,
with a growth time of about 30 years, would drive a flux of O; from the ocean

which is considerably smaller than 1% of the fossil-fuel O, sink.
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For a fixed atmospheric O, abundance, the physical capacity of the ocean is
determined by the total mass of the ocean, and the distribution of temﬁera.‘ture
and salinity in the ocean. The long residence times of the major ions in sea
water of the order of 107 years (Holland, 1978, page 154) rule out changes'in
total salinity of the ocean as a significant source of variability of the physical
ca.pa;city of the oceans for O; on a..10 to 1000 year time scale. Also, the Bunsen
solu"pility coefficients of O; (as well as N; and Ar) are described very nearly
by a linear function of salinity (Weiss, 1970) which means that changes in the
statistical distribution of salinity in the ocean for a fixed total salinity will have
a neglible effect on the integrated capacity of the ocean. This leaves changes in
mass or temperature, as the primary potential sources of changes in physica.l_
capacity. Both temperature and mass changes would also ca.usel variations in-
sea level. ' | _

Recent studies of changes in global mean sea level have indicated a statis-
tically sign-i'ﬁcant rise of about 10-15 cm over the last century (Barnett, 1982,
Gornii;z et al., 1982). There is evidence to suggest that parﬁ of this rise has been
due to dischar;g from grounded glaciers and part due to thermal eicpa.ﬁsion
but the relative magnitude of these effects has not been not well determined
(Barnett, 1982; Etkins and Epstein, 19@2). |

Accompanying a rise in sea level caused by the melting of grounded glaciers
are three processes which can alter the atmospheric O; mole fraction, all of
which can be shown to be negligible in the present context. Firstly, air trapped
in the ice as bubbles or clathrates is released when the ice melts. Since the
trapped air has nearly atmospheric composition, the release can’ change the
atmospheric O, mole fraction, however. Secondly, the rise in sea level caused
by the meltwater implies a drop in the mean-barometric pressure at sea-level -

since the volume of air displaced by the water is compensated by volume of air
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replacing the ice. By this mechanism, a one-meter rise in sea level decreases
the physical capacity of sea water for an atmospheric gas by roughly a factor

of (1 meter)/H,cate, where H,.as, is the atmospheric scale height (approximately

8000 m), and thus decreases the total oceans O, capacity by

4.23 - 10'7 moles
8000

= 4.3 - 10!® moles

which amounts to ohly 1.4 - 107© of the atmospheric O; content 'z-md which, in
terms of the effect on the atmospheric O, mole fraction, is partially offset by
cliahges in the capacity for N; and Ar. "Thirdly, atmospheric gases a.ré.dissolved
in the melfwa.ter. A one-meter rise in sea level increases the oceans’ phir.sica.l

capé,city for 0"-_. 'by' E
A, - C; = (3.6 - 10"*m*)(0.457moles/m?) = 1.6 - 10'¢ moles

whe-re. A‘, -iq the ocean surface area a.ﬁd C; is the solubility of the O, in mé.l /'11_13
taken here at 0°lC (Wei-_ss, _1980); This amounts to only 4-107° of the atmo-
sphéric O; content and, in terms of the effect on the atmospheric O; mole
fraction, .is partially offse_t by changes in the capacity for N; and Ar. _
If sea-. level rises due to thermal expansjon, the change in the oceans’ physical

capacity for a gas can be estimq.ted_ according to

6M; = A4, - ‘fg" -Kg™'.6H {4.21)

where § M; is the change in the oceans’ physical capacity for species ¢ in moles,
C; is the solubility of species iﬁ the melt water in moles/m3, Kz is the lin-
ear thermal expansion coefficent of sea water, and §H is the change in mean
sea level. The sensitivity of the oceans physical capacity to changing temper-

ature is quite sensitive to the temperature of the water undergoing expansion



108 ' CHAPTER 4. THE CONTEMPORARY OXYGEN BUDGET

Table 4.13: Change. in ocean capacity for diésolvéd gases per meter
rise in sea level (in units of 10'® moles).

) 02“ de Ar® 6Xo,b

Thermal expansion :
in 4°C water -29 —47 -14 +72 ppm

Thermal expansion
in 8°C water _ -17 -33- -0.83 +36 ppm

“Calculated based on solubility data of Weiss {1970} for a salinity of 35 permil,

thermal expansion data from Dietrich et al. (1980), and an ocean surface area of
3.6 - 10'm? (Dietrich et al.,1980).

hCorresponding cha.nge in atmospheric 0, mole fractton Calculated using a
total mass of dry air of 5.124 - 10%!g (Trenberth, 1981), 2 mean molecular weight

of dry air of 28.97 g/mole (US,1976), and an Oz mole fraction of 0.20948 (Machta
and Hughes, 1970).

a.nd_ incre&_:ses with decreasing temperature. The capacity change for warming
in 4°C water and 8°C water are calculated for Oz, N3, and Ar in Table 4.13.
The capacity cha.nge. at 4°C which provides a firm upper limit for any capac-
ity changes caused by recenft ocean warming, corresponds to a change of 11
ppm/¢entury in the atmospheric O; mole fraction based on the 15/century sea
level rise. This upper limit is small, but not entirely negligible, compared to
fossil-fuel O; consumption over the last century. The actual change in physical
capacity over the last century was probably considerably smaller than 11 ppm.
If we assume, following Revelle {1983), that 25% of the rise in sea level was
due {o thermal expansion (the remainder being caused by melting of glaciers),
and we assume, following Cess and Goldenberg (1981)_, that the warming has
penetrated to an average depth of about 300 m, corresponding to a temperature |

of approximately 8°C we estimate a change over the last century of +1.35 ppm.

Revelle (1983). predicts that sea level should rise over the next century by
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about 30 cm due %o warming of upper ocean waters induced by CO; greenhouse
warming. I the greenhouse effect of other increasing trace gases were taken
into a.ccount the warming should be roughly double that from CO; alone (Ra-
manthan et al, 1985) so that the predicted rise in sea level due to warming of
ocean waters should be 60 cm. The change in ocean capacity based on this rise
would increase atmospheric O; mole fraction by about 22 ppm. Therefore, al-
though changes in ocean physical capacity over the past century do not appear --
important for the a.tmospherlc O, budget, the changes in physical capamty over

the next century may be quite significant.

' Ocean Organic Reservoirs

Dissolved lorga.nie carbou {DOC) is the primary xleservoir of :efganic‘ matter in
the ocean. Most DOC is highly refractory with a mean *C age of greater than
3400 years (Mopper and Degens, 1979) " The 14C age suggests a turnover rate
of 2.4 - 10" moles C [yr a.lthough there is evidence that a.pproxxma.tely 20% of
the total DOC has a shorter turnover time of approximately 200 years. If we-
assume that DOC has an oxidative ratio of 1.0 to 1.3 moles O, per mole C, the
turnover of DOC is estimated to consume 2.4 - 10" to 3.1- 103 moles O,/yr.

The present understa.ndmg of the sources and sinks for DOC is insufficient
to deterrnine whether the DOC reservoir is currently in-steady state. It is
conceivable, therefore, that changes in DOC are currently a source or sink for
as much as 3.1-10'® moles/yr O; or 5% of fossil fuel O; consumption. There
is clearly a need to better define the sources and sinks of DOC and the role of

DOC in the global carbon and oxygen cycles.
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Dissolved-Oxygen Deﬁcienéy

Although the dissolved-O, content of surfaces waters is typically within a few
percent of equilibrium with the atmosphere, the intermediate and deep waters
are substantially undersaturated in O,. This is illustrated in Fig. 4.3 and in

Table 4.12. On average the oceans are 47% undersaturated in O,.

The oxygen deficiency in the deep sea is controlled by the vertical fluxes of
organic matter and ventilation rates of subsurface waters. Most of the organic
matter produced photosynthétically in surfaces waters is recycied within the
euphotic zone. A small fraction, amounting to réughly 10%, setiles out of
the euphotic zone before being mineralized. This fraction, known as “new”
production, is virtually all oxidized in the underlying waters and leads to the
O, deficiency of deeper waters. The exported organic matter ca.rries_ essential
nutrients out of the euphotic zone. Continued photosynthesis there'for_é can only
be supported by a continued upwelling of nutrients. o

In discussing controls on the oxygen deficiency of the ocean it is convenient
first to consider an idealized world ocean under which the following_ conditions
hold: '

1. Organic matter is fixed in proportion to the limiting nutrients nitrate and

phosphate according to the ratios of Redfield et al. (1963) given in Eq.
4.2,

2. Over the entire euphotic zone the available nutrients are completely ex-
hausted by photosynthesis. This implies that any water parcel which sinks

from the surface must leave with a nutrient concentration of zero.

3. The O, content of surface waters is in equilibrium with the overlying air.

This implies that any water parcel which sinks from the surface has an 0,
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Figure 4.3: Average O3 profiles in the major ocean basins. From Levitus (1982).
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content corresponding to equilibrium with the atmosphere at its particular

potential temperature and salinity.

4, Nitra.te;_ phosphate, and organic carbon ére reﬁ;ineraliéed at the same

rate, i.e. according to the Redfield ratios in the underlying waters.

In this id_.ealizéd ocean all the nutrients are in organic form or have been
derived froni_ the mineralization of organic matter in isolation from the atmo-
sphere. The oxygen_deﬁ;:i.ency of the ocean can therefore be calculated according
to oo .

AMo, = 138 - Mp (4.22)

where Mp is the total number of moles of phosphorous in the ocean. We refer
to this as the ‘potential’ O; deficit of the ocean.

