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PREFACE

My studies in Environmental Science began a little over twe years
ago. In this dissertation I have collected my initial attempts at un-
derstanding some aspects of the effects of human activities on the glo-
bal environment. I have written this dissertation with a very broad
group of readers in mind. Any one reader is likely to find many parts
which can be skipped without losing sight of the reasoning leading to
the conclusions. 1t is a common belief that a dissertation is not
widely read. I have also kept this in mind, and so, to a certain ex-
tent, I have written this work for myself. It collects together the
framework and calculations in such a way as to allow me to reconstruct
my thinking at a later time. Then, the points of view taken can be re-
evaluated, reiterated, discarded, or improved upon as the need arises.
It is possible for any other reader to do the same. The work is sim-
ple and expressed in detail, but I have not been able to arrive at any
firm conclusions about who would benefit most from reading it. Io this
regard I quote Melville: "worth the consideration of those to whom it
may prove worth considering.”

I want to take this opportunity to thank those who were a part of
this work.

Professor R. A. Rasmussen introduced me to this field and guided
the research. He provided the financial support to carry out the work

and gave me numerous opportunities to travel to meetings and courses in
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various parts of the U. S. and Canada. Dr. Rasmussen provided the re-
quired measurements on which this work is based. He provided constant
encouragement, taught me, advised me and allowed me to collaborate with
him through almost daily research meetings. It is not possible to list
all that Dr. Rasmussen has done on my behalf, but I am extremely grate-
ful for all his efforts.

Without the encouragement and support from my wife, Giti, this
work could not have been completed. I am most grateful to her.

I thank David Pierotti, whose critique of this work has led to
many improvements. I also thank John Rau, whose keen gquestioning has
helped to improve the work. Furthermore, David Pierotti and John Rau
have provided encouragement and friendship during the past two years
which have been an invaluable aid in completing this work.

Dr. Douglas Barofsky was instrumental in getting me to OGC and
making it possible for me to start in this field. During the past two
years I have benefitted from numerous discussions with him. He has
been the chairman of my scholastic committee and his advice and plan-
ning ip this capacity made it possible for me to complete this intensive
program within the planned time. Dr. Barofsky also served on the dis-
sertation committee. T thank him for all his efforts on my behalf. I
thank Dr. John Cooper and Dr. Jzmes Huntzicker. I have lezarned from
them and benefitted from numerous discussions with them, as well as
their support of my work. I also thank Dr. Fred N. Alyea (Georgia In-
stitute of Technology) for reading the dissertation, providing a cri-

iv



tique and several discussions.

I have benefitted from discussions with many other colleagues
and friends -- most notably Dr. John G. Watson, Jitendra Shah, Lorne
Isabelle, Ken Norton, George Nelson, Dr. Edward Kushner and Dr. Michael
Gold. I thank all of them.

I thank Ms. Edie Taylor who typed this long dissertation with in-
telligence, speed, accuracy and style which made the production of the
dissertation seem so easy.

I thank Ms. Maureen Seaman and Ms. Chris Lightcap of the OGC Li-
brary for obtaining many papers and books which were needed to conduct
the research for this dissertation. Finally, I thank Ms. Barbara Ryall
for drawing most of the figures.

This work was supported by the National Science Foundation
Grants DPP 77-23468 and ATM 78-09711 and by the National Aeronautics

and Space Administration grant NSG 7457. I thank Dr. Fred Dehn of PP&G

Industries for financial support which was used to initiate the studies
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ABSTRACT
TOPICS IN THE BEHAVIOUR OF

ATMOSPHERIC TRACE GASES

Mohammad Aslam Khan Khalil, Ph.D.

Oregon Graduate Center, Beaverton, Oregon, 1979

Supervising Professor: R. A. Rasmussen

This dissertation is divided into two parts. The first part
deals primarily with the lifetime, distribution, and implications of
methyl chloroform (CH3CCl3z) in the global environment. Part II deals
with some theoretical considerations which support the calculations in
Part I. The second part also contains a preliminary analysis of CHCLF;
(F-22) in the atmosphere.