The conditions listed above for the ideal ocean describe reasonably the con-
ditions in the central ocean basins in the mid- and low-latitudes. The nitrate
and phosphate in these waters are near zero and the O; content is near solubil-
ity equilibrium with the atmosphere. Nevertheless, the true oxygen deficiency
of the ocean as a whole achieves only 55% of the potential deficit as shown in-
Table 4.12. The principal explanation for this must lie in the mechanism of
bottom-water formation. Bottom waters are known to form only over a very
limited area of the ocea;n, principally in the Norwegia.ln Sea in the north _Atla.ntic
and the Weddell Sea in the Antarctic (see e.g. Killworth, 1983}, where surface
waters achieve high densities. The mechanisms of bottom-water formation are
not weéll understood and may involve combined effects of cooling at the surface
and the formation of sea ice, both of which increase the density of surface wa-
ters. It is clear, however, that bottom-water formation is intermittent, occuring
primarily in the coldest winter months, and that the newly-forming bottom wa-

ters do not-remain long enough at the surface for photosynthesis to deplete the
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available nutrients or for. dissolved gases to achieve full solubility equilibrium
with the atmosphere (Weiss et al. 1979). A substantial fraction.of the nutri-
ents carried into the deep sea are carried in inorganic form with the sinking of
bottom water. The nutrients carried in inorganic form, known as ‘preformed’
nutrients, are a conseriraﬁve property of sea water (Redfield, 1963). -

The difference between the true deficit and the ‘potential’ deficif in the ocean
is primarly owing to a failure of the oceans to satisfy condition (2) listed above
in the bo'i".tom-wa.fer formation regions. However, the other three conditions
may also be violated at times and places in the oceans. During the formation of
Antarctic bottom water in the Weddell sea, for example, dissolved-O; content of
Winter Water and Western Shelf Water, which are the primary surface compo- .
nent of the newly-forming Weddell Deep Water {which ultimately is a primary
source for Antarctic Bottom Water) is approximately 50 pmoles/kg or 15% un-
dersaturated in O3 (Weiss et al., 1979). Such undersaturation of newly-forming
bottom waters would increase the oxygen deficiency of the deeper waters. Also,
the rate of mineralization of nutrients from sinking particles may differ substan-
tially from the rate of mineralization of carbon (see e.g. Broecker and Peng, pp -
134-139). This could increase the O; deficit if nutrients are mineralized at shal- -
lower depths than carbon because the nutrients could then be brought back to
the surface where they would remove additional organic matter., Note'that this
type of mechanism must ultimately operate in the formation of DOC. _

Much additional research is needed to clarify the controls on the O, deficit
of the oceans. Nevertheless, it is worth considering what constraints can be
imposed on possible changes in the O3 deficit of the ocean over the past several
centuries.

-One such constraint comes from the measurements of dissolved O,, nitrate

and phosphate in the North Atlantic thermocline in 1972 (GEQSECS) and
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again in 1981 (TTO). On the basis of this data, Peng and Broecker (1984)
have argued that changes in nutrient cycling in the ocean have been too small -
to cause significant variations in atmospher_ic CO; over the past century. '.t'he
data themselves show that the change'in dissolved 0, over this 9 year period
was at most 5 pumoles/kg. Suppose that an alteration in nutrient cycling (the ar-
gument doesn’t depend on the details of the mechanism) has decreased average
dissolved-O; content of the thermocline by 0.5 umoles kg™! yr~! {maximum
change comﬁatible with GEOSECS-TTO data). Takinga total thermocline
mass of 2.6 10% kg corresponding to-a mean depth of 800 m yields a total
decrease of 1.3 - 10'* moles Oy/yr. Comnservation of the overall-oxidative state -
of the atmospheric-thermocline system requires an increase in atmospheric Oy -
of 0.6 ppm/yr or 25% of fossil-fuel O, depletion. This upper bound to changes
imposed by ocean chemistry is significant compared to other terms considered o
here in the O, budget. However, the arguments advanced by Peng and Broecker
(1984) indicate that changes of this magnitude are unlikely. From the stand-’
point of the global O; budget it would clearly be desirable to carry out accurate
and more frequent measurements of dissolved Oy in the future. The goal of be-
ing able to constrain changes in total oceanic dissolved O; to the level of 2 - 10*
moles 0, /¥t seems reasonable. |

Another constraint on changes the oceanic O; brought a_Bout by natural
variability in the nutrient cycling in the ocean is implied by measurements of
CO, in ice cores reported by Oeschger et al. (1985). These measurements show
that atmospheric CO; did not vary by more than +10 ppm {£1.8 - 10**-moles) in
the 1200 yeirs preceding 1900. It is expected that the fluctuation in atmospheric
0, (in moles) caused by a fluctuation in the efficiency of nutrient cycling would
be roughly —1.3/(AF)(t) times the change in atmospheric CO; (in moles) where

t is the characteristic time scale of the fluctuation. Here the factor of 1.3-is the
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ratio of O3 produced to CO;-consumed in marine organic matter (the standard
Redfield ratio) and (AF)(t) is the fraction of a pulse of CO, initially released
into the ocean mixed layer which is present in the atmosphere at a time ¢ later.
For times longer than the equilibration time between the mixed la.yer_ g.nd the .
atmosphere (approximately 1 year) releasing a pulse of CO; into the mixed layer
is equivalent to releasing a pulse of CO; into the atmosphere. Thus we can use
values for (AF)(t) derived from models used to forcast the uptake of fossil-fuel
CO; by the ocean. For time scales of 50 to 250 years {AF) is around 0.4 %0 0.5
(Siegenthaler and Oeschger, 1978). For time scales as long as the turn-over time _
of the:ocean (~ 1000 years) (AF)(t) approaches 0.14 (derived from value of 0.86
given for fraction the of CO; present in the ocean after full equilibration, from.
Broecker et al. (1979)). The ice-core CO, data therefore conatrain the rates of .
change in atmospheric O; brought about by recent changes in marine chemistry.
to be no greater than 5.8 - 10!* moles/yr on a 100-year time scale and 5.8 - 10.1’

moles/yr on a 1000-year-time scale.

4.7 - Scenarios for Recent O, Depletion

On the basis of the estimates of fossil-fuel O; consumption dérived above, we
can consiruct scenarios for the probable change in a.tmosph_eri_é (_)g,over the la_‘sf
several centuries. If we neglect any sources or sinks for O, dm._z to tile operation o_f
oceanic and the lithospheric cycles (the_ discussion in the previous section ifnlpl'les-
that this is a reaso_na.f:le- assumption) the only additional sources or sinks for.
O, would come from changes in biespheric reservo_irs. It remains, therefore, to
review the estimates of the net CO; source ca.psed by recent biospheric change.
.Early attempts at estimating oceanic uptake of fossil-fuel CO; ignored pos-

sible human impacts on terrestrial biota. These early estimates relied on sim-
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plified models of ocean CO; uptake which employed parameterizations of ocean
transport, such as dividing the ocean into a small discrete number of boxes
{Keeling, 1973b), or treating the ocean as a 1-D-diffusion system (Oeschger"
et al.,, 1975). Once these models were constrained to yield the known distri-
butions of *C and radon in the oceans, there was little leeway to adjust the
rate at which these models could take up atmospheric fossil-fuel CO; (see e.g.
Broecker et al., 1979). The models suggested that of the 114-10° tons C of
fossil-fuel CO; emitted into the atmosphere by 1970, 51 to 62% of the CO,
should still be remaining in the atmosphere' (Siegenthaler et al., 1978). This
prediction was consistent with a preindustrial CO4 concentration of 288 to 295
ppm (Siegenthaler et al., 1978) and the observed increase in atmospheric CO,
(Keeling et al. 1976) only if it was assumed that little or no CO, was lost or
gained by changes in land biospheric reservoirs.

" Since the mid 1970’s, when most such calculations were carried out, three
indel.;:end'ent lines of evidence began to indicate that net CO, emissions from the-

land biospheric reservoirs could not be neglected. Firstly, by 1980, a number
| of studies had been published which suggested that changing land use, brought -
about primarily bj the expé.nsion of agriculture, should be causing significant
release of CO; from theland biosphere (Bolin, 1977; Adams et al., 1977; Woéd—
well et al. 1978; Wong, 1978). Owiﬁg to the complexity of this problem and the
difficulty in compiling accurate giobal averages, these estimates allowed a wide
range of 1-10% to 18-10' g C/yr for the net biospheric CO; source. It was
clear that these estimates were grossly incompatible with the earlier riotion that
the land biosphere was nearly in steady state. The esi;iz_na.tes of net biospheric
reledses published'since 1980 have varied over a slightly narrower range, i.e. from
approximately 1-10% to 4. 101"’. g C/yr (Olson, 1982, Houghton et al., 1983;
Emanual et al., 1984; Houghton et al., 1987). Nevertheless, the inconsistency
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between the ocean model studies and the land biospheric studies remains.
Secondly, several studies of 13C/'*C ratios in tree rings, which under opti-
mal conditions should record the time history of the a.tmospheric 13C0,/12CO,
ratio, showed a greater change over the period 1750-1980 than was compatible
with fossil-fuel production alone (Stuiver, 1978; Freyer, 1§78; Peng et al., 1983;
Peng, 1985). (The addition of both fossil-fuel and biospheric carbor to the
atmosphere decreases the atmospheric **C0O;/12CO, ratio because both sources
are. approximately 1.3% depleted in °C relative to atmospheric CO;.) These
studies lead to estimates of preindustrial CO; in the range 230-280 ppm and
suggested an integrated CO; release from the biosphere amounting to 20% to
250% of the integraied fossil-fuel CO; input (Peng, 1985). The wide range of
these predictions is mostly a function of the difficulty in selectin‘g trees which-
truly record atmospheric 1*C0O,/*2CO; variations. Tree-ring **C / 12 ratios vary
as a function of the age of the tree and vary with environmental stresses. aand
other factors which are not yet.well understood, and it has not been possible
to select trees which are unambigously free from these influences. . Also, fhe
predicted biospheric CO; inputs and. preindusirial CO; levels are subject to
the uncertainties in thé carbon-cycle model used to account for the dilution of
the atmospheric 1*C0,/12CO, signal through exchange with the land biospheric
and ocean carbon reservoirs. . _
Lastly, measurementé of the CO; content of air trapped in polar ice cores
have provided graphic evidence that the preindustrial CO; concentration was
lower than 290 ppm. Early measurements of research groups in Bern and Greno-
ble suggested a preindustrial value of 260 (Barnola et al., 1983). Later measure-
ments using an improved technique for extracting gas from the ices sﬁggest_ed a
slightly higher value of 280 ppm (Oeschger et al., 1985). More recent measure-
ments of Neftel et al. (1985) from the station at Siple, Antarctica corroborate