The results of a budget analysis of CH3CCl; imply a total global
lifetime of between 7 and 10 years. The lifetime of 9 years is most
consistent with the data. Similar amalyses of CFClg (F-11) and CCl;F,
(F-12) indicate that the lifetimes of these gases are greater than 20
years. The lifetime of CH3CCljz due to HO radical interactions is con-
sistent with average ground level HO densities of approximately 6-7x10°
molecules/cm3. These are used to calculate the lifetimes of many other
trace gases which are, or may become, important in understanding the

global atmospheric enviromment. Most notably, the lifetimes of CH,,
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F-21, and F-22 turn out to be approximately 14, 3 and 23 years respec-
tively. The long CHy lifetime has a variety of implications for CO
production in the atmosphere as well as the budget of CHy. The data
base used for the calculations is in general different from that used
in other analyses discussed in the literature. Furthermore, new equa-
tions were derived to carry out the studies discussed in this work.

It was also found that the emissions history of CH3CCl3 shows
cyclic fluctuations superimposed on the exponential growth. Including
such fluctuations into the theory brought the observed growth of
CH3CCl; concentrations in the atmosphere in coincidence with the theo-
retically predicted growth rate. The observation that the ratio (RO)
of CH3CCl3 (concentration) in the northern eand socuthern hemispheres
has been changing was also properly explained by the cyclic fluctua-
tions of the emissions. Thus in earlier years (before 1975) it is
likely that there was a greater excess of CH3CCl; in the northern hem-
isphere (compared to the southern hemisphere) than there is at this
time. Other possible explanations of the changing ratic did not agree
with observations. The theory used to study this ratio (RO) was ex-—
tended to derive a simple criterion for deducing the presence of sig-
nificant southern hemisphere sources of trace gases. It was found that
CH=CH (acetylene), C,Hg, CpH,, CO, COS, and several other relatively

short-lived trace gases have southern sources.
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In Part II one of the studies centered around the global analy-
sls of CHC1lF, (F-22). Current global concentration of about 47 ppt
was greater than could be explained by the accep;ed emissions estimates.
Several explanations of the excess were offered. These included the
possible slow conversion of F-12 to F-22 and sources other than direct
F-22 emissions from the manufacture and use of this compound. Other

aspects of Part II will not be discussed here.

The global measurements, on which all the theoretical considera-

tions are based, were made by R, A. Rasmussen over the past five years.
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CHAPTER 1. INTRODUCTION

"Deep in the human unconscious is a pervasive need for a logical
universe that makes sense. But the real universe is always one
step beyond logic.” (Framk Herbert)

Today, environmental pollution linked to human activities mani-
fests itself in more places, more forms and with a greater magnitude
thao ever before. The point has been reached where the possible future
deterioration of the environment has seized the attention of rapidly
increasing numbers of scientists as well as the society in general.

This focus of attention is particularly acute in the highly industrial-
ized nations of the world where most environmental pollution originates.
The scientific study of the enviromment and 1ts changes due to anthro-
pogenic activity has already become extremely broad and occupies a large
portion of the current scientific literature. It is becoming clear that
the environment is changing, possibly towards a dangerous state for many
forms of life on earth, ipcluding man. Global envirommental pollution
is just one aspect of the general problem, but 1t is particularly insid-
ious. The studies T will report in this dissertation are directed
towards some particular aspects of global environmental pellution.

There are many examples of global pollution caused by human activ-
ities. Some examples have received such widespread public attention that
they have gone beyond the esoteric domains of current science to become
general knowledge. This category includes global PCB (polychlorinated
biphenyls) and DDT contamination. It includes the growing concern about

the potentially dangerous effects from partial depletion of the strato-



spheric ozone layer. This depletion could be caused by continuing
emissions of man-made fluorocarbons 11 and 12 (CFCliy and CFCly), as
well as other chlorine—containing gaseous emissions (e.g., CH3CCljz).
The ozone layer is also threatened by growing use of nitrate fertili-
zers which add to the natural N,0 burden of the troposphere, which in
turn yields NO and NO, in the stratosphere causing catalytic destruc-
tion of ozone (see Crutzen, 1971). Research on the fate of the strat-
ospheric ozone layer has prompted many experimental and theoretical
studies of the atmosphere itself as well as other long-lived chlorine-
containing anthropogenic gases in the atmosphere. The study reported in
this dissertation is one of these. The increases in the tropospheric
burdens of C0; as well as F-11, F-12 and N,0, from anthropogenic activ-
ities have also received considerable attention due to the concern that
these gagses will enhance the earth's greenhouse effect, leading to
higher global temperatures and consequent changes in climate.