118 CHAPTER 4. THE CONTEMPORARY OXYGEN BUDGET

"
3
L
P
3
o

. 3%

to2. couczu’l;:mnu (rrm

L Y

L =T ] T i ¥

.-Enu . i‘l'ﬂ I* 1040 I.I.‘I .. 1820 1900 . pONO
. YEAR :

Figure 4.4:- Atmospheric CO; increase in. the past 200 years as indicated by
measurements on air trapped in old ice from Siple Station, Antarctica measured
by infrared spectroscopy (full triangles), by gas chromatography (open squares),
and annual means from Mauna Loa Observatory {(crosses). From Siegenthaler
and Oeschger (1987).

the higher values and provide a time history 6f the rise in CO; to the present. .
The most recent version of these data from Siegenthaler and Oeschger (1987}
is showh in Fig. 4.4. The Siple ice-core data agree with the Mauna Loa record
starting in 1958 and, no doubt, represent a major improvement in our under—
sta.ﬁding of the increase in atmospheric CO; from preindustrial times to the
present. : ”

From the Siple/Mauna Loa record it is now possible to solve the inverse
problem of estimating the net oxidative source of CO; (i.e. fossil-fuel plus bio- .
spheric source) ﬁhi& is compatible with the ocean models. The past biospheric
source can theﬁ be derived by subtracting the fossil-fuel CO3 sources estimates
(e.g. Marland and Rotty, 1984; Keeling, 1973a) from the net -oxidative source.

The biospheric source derived in this way is subject to uncertainties in the
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ocean model, ice—coré CO32 measuremerits, and fossil-fuel emissions. This pro-
cedure has been carried out by Siegenthaler and Oeschger (1987) and the range
of compatibie biospheric CO; sources is shown in Fig. 4.5. Note the range of
biospheric CO; sources shown in Fig. 4.5 does not allow for possible 10% error
(Marland and Rotty, 1984) in the the fossil-fuel CO, source. The actual range of
biospheric sources is therefore somewhat larger than estimated by Siegenthaler
and Oeschger (1987), particularly for the data after 1960. A major implica-
tion of the combined Siple/ Mauna Loa CO; record is that the bies:phé,re must
have been a significant CO, source in the 19th century. Also, witlh-:a lower
preindustrial CO; value, the.ocea.ﬁ models are now compatible with a small
net biospheric CO, source from 1958 to present (period covered by Mauna Loa
record). This is because lowering the value for preindustrial CO, increases the-
exces--pa.ri-'-_i?.l_ pressure of .prent_atmospheric Cdg _Ie}rels- relative to séa. ‘wa-ter,
which in turn implies a larger fiux of CO; into the ocean.

Based on the above biospheric estimates, I have considered _i';he fﬁilowi-ﬁg

possible cases for the depletion of O, from preindustrial times to the present.

1. The only loss for O, is due to burning fossil fuel as estimated above. The -

'land biosphere is'in s'f.eady' state.

2. Ilie change 1n 0, is c_lue_- to burning tféssil fuel, estimated above, '_plus _
biospheric change, estima.ted from the -inversion of the Sipie/Ma.una L'oa..
CO, record according to Siegenthaler and Oeschger (1987) assuming an
oxidative ratio of 1.05 for bioépheric ca.rb‘on.l Oceanic uptaicg is assumed

~ to be the average of the box-diffusion and outcrop-diffusion models used

' b}{ these a.utl'_lors.

3. The change in Og is due to fossil fuel burning, estimated above, plus

biospheric change, derived from the CO;-source estimates of Houghton et
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Figure 4.5: Smoothed biospheric CO; release rates calculated from inversion
of Siple ice-core data. The solid lines correspond to reconstructions based
on two different ocean models: ‘outcrop-diffusion’ model (upper solid -line),
‘box-diffusion’ model (lower solid line) . Dashed lines correapond to reconstruc-
tions based on same ocean models but with the Siple CO, data shifted within its
error limits:" Siple data shifted by -6ppm/-10 years (short-dashed), Siple data
shifted by +6 ppm/+10 years (long-dashed). From Siegenthaler and Oeschger
(1987). ' h
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al. (1983) assuming an oxidative ratio of 1.05 for biospheric carbon.

Table 4.7 summarizes thg integrated preindustrial-to-present O, depletion
and the present (1980) O depletion rate for each of the cases. The uncertainty
in the Oz consumption is estimated in each case from the uncertainty of the
various input parameters. Note that in Case 2 the uncertainty in fossil-fuel
data only makes a small contribution to the uncertainty in the predicted O3
depletion rate. This is because the net oxidative COg_source, as derived from
the inversion procedure, accurately ties down the net dz sink regardless of
whether the CO; is derived from fossil-fuel burning or biospheric oxidation.
The uncertainty _i_n fossil-fuel burning is releva.nt_'in Case _2 only to ti:e_ extent
that it imﬁli uﬁcerta.inty in the oxidation of elements other tha.ﬁ éaa:l;on:

An examination of Table 4.14 reveals that measurements of present or past
O, depletion could be used to distinguish between the posg_ibie cases. Specif~
ically, measurements of the current rate of depletion accurate to 10% would
decide between biospheric estimates based on ocean models (Case 2) and land
use studies (Case 3). If atmospheric O, depletion could be measured to better
than 10% the O, data would constrain the ocean 1_nodels. ‘Measurements of
the .int.'eg;'h.ted past O4 consumption (e.g. fr_c;m- ice-core air éa.mples) accurate to
15% would primarily test whetiler or not past biospheric oxidation is as large
as called for by both. the ocean models and land use Studies._ M;aa,surements
that were more accurate than 15% would primarily provide a consistency check
for past CO, levels measured in ice cores. If the uncertainty in ice-core 002.

records is improved the measurements of past O, would also constrain the ocean

models.
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Table 4.14: Scenarios for Recent and Cumulative O, Depletion

. : _ 1980 "~ Cumulative
Cases Annual® Through 1980*
(1) Fossil-fuel sink only: 610 =+ 60 18050 + 1700
(2) Prediction from ocean models,

fossil-fuel records, and '
_ Siple/Mauna Loa CO, data: - 660 £ 60 ' 28450 + 4300
(3) Fossil-fuel and : : A .
biospheric sink’: . 880 + 130 33050 & 4300
Errors in Case (2) . . _ _
~ ocean modelling® +50 +2800
fossil-fuel data? . %20 +600
Siple record*®. +26 13200
oxidative ratio of biomatter/ +3 3500
Errors in Case (3) .
_fossil-fuel data +60 +1700
‘biota CO, source estimates? +120 ' '+£3900 -
oxidative ratio of biomatter/ . +14 : 4750 .

*In units of 102 moles Q.
**Bijosphieric O sink modeled from Houghton et al. {1983) assuming 1.05 moles O3 con-

sumed per mole CO; released.

®Takes account of differencé between CO; source estimates of box-diffusion miode! and -
outcrop diffusion model ¥rom Siegenthaler and Qeschger (1987).

dTakes account of uncertainty in excess Oz consumption from fossil-fuel burning; See
text-'l‘akes account uncertainty in the deconvolution COz source estimates due to uncerainty
in ice core data. The reported error limits are consistent with the ‘high’ and *low’ interpre-
tations of the Siple ice core records from Siegenthaler and Qeschger (1987).

fTakes account of 5% uncertainty in oxidative ratio of biosphere.

9Error estimates from Houghton et al. (1983).
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4.8 Summary

In this chapter I have presented estimates of the current sources and sinks of O,.
Processes which have been considered include the burmng of fossll fuel, changes
in b1oma.tter reservoirs, sedimentation and weathering of reduced ma.tenals and
changes in dissolved Q; in the oceans.

A major outcome of this chapter has been show that the premise of Machta
(1980)—that accurate measurements of changes in atmospheric O; mole fraction.
could be used to document changes in bxosphenc carbon reservoirs—is basxca.lly
lound Burmng fossil fuel and changes in land blospherxc reservon's are causing
the largest changes in atmospheric O; today, so that determznataon of both the
net atmospheric 03 loss a.nd. the estimates of fossil-fuel O, consumption would
effectively constrain the changes in the biospheric reservoirs. On the basis of the
uncertainty in fossil-fuel buming alone, the error in the es@ima;té of biospheric
source would be 16 - 10** moles/yr or roughly 30 to 75% of the recent estimate
of the biospheric CO; source by Houghton et al. (1987).

Other sources and sinks of O, may not be negligible. On theoretical grounds
one expects. secular air-sea exchange fluxes of O3 to be small. However, the
available empirical constraints are compatible with sources and sinks as large
as 1.3 - 10" moles/yr. An upper limit to changes in atmospheric O; associated
with changes in dissolved organic carbon is estimated at £3 - 10'® moles/yr, and
an upper limit associated with imbalances between sedimentation and weath-
ering/volcanism is estimated at +1.2- 10'* moles/yr. Future programs to. de-
termine terrestrial biospheric change from atmospheric O, d_a.t_a. should include
bet.ter Iﬁeasurementé of changes in dissolved O, nutrients, and dissolved organic
carbon in the ocean. -

Probably the most important application of long-term Q; measurements
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would be determining the net oxidative CO, source, defined as the sum of
biospheric plus fossii-fuel sources. The uncertainty in the net oxidative CO,
source wéuld depend only on the uncertainty in the net global oxit'ia.tioi_: of H,
S, N, and Fe. For 1980, the net oxidation of these elements from industrial
processes can be estimated to 12 - 10'® moles/yr or to roughly 4% of the net
CO, source estimated for that year {Siegenthaler and Oeschger, 1987). The
0O, data combined with data for the build-up of CO; in the a_._tmosphere would
provide a very tight constraint on the fraction of excess CO; being taken up by
inorganic processes in the oc.ea'.n which is essential for forecasting future CO,

levels and future climate.
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Chepter 5
| C(:)ncludirrg- Rerrl_érk_s

We are living in a pivotal time in the evolution of the earth. "The latter half ol‘ -
the twentleth century ma.rks the end of an epoch in which the blogeochemlcal
evolutlon of the pla.net has been driven by “natural” causes, and ma.rks the
beginning an epoch in which the blogeochemcal evolution of the ea.rth w1ll be

slgnlﬁca.ntly altered, perhaps even controlled by huma.n actions.