The total global environment is an extremely complex system with
intricate connections among 1ts components. These are many feedbacks
and symergistic effects even in the stratospheric ozone problem (see
for example: Groves et al., 1978; Groves and Tuck, 1979; Boughner,
1878; Chameides and Walker, 1975; and Yung et al., 1979). It is,
therefore, difficult to isolate one trace gas for study. Nevertheless,
in order to embark on a study of the global atmospheric environment, it

is possible to delineate some steps. (1) First, the potentially dan-



gerous emissions have to be jidentified. Once identified, an assess-
ment of the current state of affairs has to be made. This includes
global measurements and evaluation of the emissions, past and present.
Once we have a good grasp of the sources, sinks and lifetimes, these
are coupled to the physical and chemical properties of the trace gas
leading to an evaluation of the types of envirommental perturbations
it is capable of causing. It often happens that the worse effects of
the trace gas are expected in the future. (2) Next, estimates have
to be made regarding probable future emissions of these compounds.
Then, the concentrations expected in the future can be quantified and
the direct environmental effects can be evaluated. For example, vari-
ous types of projections of the future uses of F-11 and F-12 are used
along with information from (1) to tell us how much ozome depletion to
expect in the future. (3) Lastly, the expected alterations of atmos-
pheric composition are translated into ecological effects. For exam-
ple, in the case of the ozone layer, one may calculate the expected ef-
fects on human health, or on crops and climate, based on the depletion
of the ozone layer found in (2). Much of the work reported in this dis-
sertation falls into step (1) with a few excursions into step (2). With
this framework in mind, a preview of the dissertation is presented next.
The dissertation consists of two main parts. The primary subject

of the first part is the trace gas methyl chloroform (CH3CCl3). Based



on current knowledge, it appears that CH3CCl; is entirely man-made. It
has been emitted into the atmosphere Iin ever-increasing amounts for
nearly thirty years (about 1.1 billion lbs. were emitted in 1978).
CH3CClz is an industrial degreasing solvent and is generally released
to the atmosphere within a short time after production. The possible
dangers of CH3CCl3 are similar to those from emissions of fluorocarbons
11 and 12, namely its contribution of stratospheric ozone depletion and
enhancement of the greenhouse effect. It is one of several gases which
contribute chlorine to the stratosphere by its UV photodissociation in
the upper atmosphbere. As such, it is just another straw on the camel's
back. From a different sclentific point of view, study of CH3CCl; is
capable of providing new information on atmospheric processes in gen-
eral -- it serves as a test gas to obtain information which can be ap-
plied to cther trace gases about which our knowledge is incomplete.
There are several reasons why CH3CCl; fits into this role. It has a
source whose strength (emissions per unit time) and location are rela-
tively well-known. Furthermore, its major sinks are few and strong
enough to give it a lifetime of 7 - 10 years. This allows for studies
of fiper structure in its behaviour that would otherwise be impossible.
Very long-lived trace gases, in general, require a long wait while the
observational data base is built, before one cap draw firm conclusions.
Much shorter lived trace gases have highly variable concentrations, gen-
erally requiring greater spatial coverage of observations which are sel-

dom available- The first two chapters contain an analysis of the life-



time of CH3CCl; and its implications for the lifetimes of several

other trace gases which are, or threaten to become, important in the
study of the global atmospheric environment. Chapters 4 and 5 consider
the effects of cyclic fluctuations in the emissions of gases to the at-
mosphere. The information which can be obtained by studying the inter-
hemispheric differences im the abundances of trace gases 1s also con-
sidered in these chapters. This includes a criterion for deciding
whether a trace gas has southern hemisphere sources. In all these con-
siderations CH3CClj not only plays the role of an example, but the stud-
ies also reveal new information on the behaviour of CH3CCly itself. In
the last chapter of Part I, attention is directed towards the possible
future concentrations of CH3CCl;. The studies provide information on
sources, sinks and lifetimes of CH3CCli, which are 211 necessary ingre-
dients in evaluating the future of CH3CClz. The theory which is devel-
oped is tailored to fit, as closely as possible, the nature of the se-
lected data base.