The rapidity of global change anticipated in the next decades and centuries _
presents both opportunities and responsibilities to the earth sciences. The op~
portunities arise from the possibility of studying dynamic variables of the earth
as they respond to new types of inputs and forcings. Thus, Roger Revelle has
termed the buildup of CO; in the atmosphere as “Man’s great geophysical ex-
periment” (see Bryan, 1987). The responsibilities arise from the urgency of
assembling, as rapidly as possible, a viable understanding of complex interac-
tions of the ocean, atmosphere, and biosphere so that politicians and other

policy planners can be forewarned of future changes.

Compared to the changes which are anticipated in the next century, such as

global warming of several degrees Celsius, 5 to 15% reductions in stratospheric
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ozone, a meter or more rise in mean sea level, it seems as though little has
happened. Some will argue that because the earth is still basically “healthy”
there’s little cause for vigorous action. However, the very fact that the most
significant changes are still to come underscores the importance of biogeochem-
ical measurements which are currently being conducted or wiil ‘be conducted -
in the next few decades. One cannot possibly understand disease unless one
understands what i{ means to be healthy. We probably only have a few more
decades to study a “healthy” earth.
 The assembling of a viable understanding ‘of the earth as an integrated
ecosystem must involve the study of phenomena occurring on spatial scales
ranging from the molecular to the global. One area of study which has played
a central role in our current understanding of man’s perturbation of the earth
is the measurement of long-lived atmospheric trace gases, Cog, CH,, N;O, and
the freons. All of these are greenhouse gases, and may cause direct or indirect
changes in sfra.tosphéric ozone;’ thus. they are Iamong-the ;Srima.ry agents of
climatic change. The prominence of these gaées also lies, in part, in their role
as indicators of global change. Any pronounced trend in the concentration of
an atmospheric species with a lifetime longer than the characteristic mixing
time ‘of the atmosphere {approximately 1 year) indicates a trend on a global
scale. The fact that all of these gases are accumulating in the atmosphere at an
accelerating pace comprises some of the strongest prima facie evidence that the
burning of fossil fue_l, the expansion of agriculture, and other human activities
have alfeady significantly altered the overall chemifry of the earth.

" The purpose of this thesis has been to establish a method for measuring
another long-lived tracer, atmospheric O;. High-resolution measurements of at-
mospheric O; would address some of the mest difficult and profound questions

now faced in biogeochemistry. Two such questions were discussed in Chapter 1:
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(1) The question of the magnitude of the “new”. production in surface waters,
and (2) the question of the impact of human activities and climatic changes on .
the living and dead reservoirs of carbon in the land biosphere. _The first of these
issues could be addressed by measuring the amplitude of seasonal variations in
_atmospheric O; and.CO, at well-chosen sights around the world which would
constrain estimates of the seasonal air-sea exchange of O;. As was discussed in
Chapter 1 and further substantiated in Chapter 4, the second question could
be addressed by measurements of secular changes in atmospheric Q,, i.e. the
residual changes in O; after averaging over seasonal or other short-term vari-
ability. For both of these issues the O; measurements would comprise a crucial
complement to local ecosystem studies or satelite-based studies. - .

Measuring changes in the trace gases COy, CHy, and N;O, which vary annu-~
ally at the 0.1 to 1% level, has not been achieved without a great deal of careful
work. ‘Measuring changes in O3, which is expected to vary at oaly the 0.001%
level, has appeared like such a formidable undertaking that few scientists have
given the question serious thought.

Chapters 2 and 3 of this thesis have described tests which demonstrate the
feasibility of measuring short-term changes in_a.tmospheric 0, to the level of -
0.5 parts per million in the mole fraction. This level of resolution should be
adequate for resolving all but the subtlest features of atmospheric O4 variability.
Nevertheless, there are still significant technical issues.to be addressed before.
the method can be directly applied to background-air measurements.

The most significant of these is the question of how to store or:transfer
air samples without corrupting the O, mole fraction. The difficulties may be
considerable. O, mole fraction could be altered both by homogeneous fraction- -
ation (by differential diffusion of O; and N;) and by heterogeneous fractionation

(differential adsorption of O; and N; on surfaces).
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Several mechanisms could cause homogenous fractionation of O3 /N; at ppm
levels. These include (1) differential conductance of Oy and N; through small
orifices such as pin-hole leaks or flow around the seat of pressure regulators,
(2) therma.l-diﬁus;lve fractionation, caused by temperature gradients, and:(3)
gravimetric fractionation, which could cause differences of several ppm O3 be-
tween between the top and bottom of high-pressure cylinders. I do not ex-
pect, however, that homogeneous fra.étiona.tién will present serious difficulties
at pressures above 1 atmosphere. The time scales for diffusive fractionation
are quite long (as an ‘extreme example; note that the characteristic time con-
stant to approach gravimetric equilibrium over a vertical length of one meter -
;.t 2000 PSIG is longer than a year) and it is likely that convection caused by
ambient temperature changes and the turbulence created in the transfer of gas
through small orifices are sufficient to ensure adequate mixing. Also, homoge-
neous. fractionation could be eliminated in most circumstances by introducing .
turbulence artificially, e.g. by placing a-small ball in the container and agitating
it magnetically.

. Heterogeneous fractionation could be caused either by differential physisorp-
.tion of N; and: O; or by chemisorption of O;. A number of tests which T have
conducted suggest the importance of heterogeneous fractionation: in transfer-
ring a fraction of the ¢ontents of a high-pressure cylinder to a second, well
evacuated, smaller container at 1000 PSIG, I have found that the content of
the second cylinder is generally depleted in O, by 10 to 20 ppm relative to the
source cylinder. I attribute the O, loss to differential physisorption of O; and
N; onto the walls of the smaller container because the magnitude of the loss
was largely independent of transfer rate and because the lost O, appeared to be
recovered as the pressure of the smaller container dropped below a few hundred

PSIG. Other explanations are possible, hawever.
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One approach to reducing fractionation in samples is to maintain virtually -
constant pressure within the sample vessel at all times. This could be accom- -
plished by using sample containers with stopcocks or valves at either end which
are flushed thoroughly with air at a constant pressure before closure. The con-
tents of the flask could then be analyzed by flushing the sample through the
O3z analyzer with a background flow gas at the same pressure and integrating
the deviation in the response of the O, analyzer. - A very similar procedure
is commonly used to analyze samples by ‘gas chromatography. This approach
ensures that the walls of the sample vessel are always conditioned to essen-
tially constant O, and N, partial pressures and it eliminates any problems from
homogeneous fractionation within the sample vessel because the entire sample
content is integrated.

- In general, the reducing of fractionation in different.circumstances will re- -
quire careful testing of different types of storage containers and different meth-
ods. of transferring samples. The interferometric oxygen analyzer is the ideal -
tool for testing and proving viability of different methods.

A major additional requirement is development of highly-stable standards
or reference gases.. Ideally, one would like to have air standards for which the
oxygen mole fraction is tied to an absolute scale (it is not necessary to know
the O, mole fraction absolutely, only to have fixed reference point). This ia
likely to requir_é the development of gravimetric, volumetric, or other ,metho&s-.
of standardization.

One method of absolute standardization which may be worth exploring is to
use the relative refractivity as an absolute measure of 0,. To accomplish this,
one would need to eliminate or fully characterize all systematic errors contribut-.
ing the observed fringe-count ratio to a few parts in 10%.  Based on my current

understanding of the experiment, I would expect the principal difficulties to' be -
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(1) mairtaining very accurate alignment between the two wavelength compo-
nents so that the optical-pa.th—difference ratio reflects only the refractivity ratio
of the gas and not density differences, e.g. caused by temperature gradients or
path-length differences between the two beams, and (2) reducing or accounting
for the optical path difference caused by stress-induced index variations in the
cell windows which, for the present sample cell, amount to roughly 10~% times
the optical path difference changes in the gas. Both types of systematic error
could be greatly reduced by basing the standardization on the difference in the -
relative refractivities of air and pure N; because the systematic errors for N,
would largely cancel the errors for air.

‘The accurate determination of long-term changes in atmospheric O; prob-
ably must await the development of absolute standards. In the mean time,
however, it will 'be possible to explore variation in O, over & broad range of
temporal and spatial scales. "Most short-term variations could be referenced
against a suite of compressed-air reference gases which, with care, should be
stable to 1 ppm O, /yr. |

One of the first applications of the present oxygen measurement capability
‘should be the establishment of a global sampling network consisting of several
well-chosen sites around the world where -air samples afe gathered on a weekly
or-biWeékly basis and shipped to a central laboratory for analysis of O3, CO,
and other trace gases.: Even as little as two or three years of data from such-
a network would provide a wealth of information on the coupled global oxygen
and carbon cycles.

One feature which is expected to be prominent in such data is a large sea-
sonal signal in the high northern latitudes. The amplitude of the seasonal CO,
signal above 60° N is roughly 16 parts per million, and since the signal is mostly -

due to exchanges with land plants and soils, an equally large O, signal is ex-
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pected. It-will be very interesting to see whether the .0, signals is larger or
smaller than the CO, signal. If air-sea exchange of O; is as large as expected,
the seasonal O3 signal could be as much as 30 to 50% larger on a per-mole bagis
than the CO; signal. It will also be interesting to see how the amplitude of
the seasonal signals varies with latitude, The CO, signal in the southern hemi-
aphere is very weak owing to the small extent of seasohally—a.ctive-_la.nd plants in
the southern hemisphere. The oxygen variations, however,.coul_d be 3 to.5 times
larger than the CO; signals if seasonal air-sea exchange processes are important.
The difference in the ,amplitude of the CO; and O, signals should be a valuable
indicator of air-sea exchange processes and ﬁuine biological productivity.

. Another feature which should emerge from such a data set is a variation
in the annual-mean O, mole fraction with latitude. CO; measurements show
an-excess of approximately 2 ppm in the northern hémisphere- _i‘elative to the
gouthern hemisphere. This gradient is. atiributable, in part, to the.uneven.dis-
tribution of fossil-fuel burning because most fuel is consumed in the northern
hemisphere. However, the gradient is also influenced by the uptake of fossil-fuel
CO; by the ocean, the natural transport of CO, within the ocean, and net
sources and sinks.from the land biosphere (Heimann et al. 1986). If this profile
were sufficiently well understood it could be used, for example, to discern the
extent of deforestation or forest.recovery in different latitude zones. Knowledge
of the meridional dg gradient would improve our understanding of the merid-
ional CO, gradient because the two profiles are governed by many of the same
factors but with differing relative contributions. For example the distribution of
fossil-fuel and land-biosphere sources and sinks must match the corresponding
0O, sources and sinks, however, the distribution of the fossil-fuel CO, sink in the
ocean has no analogous O; component. Also, the net north-south transport of

O; within the ocean is probably less significant than north-south transport of
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CO,, as can be seen, for example, in the North-Atlantic Deep Wa.t'er where the
net southward transport of Oy is partly offset by oxidation of particulate organic
carbon (POC), whereas the net southward transport of CO, is augmented by
the decay of POC. ' - -

Another important application for O, m'ea.sul;ements, in addition to ground-.
based sampling, is measuring the verticle profile of O, within the stratosphere.
Stratospheric samples could be collected usinig an existing eryogenic whole-air
sampling apparatus (Lueb et al., 1975) which has been used successfully for
CO,, N,0, CH, and other tr;a..ce gases. As discussed in-the introduction, the’
stratospheric verticle profiles of O; and CO,, taken together with independent
constraints on verticle mixing, would place constraints on the net loss rate of
O3 over the past five years. In fact, stratospheric measurements might provide
the only reliable method for determining the net O loss rate before absolute
standards are developed.

Numerous other geochemiical applications of the O; measurements come to
mind. Many of these would depend on using the instrument directly in the
field. Based on the simplicity and robustness of the inethod, this appears to be
a very reasonable proposition. One epplication for a field instrument is studying
0,/CO, correlations within or beneath a forest canopy. Since O, /CO, exchange
ratios are characteristic of different exchange processes, 02/ CO, cerrelaﬁ'on'
studies might provide insights into the sub-units of the ecosystem participating
in photosynthesis and respiration at any particular time, the flow of organic
matter within the plants and soil, or the extent of anaerobic activity. Another
a.bplica.tion is mounting the instrument on an airborne platform. to measure
vertical profiles of O; in the marine boundary layer. Knowlecige of this profile,
when combined with other constraints on turbulent mixing, would determine -

air-sea exchange fluxes of O;. Yet another application is to install an O, analyzer
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at a remote station for continuous monitoring of O, as a function of time. This _

approach would yield a much more detailed time series than could be achieved
with flask sa.mpling..

The effort invested in measuring changes in atmospheric CO; has expanded
rapidly in the last few years. It now includes some 35 sampling stations world-
wide and involves the efforts of six or more nations. This effort is justified
by the growing importance of undérstanding the complex interactions of the
biosi)here, the atmosphere, and the ocean, and the role of CO; both as an
agent and indicator of climatic change. Through the increase in CO, over time,

and the evqiving distribution of CO; in the atmosphere, these data have told us

a very interesting story of the growing human population and how it has begun _

to alter the natural blologlca.l cycles of the earth.

The CO; data, taken alone, have only told part of the story. An 1mporta.nt
piece of the story has been written in the variations of 03, 2 la.n_gu_a.ge_whlch
we have not been able to.read. In the pext few decades, as fossil-fuel usage
increases, as va.sf. areas of tropical forest are destroyed, as gases which destroy
the ozone la.yer a.nd cause the greenhouse effect continue to accumulate i in the
atmosphere, and as other human actions begin to noticeably change the na.tura.l
flow of energy, water, and carbon on the ea;-th the plot of this story will surely
thicken. We need to.begin recordmg the oxygen story as well,

One mlght look into the future to a time when the eﬁort mvested to mea-
sure changes in CO; is match_ed by comparable effort to measure changes in
atmospheric O;. The accomplishment of this thesis has been to show that this

goal is not as remote as one might have thought a few years ago.

Bryan, K., 1987, “Man’s great geophysical experiment: can we model the con-
sequences?”, Oceanus 29(4), 36-42. .
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Appendix A
Derivation of Sensitivity

Relation

Eq. 2.5 is most simply derived for the case of a binary mixture. We let X, and

X, denote the mole fractions of constituents a and b such that
XetXp=1. (A.1)
The refractivity of the mixture is then given by
Tmiz = TaXa + 1 X, (A.2)

where r, and r; denote the refractivities of constituents a and b. The relative

refractivity is then given by

- rﬂu'z(kl)
F= A.3
rza(ha) (4-3)
Substituting Eq. A.2 into Eq. A.3 and eliminating X, via Eq. A.1 yields
; —_ [rﬁ(Al) — rb(Al)] X¢ — ri(Al) (A.4)

[ra(Az) — rs(A2)] Xa — "b()\z)_'
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Differentiating with respect to X,

L& ra)—nl)  ralha) = i)
?dXd - fmis(Al) - rmiz('\:) : . ’ -(A.s)

and eliminating r, using Eqs. A.2 and A.1 yields

1 dr _ 1 rg(Al) - l’m.',(ll) ra('\z) — I’m.',(Ag)
. Tl"'-dlfa - 1-—- X, [ r,,.,-,()\l) - f,,.,,'z(lg) (A.G) .
or : ( :
1df 1 '7a(A1) ra{ds2) | -
Fan - ].-_ Xa ["m:':(;l) B rim'z(xz) ] (A.'?)
Substituting from Eq. A.3 into Eq. A.7 we have
dr _ 1 Tmiz(Al) ra(A_l) rG(Aﬂ )
an B 1- Xa f'm.':(lz) [rmtz(kl) B f,m-,(Az)} (A.S)
di 1 ra(Ad) [ra(A)  rmis(M)
dX, T 1- Xa rmt's()‘i) f'a(Az) - rmiz(Az)] (Ag) .
or ' ( )
d; N, Az -1 Fa - ? )
aX, ~ (M) -1 1- X, (A'm}

where 7, = r.',()tl)/ ra(Az) is the refractivity ratio of constituent a.

Eq. A.10 can also be applied directly to a mixture conta.iniﬁg more than
two éomponents and thus Eq. 2.5 follows directly. In this case component b is
identified with the of sum of all species other than a. The use of Eq. A.10 to
describe- changes in refré.ctivity ratio-in a multicomponent mixture requires that
the transformation which alters the mole fraction of species a does nof alter the

relative proportions of the other constituents.



Appendix B

Relative Refractivity

Measurements

B.1 Intro duct_ion

This appendix describes ancillary refractivity measurements performed in order
to assess the sensitivity of the relative refraétivity of air to changes in trace-gas
concentrations, density, and temperature. Measurements of relative refractiv-
ities between 4359.56A and 2537.27A are reported for air, N3, Ar, COz, CH,,
CO, N0, and H;O. For all gases except H,O the first-order variation of the rel-
ative refractivity with density is resolved. The results 'aré described in terms of
the first and second virial coefficients of the relative refractivity. Also reported
are ‘measurements of the éerisii;ivity coefficient So; of the relative refra.ctiv.ity
of air to traces of O3 and measurements of temperature _dependence of fhe

refractivity of nitrogen over the range 22-33°C.
The refractive index of a gas is most generally expressed as a power expan-
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sion for the Lorentz—Lorenz function LL in density

211 .
=2 —=AR+BRP+CR,02+"' ' _ (B.1)

LL n?+2p

where n is the refractive index, p is the molar density, and Ar, Bg, and Cj
are, respectively, the first, second, and third virial coefficients of the refractivity.
These coefficients are functions of frequency and temperature but not of density.
The first virial coefficent Ap is related to the polarizibility o of an isolated

molecule according to

Ap = 3 _ : (B.2)

The second virial coefficient By is related to the excess polarizibility of inter-

acting pairs of molecules (Buckingham and Graham, 1974; Buckingham and
Pople, 1955). ' -

One can also expand {n — 1) directly as a function of density according to
(n_"]-)/p=An+BnP+Cnpz.+"‘- ' . ) (B-3)

The virial coefficients of Eqs. B.1 and B.3 are related according to

Ap = %A,, (B.4)
%y 1, S
Bp = 3B,, gA,, (B.5)
_2, _2 4,5
Cr = 3Cn= GAnBn— - dn ~ (B#)

Based on Equation B.1, it is clear that the relative refractivity, defined

a.ccording' to

F(A1, A2) = (A1) /r(A2) - (B.7)
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where r = n — 1, is generally also a function of density. Thus we can write
;(AI! Az) = G(AI, Ag) + b(Al.! Az)r(xg) + C(Ag, Ag)T(Ag)z + e . (B.S)

where r(A;) is used as the independent.va.riable instead of p. The coefficients

of Eq. B.8 and B.1 are related according to

a0 ) = Ax()/AR(h) @9

b(A, A2) = L Ar(X2)~® [Br(M)Ar(A2) — Br(As)Ar(A1)] +
1 Ag(A1) [Ar(> . :
-l e
Using r{)z) as the independent variable is advantageous because it is easier to
measure refractive indiqi to high accuracy than to measure densitie_s_ to high
accuracy.
In the measurements reported here, #(A,,A2) is measured over a range of
values 0 < r(Az) < 0.003. The precision of the measurements is sufficient for
determini_ng the first and second virial coefficients, ¢ and b in Eq. B.8, but not

for determining higher coefficients, ¢ etc.

B.2 Relative Refractivity Virial Coefficients

The interferometer used in these measurements is described in Section 2.2.. The
scan gas, used for modulating the fringe signals, was derived from the same
source as the sample gas. The dynamic fringe signals, generated in scans from

0 to 20 torr, were analyzed according to the algorithm in Appendix C..
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Initially, #{A1, Az) is determined from dynamic pressure scans in the scanning

cell with the sample cell evacuated. F(J\l; Az) is determined according to

- A

F(As ) = ﬁ%
where f,/f2 is the frequency ratio of the A; and A, fringe signals. The dynamic
fringe scans are also used to determine the fractional fringe offset €(%) between
a particular A; fringe maximum and an adjacent A, fringe maximum.

Subsequently, the sample cell is slowly filled while counting the elapsed A,

fringes to a particular fringe count. Dynamic scans are then continued in order
to determine the relative offset ¢ of another pair of A; and A, fringes. The

relative refractivity is related to the fringe offsets according to

_A'_1;P1+E—E(°)

k) = 55

(B.11)
where p, and p, are exact integers which représent the integral order of the
optical path difference at ); and A; between the first and second pair of fringes.
The absolute refractivity r(As) is given by
: : A . )
r(dg) =n(Ag) —1= 2222 - (B.12)
2L
where L is the cell length (61.17 £0.01 cm)}. The fractional fringe corrections to.
Eq. B.12 are not significant in the present context. Under suitable conditions,
a unique solution to Eq. B.11 can be found by starting with the following
information: {1) the measured values for a ¢ and €%, (2) an estimate for p;
determined by the number of A; fringes which elapsed during the filling of

the sample cell, and (3) an estimate for 7 based on extrapolating previous

measurements of {1, Az) to the current value of »(A;).
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. Both Eq. B.11 and B.12 assume that the optical path dif_fer_ence, p3, is due
only to the change in sample-gas density and thus they neglect any contribu-
tions due to differences in scanning-gas density. For these measurements the
scanning-gas contribution to p; was always less than one fringe which leads to
errors in (n{)\;) — 1) and 7(X;, Az) of at most 3.6 - 10~7 and 1- 10~# respectively.

All measurements were carried out at ambient lab temperature which varied,
at most, from 20 to 24°C. _

The minimum guaranteed purity of the gases as supplied by the-vendor
was: nitrogen (99.999%), argon (99.999%), carbon dioxide (99.995%), methane
(99.99%), carbon monoxide (99.99%), nitrous oxide (99.99%). These gases were
used' without further purification. Compressed air was obtained from a cylinder
which was filled from an intake at the Scripps Pier in La Jolla, California and’
scrubbed of CO and hydrocarbons. Water vapor was derived from a laboratory
source of distilled water. The water was transferred to a glass bulb connected
both to the inlet of the scanning cell a.nd a separate vacuum line where the
residual air was purﬁped, away first by freezing the water, and then by wa.rmiﬁg
the water so that it boiled. During the mea,suremenfé, the water was wa;fmed
{0 yield a source pressure of approximately 40 torr. Measurements on water
vapor were carried out using the dynamic scanning method only.

Measurements of the relafive refractivity (A, A) of air, N3, Ar, CO,; CH,,
N;O, and CO, plotted against n{);) — 1 are shown in Figures B.1 through B.7,
The data are well described by a linear relationship. The measurements on air
and N, contain errors caused by secondary reflections within the cell windows
which interfere with the phase of the primary beams. -These errors were largely
eliminated in measurements of other gaséS'which were carried out after the

plane-parallel cell windows were replaced with windows with a small (2 arcmin)

wedge angle.
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The coefficients a(A;,A2) and b(A1, Ap). are derived respectively from the
intercept and slope of a weighted least squares fit to the data in Figures B.1 to
B.6 with weights proportional to (n — 1)®. Results are compared with previous
measurements in Table B.1. Quoted uncertainties are 2¢ precision to the least
squares fit.

For water vapor two sets of measurelﬁent are reported, the first with scans
from 0.5 to 10 torr, which yielded a(A;,A;) = 1.10654 % 0.00005, the second
set 0.5 to 5 torr, which yielded a{\(,);) = 1.10645 + 0.00010. Because the
source presure was only 40 torr, the pressure scan-rate decreased exponentially
during these scans. Simulations of the fringe-analysis routine applied to sine-

_ waves with an exponentially decreasing frequency indicated that this lead to a

systematic error in a(y, A;) of at most 1.5 - 1074,
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Table B.1: First and second virial coefficients of the relative refrac-
tivity of air, N3, Ar, CO;, CHy, CO, and N;0.

_ © a{2537,4360) b(2537,4360) reference
Air 1.069006 0.0157 This work
. +2.1079 . +0.0006
1.06902 - Edlen (19686)
N; 1.062024 0.0134 This work
+2.10°8 0.0008
1,06216 —_ Koch {1913)
Ar 1.0612649 0.01478 This work
+5.10~7 +0.00022
1.06119 _ Larsden (1934)
CO, 1.0730001 0.02084 This work
+5.10~7 #+0.00036
1.07304 —_ Koch (1914}
CH4 1.0934889 0.0347 This work
' +1.5.10°¢ +0.0011
co 1.1053292 0.0373 This work
+2.6-107° +0.0016
1.10501 — Koch (1914)
NzO 1.0991955 0.02109 This work
49.10°7 +0.00055
H,O 1.10654
+1.5-10~* — This work
1.1089 - Zeisa and

Meath (1975)"

*Calculated from differential photoabsorption data, high energy inelastic scat-
tering data, and visible and ultra-violet refractivity data.
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B.3 Ozone Sensitivity Coefficient in Air

The sensitivity coefficient S:"') of air to traces of O3 was measured by producing

trace quantities of Oy in a stream of air passing though the sample cell of the
interferometer and observing the changes in the fringe positions as the ozone
concentration was varied. Ozone was produced photolytically in a quartz cell
irradiated with 1849 A emission from a “penray” type Hg lamp. The air used iz
these measurements was a synthetic mixture of 21.40% Qs in N3. The difference
in the sensitivity coefficient for this mixture and for natural air is not significant.

The O3 concentration was measured.directly in the optical path of the in-
terferometer through the attenuation of 2537A fringe signal. The arplitude of

modulation of the fringe signal in an interferometer is given by

M=4/L I (B.13)

where M is the intensity difference between fringe maximum and fringe mini-
mum, and I; and I; are the intensities of the coherent beams in the two arms of
the cell in the absence of int_erferenée. If an absorber, such as Og, is introduced

into one arm of the interferometer, we have from Beer’s law

ln(M) _ 90, p Xo, (2L)

M, 2

(B.14)

where Mj is the modulation amplitude in the absence of O3, 0¢, is the absorp-
tion cross section {1.146-10~7 cm? at l2537A from Mauersberger et al., 19886),
p is the total number density, Xo, is the Os mole fraction, and 2L is the active
optical path length. R _

The sensitivity of the relative refractivity of air to traces of O3, where total
O remains constant, is given by ' '

dr
dXo,

air 3 ir
=55, ~ 5 [1- Xo,] S5 (B.15)
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where ' '
. . o . A2} —1 '
S(a:r) = [fo. — Fair M_ B.16
Os [ 03 ] ﬂ-o,(Az) -1 ( )
and
. oy Fo. —F Ag) — 1 \
S(alf) - T_Q:; To, ﬂ.os( 2 . B.17
0z 1 — Xo, no,(Az) —1 ( )

The second term on the r.h.s. of Eq B.15 accounts for the Q4 loss which must

stoichiometrically balance the Og formed.
Fig. B.8 shows the measured changes in # as.a function of the O3 mole

fraction. 67 was derived from the change in the 25374 fringe remainder

SF(harhe) = . (B1y)
r 2 ' ' : .

where p, was estimated from the known cell pressure and temperature. A
linear least-squares fit to the data yields a-slope of (4.23 £ 0.22) - 10~7 ppm™?

(all quoted uncertainties are 20 precision). From Eq. B.15 we have
S8 = 4.23-1077 +(3/2) (1~ 0.20946)(3.10- io"‘) = (4.59+0.22)-107". '(B.19)

' Similar measurements are reported using pure 02 as the source gas. The

sensitivity of the relative refractivity of O, to traces of Os .is given by

dr
& - g0
X =5 o (B.20)
where :
(0s) _ 1z, 7. 1M0a{de) =1 B.21
O3 [ Oa 02] n0, (/\2) — 1. ( )

Data with O; as the source gas are shown in Fig. B.9. The linear leasf—squa.res
fit yields S°* =(4.55 £ 0.16) - 10~7 ppm . '
From Eqgs. B.16 and B.21 it follows that
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Figure B.8: Variation of the relative refractivity of air with trace Oj.
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Figuré B.9: Variation of the relative refractivity of O3 with trace Os.
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;. ] ] noa()\z) -1
wr nair(Az) -1

which provides a consistency check for the value of measurement of S&:‘lr) derived

S(mr) S(Og) no, (AZ)

nmr()‘:) -1 + [;02 -

(B.22)

above if no,(Az) is known.

It appears that the only reported refractivity measurements of 03 are those
of Cutherbertson and Cutherbertson (1912) carried out over the wavelength
range 4800 to 6708 A. Extrapolating their data to 4360 A, I estimate

no,(4360) —1=5.8-10"*
which yields from, Eq. B.22,
S = (480 £ 0. 1) 10~ "ppm™

where the uncertainty allows for both the uncerta.iﬂty in S((,C:)’ and a 30% un-
certa.intjr in the extrapolated value of no,(4360). This result agrees to within

the error limits with.the result derived above from measurements in air.

B.4 Temperature Sensitivity of N,

The interferometer cell block was heated inside an insulated enclosure (cazrd-
board walls filled with glass wool) to approximately 40 °C, and measurements
of the relative refractivify of N; were carried out as the cell 'temperaf.ure relaxed
back to ambient temperature. The characteristic time for the system to relax
to room temperature was approximately 15 hours. A pair of thermistors, which
were placed near opposite ends of the cell block, recorded the cell temperature.
The thermistors were calibrated against a pair .of glass thermometers which

were accurate to 0.1 °C.
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The thermistor data indicated that throughout these measurements there
was a persistent 0.5°C difference in the temperature at opposite ends of the cell
block. This was proba.biy due to the power dissipation of two capacitance pres-
sure gé.uges wiﬁch were inside the enclosure nearer the warmer end. Other than
this constant offset, the temperature differences recorded by the two thermistors
were smaller than 0.2 °C.

The relative refractivity was determined according to
- ALpy + € — €9
F(A1, Az) =  —
where p; and p; are integers which represent the integral order of the optical-
path-difference at A, and A; caused by introducing N, into the sample cell, € and
¢l are the fractional orders at A (relative to the integral A; order) for the filled
cell and evacuated cell, respectively. All measurements were carried out at a
constant value of p; = 2000 corresponding to n{A;) —1 = 7.13-10™*. Sequential
measurements (;f e and €/ were taken by alternately filling and evacua.tiilg the

sample cell. The difference € — €(®) was calculated by interpolation.

Two separate temperature runs were carried out. The measured relative
refractivities for both runs are shown in Fig. B.10 plotted against the cell tem-
perature, taken as the mean of the two thermistor readings. A least-squares fit "
of the data yields a slope of 2.7 + 0.8 - 107 {20) °C~L. Because of the difficulty
in ruling out possible systematic errors caused, for example, by temperature
gradients in the gas or cell windows, the data should be interpreted as an upper
limit to the possible temperature dependence. Thus, the maximum temperature

dependence compatible with the data is 4 - 1077 °C~1,

B.5 Referenc_es
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Figure B.10: Variation of the relative refractivity of Nz vs temperature
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Appendix C

Dlgltal Frlnge Analysus
Algorlthm

We start with a discrete representation of the raw fririge signals
sP=14 caa( 7@ + ¢") + “noise”

sP =1+ cos(Tm + ) + “noise”

where k is the sampling index. Qur goal is to derive from these signals an
estimate of the phase of S{!) at a particular maximum of 502,

The first step is to filter the fringe éigna.lsi according to

) nll) :
S;EI) = > K- Sg-’z

I==nll)
nl?

'S'E)= > E‘Slg-):

I==nl2)
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where the symmetry filier F, is given by

-1 ifl>0
= 0 ifl=0.

1 ifil<o0
The filter half widths, n{Y) and nf? are chosen to yield, to within round-off
error, the relations nl!) = T(1)/2 and n(® = T13)/2, The symmetry filter serves
to attenuate the high frequency noise and to transform the extrema of S,(‘n and
S,Ez) into zero-;:rossings in 3,21) a.nd-S',Ez). These zero-crossings are located by
Newton’s method, i.e. by interpolating on the basis of the adjacent positive and
negative values. This results in arrays Z(1)(f) and Z(®*)(j) where { and j: index -
the successive maxima and minima of the orginal signals and where Z exprésses
the “time” of occurrence of the zero-crossing in units of the original sampling
index k. Since 7V and T'® are not known initially, they are derived iteratively.
From a default guess for n(!) and n(*) we calculate the arrays Z(1(1) and Z(?(;)
which then. are least-squares fitted against the independent variables ¢ and j.
The fringe periods TV and T*), which are given by twice the slope of the
fitted lines, are used then for a revised estimate of n{¥ and n{?), The iteration
converges rapidly, and needs only to be performed for the first run since T
and T vary insignificantly between runs. - _

The next step is to express the “times” of occurrence of the zero-crossings
of .-5",52) using zero-crossings of S’F’ as an effective clock. This is done by a point
by point interpolation; i.e., for each zero-crossing Z}z) we calculate

_ZW9() ~ 299(;)
T Z0(i; + 1) — Z200(3;)

+ i

where i; is the index for the zero-crossing Z(1)(;) which occurred most recently

prior to the zero-crossing Z(3)(5). This interpolation yields an approximately
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linear relation between the zero-crossings of 55" and 5} even in the presence
of non-uniformities in the original fringe scan rate. The array Z; is fitted in an
ordinary linear least-squares fitting routine against the independent variable j.
The relative frequency of the two 'fringe signals is given by the slope b of the
fitted line, and the phase ¢(1) of S measured relative to the “first” maximum

of S (2) i3 related to the lntercept a of the fitted line according to

4

af2 ifpM>0; pP >0

E_ (a-b)/2 ifp)>0; p® <0
2w (a+1)/2 ifpM <0; >0

| (a+1-0)/2 ifpM<0; p <0

where p(!) and p(®) denote the polarity of the first zero-crossing (s, 7 = 0) of 3(1)
and 5'( ) where positive polarity denotes a fringe maximum. If the condll'flon
p(2) > 0 holds, the “first” maximum of S (2) is the maximum at § = 0; otherwise
the “first” maximum is the virtual maximum at j = —1. _
| The least-squares fit achieves the highes_t precision in the relative phase of the
signals for fringes occurring near the center of the scan. Thus it is advantageous
to select’a centrally located feference fringe rather than e.g. the “first” fringe.
The relative‘ phase of signals at the reference fringe is given by
_ ¢(1) (1)

Pre (2)
21r 21r ta-Ap

where Ap? is the difference in the fringe order at the ‘first’ fringe and the

reference fringe. The fringe remainder ¢, is given by -

mOdﬂﬂr (¢ref
o

where fnodg,(:z:) denotes z modulus 27.



Appendix D
Hg Lamp: Use in Interferometry

D.1 Introduction

The relative refractivity measurements described in this thesis rely on the in-
terference fringes generated by the 4359.56 arxd 2537.27A lines of a low pressure
Hg lamp. Although the Hg lines have long been used for interferometry (see
e.g. Michelson and Morley, 1889), few previous applications have called for such
high fractional fringe resolution (1072 to 10~* of a fringe). At this level there
are many subtle features in the emission spectrum of Hg lamps (e.g. secondary -
lines, con-tinuum background, hyperfine splittings) which can contribute to the -
apparent fringe positions. The contributions may vary depending on the lamp
type, on the operating conditions, and on the method of spectral filtering. The
purpose of this Appendix is to summarize measurements of the various contri-
butions. | -

I have used two types of Hg lamps throug}rout these investigations. The first
is an electrodeless lamp supplied by Ophthos Instruments. This lamp contains

about 1 mg of *®Hg and 3 torr of Ar. The lamp is exited in a Broida cavity with

165
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5 watts of net input power at 2.42 GHz. The lamp is supplied with a quartz
jacket which is intended to be used for water cooling the lamp. Because liquid
water tends to absorb the microwave power, I found it convenient to cool the
lamp by forcing a flow of N; through the jacket. N; cooling achieves adequate
output-power stability and seems to extend the lamp life.

The second type of lamp is a standard “penray”-type lamp which consists of
a capillary “U” tube with electrodes at either end. These lamps contain a trace
of natural Hg and 50 to 100 torr of Ar. I operate these lamps at 7 milllamperes
of DC current using 500 V in series with a 5001 ballast reistbr and using only
passive cooling (e.g. embedding the lamp in an aluminum block). Lamp life is

extended by occasionally reversing the pola.ritg} of the power supply.

D.2 Interfering Spectral Lines

The energy level diagram of Hg I and the wavelengths of the more intense
emission lines are shown in Figure D.1. The 2537.27A (6s? S, — 6p 3P)) line
is well isolated from other prominent Hg lines. In a background gas of Ar,
however, a weak Ar line is present at 2535.47A. The 4359.56A (6p 3P, — 75%5))
line has potential interfering lines due to Hg at 4340.44A (6 ! P, — 7d 3D,) and
4348.72A (6p iPl —~Td 1 D,). All of these lines are transmitted through “stock”
1004 bandpass (FWHM) Hg-line intérference filters. The potentiallj-r significant

adjacent lines and relative intensities are summarzed in table D.1.
In the presence of interfering lines the “sinusoidal” fringes of a two-beam
interferometer consist of a superposition of the fringes of the primary line with

fringes of the interfering lines. Considering first the effect of a single weak
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Figure D.1: Energy level dia.gra.m of Hg I. The wavelengths of the more intense
Hg lines are given. The symbols 6p, etc., written near each level, indicate the

true principal quantum number and the 1 value of the

Herzberg (1944).

emission electron. From
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Table D.1: Hg lines near 2537.27 A and 4359.56 A.

Wavelength, A (vac) 2535.47 (ArII) 434044 (HgI) 4348.72 (HgI)
Transition Gp "Pl —7d s.Dg 6p I.P]_ - 7d lD]_

Relative Intensity :
for 1%¢Hg 0.0024° - 0.0057 0.014°
electrodeless lamp

Relative Intensity
for natural Hg 0.0001° ¢ 0.0010° 0.0040°
penray-type lamp :

%Relative ;o0 2537A line.
bRelative to 4360 li.ie. :
Measured with 2537A blocked by Hg—Ar absorption cell.

adjacent line, we can represent the total detector signal by;
S(z) = cos(2rz/Ag) + € cos(2nz/A") (D.1)

where z denotes the optical path difference in cm .and where ¢ is the ratio of
the intensity of the weaker line X' to the primary line Ag. To first order in € it

follows that-

S(z) = A cos(Z;-’f — ) (D.2)
_ 0
where

1 1
A=1+¢: cos(21r:z:(l\-(-]- - -Xi)) (D.3)

and '
& = ¢- sin(2rz(—~ — —)) (D.4)

- Ao AN )

Considering, for example, the interference of the 4348.72A line with the 4359.56A
line for which & /{; — ) = 402 and ¢ = 0.014, we find from Eq. D.4 that the
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phase of the fringe signal is shifted by as much as ¢/(27) = 2.2 - 1072 of a fringe
with a periodicity of 402 fringes.

The fringe shifts due to multiple interfering lines are additive. The effect
of multiple lines on the relative phase of the 4359.56A and 2537.27A fringes
is illustfated in Fig. D.2 where the fractiona1'2537.27A fringe count is plotted
versus the 4359.56A fringe count {relative to the zeroth order fringe) as nitrogen
gas is bled into the sample cell .(a linear regression to the 2537.27 A fringe count
versus 4359.56A fringe count has been subtracted from the data to allow the
small fringe shifts to be displayed graphically). An air-cooled electrodélegs “gﬁg
lamp with 1004 interference filters was employed. The short-term osciilations
are consistent with Eq D.4 for the combined effects of the interfering lines listed

_in Table D.1. (The overall curvature is due to the non-linear density deﬁghdehcg

of refractive index discussed in Appendix B.)

Interfering lines cause errors in the differential gés measurements if their
relative intensities are unsteady. I have found that the relative intensity of
some of the lines listed in Table D.1 can vary by as much as a factor of two .
during the first hour after turning on the lamp. The relative intensity of these
lines is also sensitive to the lamp excitation conditions. For example, I Lave -
observed a 50% increase in the relative intensity of the 4347.5A line caused by
increasing the net forwa.ra microwave power into the lamp from 6 watts to 22
watts. _ | :

Such errors can be grea.tly_ reduced by employing a custom 10A FWHM filter .
which is angle-tuned to eliminate the 4340,44 and 4348.72 A lines. [ have shown
that this procedure alone reduces the maximum errors in the relative phase of

the 2537.27 A and 4359.56A fringes to less than 510~ of a 2537.27A fringe.
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D.3 Continuum Background

Broad-band and continuum emissions, which have been attributed to Hg-Hg or
Hg-{inert gas} dimers, have been observed in electrically discharged or optically
excited mixtures of Hg and inert gases (Mitchell and Zemansky, 1971 pp 87-89).
Because continuum emissions which happen to lie within the band-pass of the
Hg-line filters could lead to errors in fringe position (particularly at low optical
path differences), I undertook to measure the continuum background of both
the electrodeless- and “penray”-type lamps in the vicinity of the 2537.27 and
4359.56 A lines. - | _

The lamp emission was examined with a grating spectrometer and photomu-
tiplier detector. In order to reduce scattered light in the spectrometer caused
by Hg-line emissions, an int'erferenc.:e filter was.placed. between the lamp and
the spectrometer. For measurements in the vicinity of the 4359.56A line, a 10A
bandwidth angle-tuned interference filter was employed which could be tuned
to either side of the 4359.56A line. For measurements in the vicinity of the
2537.274 line, a 1004 filter was used which effectively rejected all prominent
Hg lines except the 2537.27A line. The intensity of the 2537.27A line was t._l_len
further reduced (by a factor of 15 and 150 for the *¥Hg and natural Hg lamps
respectively-) re]a.t;n-re fo adjacent spectral regions by intérposiﬁg between the
lamp and the filter a 10 cm absorption cell saturated with Hg vapor and filled
with 1 atm Ar. The spectrometer was then scanned over the transmission band
of the filter, and the difference between the photomultiplier count rate and the
photomultiplier dark count was recorded.

The measurements confirmed that the continuum-background emissions from
these la.ﬁlps are very weak. Upper limits to the continuum-background intensi-

ties were estimated based on the photomultiplier dark-current and other noise
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Table D.2: Continuum background intensities of Hg lamps.

lamp type 4410-4420 A° 2500-2600A¢

Electrodeless lamp %®*Hg® < 1-10"5A-! < 2.5-10"%A1¢

Penray lamp, natural Hg* < 6.5.107854A"'¢ < 2,5.10"54-1

SIntensity per A bandwidth relative to total intensity of 4359.56A line.
bIntensity per A bandwidth relative to total inteneity of 2537.27A line.
¢Net 3 watts into lamp cavity.

4Valid outside of 5 A of the 2537 A line.

“TmA DC lamp current.
sources {e.g. the uncertainty in the intensity of the wings of the Hg lines caused
by the spectrometer slit function) and are indicated in Table D.2. The upper
limits are sufficiently small that the continuum background emission cannot
lead to significant errors in fringe position even if stock interference filters (100A

FWHM) are used to isolate the 2537.27A and 4359.56A lines.

D.4 Hyperfine Structure

Natural Hg consists of four even and two odd isotopes as summarized in Table
D.3. The hyperfine splittings of the 2537.27 and 4_.359.56 A emission lines contain
contributions from both the mass isotope effect and nuclear spin interactions.
The splittings have been measured and terms identified by Schiiler and Keystone
(1932) and are summarized in Table D.3. The even isotopes, with I = 0,

each contribute a single component. The odd isotopes, *®Hg and 2**Hg, each

contribute a multiplet of componernts because of nuclear-spin interactions.

The use of a natural Hg lamp as an interferometric source has two limita-
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Figure D.3: Hyperfine spectrum of the 2537A and 4358A lines of natural Hg
from a water cooled DC discharge lamp from Schiiler and Keyston (1932).
Components of 1%Hg are labeled with capital letters A, B, etc., components of
01Hg are labeled with small letters a, b, etc., and components of even.isotopes
are labeled by X. Hyperfine splittings are in units of 102 ¢cm™1.
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Table D.3: Hg stable isotopes, natural abundaﬁces, and nuclear spin®

- Atomic no. Natural Abundance, % Spin, I
198 10.02 0
199 16.84 i
200 23.13 0
201 13.22 2
202 29.80 0
204 8.85 0

tions:

%Chemical Rubber Company, 1974,

The coherence length of the lines is limited by hyperfine structure. For
the present application this is not a serious {imitation because the effec-
tive optical-path-lengﬁh used for the relative refractivity measurements is
typically 0.4 ecm, which is short compared to the coherence length of nat-
ural Hg. The coherence length ﬁmita.tion of natural Hg would preclude

the extension of the method to longer optical paths, however.

The mean frequency of the emission lines varies with lamp operating con-
ditiohs because of variations in the relative intensity of the different hyper-
fine components. This is a more serious difficulty because it leads directly
to shifts in the relative position of the 2537.26 and 4359.56A fringes. I
have found that the ratio of the mean frequency the 2537.26 and 4359.56
A lines is sensitive at the 5-10~7 level to cl_la.nges in the anode current of

“penray” lamps filled with natural Hg.



D.5. BROADENING AND FREQUENCY SHIFTS OF 'HG 175

D.5 Broadening and Frequency Shifts of %¥Hg

The coherence limitations of natural meréury have long been recognized (Mich;l-
son, 1892); Although it was obvious by the 1930s that these limitations could
be overcome by preparing Hg artificially ﬁith a single even isotope, tﬁis was not
realized untii the 1940’s when it became possible to prepare sufficient quantities - -

of *8Hg by neutron bombardment of gold (Weins, 1946). The preparation of
1%Hg proceeds according to

197Au +n —1%8 Ay

198Au — 198 Hg + ﬁ_l-

A slight impurity of 1%°Hg has been detected in such artificially prepared Hg
which probably results from neutron capture of the °Au and subsequent decay
to ¥9Hg (Meggers and Westfall, 1950). _ _

The spectral lines of isotopically pure *®*Hg are broadened predominantly
by two mechanisms: (1) Doppler broadening due to the motion of the molecules
relative to the laboratory frame of reference, and (2) Lorentz broa.demng due to
colhs:ons W1th background gas molecules. Assoc:a.ted W1th Lorentz broademng
isa shlft in the spectral emission frequency '

~ Doppler broadening leads to a frequency distribution of emission givén by

(see e.g. Mitchell and Zemansky, 1971, pp. 99-100)

| F(v) = Foe [ﬂz_}gﬂmr

where Avp is the Doppler breadth given by

Avp = 2vV2In 223/ ==,
cV M
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The simplest theory of Lorenz broadening which takes account of both

broadening and frequency shifts leads to a frequency distribution of emission

given by
1

Fly) =
) (vo + Avo — ¥)? + (%"'ﬁ)z

where Ay is the frequency shift and Avy is the Lorentz half-breadth of the
line. A more accurate theory would also take account of possible assymmetry
in the emission lines (see e.g. Lenz, 1924), which can be neglected in the limit
of low pressure. Experiments on Lorentz broadening show that the Lorentz
half-breadth and the frequency shift Av, is proportional to the background
gas pressure. It is common to express the Lorentz half-breadth iﬁ terms of a

collision cross section oz according to

2 11
Ay = 20,2 Ny/f2 RT(—— -—)
L= 1oL st

where M, amd M; are the atomic weights of the emitting species and back-

ground gas respectively and N is the background gas number density in molecules

per cm®.

Table D.4 lists values for the Doppler widths, Lorentz widths, and Lorentz
shifts for the 4359.56A and 2537.27A lines in Ar at 300 K.

High contrast fringes have been achieved with the 4359.56 A lines as well as
most other ¥ Hg lines with optical path lengths as large 25 30 cm (Kaufman,
1962). This is consistent with the limitation imposed by Doppler broadening.
The 2537.27A intercombination line, which is subject to self reversal, does not
achieve such high coherence lengths, although useful efalon fringes have been
attained at a 5 cm spacing (Kaufman, 196_2).

Kaufman (1962) has measured the emission lines of a water-cooled **Hg

lamp to an accuracy of £0.0001A, and he considers the following lines to be
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Table D.4: Broadening and frequency shifts in **%Hg

Hg lines _ 2537.27TA  4359.56A

(39412 cm™Y) (22938cm™!)

Doppler width @ 300K 0.035 cm™! 0.020 cm™?

Lorentz broadening in Ar

width Ay per torr Ar 0.0004 cm™1@ —
shift Av, per torr Ar® 0.00016 cm™1e - —

0.0003 cm™1¢ 0.0004°

“High pressure measurements of Fiichtbauer et al. (1923).
bShifts are towards longer wavelength.
“Based on 198Hg lamps filled with 0.4 to-10 torr Ar (Kaufmann, 1962).
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acceptable as length standards: 2537, 2652, 2753, 2894, 2068, 3022, 3126, 3342,
3651, 4047, 4359, 5462, and 5771 A. Based on the magnitude of the Lorentz
shift, one would expéct the emission frequencies of these lines from a lamp filled
with 3 torr of Ar to be stable at the 102 level even in the presence of a 100°C

change in lamp temperature.
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