It is no secret that global environmental studies contain many
uncertainties. The risk of waking sizeable errors in such analyses is
always large. Generally, there are two major sources which contribute
to this risk. First, there are uncertainties in the observational ba-
ses. Thils includes uncertainties in reaction rate constants, global

measurements of amblent concentrations, and estimates of the global



sources. The second contributor to the risk of making errors 1s the
theory used to tie observational knowledge into a consistent framework.
This includes risks from oversimplification of the physical processes,
but simplified theories require less observational information to yield
results. Paying proper attention to details of the physical processes
governing the atmospheric behaviour of trace gases leads to immensely
complicated theories. Such theories are not only challenged on the
ways by which the physical processes are incorporated, but they also
require knowledge of many more physical variables none of which are ac-
curately known. It also becomes increasingly difficult to arrive at
and convey an intuitive understanding of the results. Furthermore, the
choise of theoretical framework is also based on the nature of the
questions one wants to answer and the data base available. 1In this
dissertation attempts were made to weigh these factors. The resulting
theoretical framework has the advantages of simplicity, solvability and
compatibility with the available data, but the risk of errors could not
be eliminated.

It should be pointed out that the steps discussed earlier each
contains its own uncertainties as well as those propagated from the
steps before. It becomes exceedingly difficult to accurately quantify
future ecological change caused by anthropogenic activities.

As mentioned earlier, there is extensive current literature on

the behaviour of anthropogenic trace gases and their dangers to our en-



vironment. This will be discussed where appropriate. Review and dis-
cussions of the greenhouse effect and other climaric changes due toc an-
thropogenic activities may be found in Gribbin (1978), Ramanathan
(1975) and Wang et al. (1976). The theory is discussed elegantly in
Houghton (1977). Reviews of stratospheric ozone depletion can be found
in Gutowsky (1976: NRC Report), Budson (1977) and Johnston (1975).

The CIAP monographs (see CIAP, 1975) are an extensive guide to tech-~

niques and information available before 1975.



PART IL:

A STUDY OF METHYL CHLOROFORM

AND ITS IMPLICATIONS



CHAPTER 2. LIFETIME CALCULATIONS:

GLOBAL BUDGETS

(a) Introduction

There are twe basic methods available for calculating the life-
times of trace gases. One method is to consider the global budget.
This method is usually described by the mass conservation equation which
contains the relationship between the three fundamental variables:
sources, ambient concentrations and the loss processes of the trace gas
in question. All these variables are distributed in space and time,
i.e., their values are functions of space-time variables. Dispersal
of the trace gas is also included, but this is a physical variable of
the atmosphere. Whenever any two of the variables (S, &, 1) are known,
the third can be determined. Generally, the sources (magnitude and
distribution) and the ambient concentration are determined experimen-
tally and the lifetime chosen to balance the sources and the observed
ambient concentrations.

This chapter contains the results of applying budget methods to
CFCly (F-11), CC1,F, (F-12) and CH3CCl3. Similar methods can be ap-
plied to other trace gases as well. The major emphasis of the work
discussed here is on CH3CClz. For F-11 and F-12 the data required
have to be much more detailed in order to properly apply the budget

methods. Still, the data available are analyzed and conservative con-
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clusions are drawn (1 > 20 yrs). It should also be pointed out that
the data used here are all part of a self-consistent series of meas-
urements made by Rasmussen (personal communication) since January of
1975. The data are tabulated in Appendix I.

The second method of determining lifetimes does not require the
knowledge of either emissions or ambient concentrations. This method
delineates the sink mechanisms and then, using the available informa-
tion, estimates the global effect of each sink mechanism. For exam-
ple, when the loss of a trace gas in the troposphere is due entirely to
reactions with HO radicals, the lifetime is sometimes estimates by T =
{K T§6T)‘1 (K is the reaction rate constant at the average tropospheric
temperature, and TEGT the globally time-averaged HO radical density).
Such a method will be discussed in detail for many trace gases in the
next chapter (3).

The lifetime of a trace gas, along with the mechanisms (includ-
ing products) which lead to the destruction of the trace gas, are the
key ingredients determining the effects of the gas on the global en-
vironment. Furthermore, knowledge of the lifetime is an essential in-
gredient in determining the future accumulation of the trace gas and

in general its future environmental effects.
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(b) The Method of Global Averaging: Application to CH4CCls, CFCl,

(F-11) and CCl,F, (F-12)

Part 1.

The type of budget method used to analyze the behaviour of a
trace gas is, to a large extent, dictated by the type of data avail-
able on the sources and concentrations. The data used for this analy-
sis have been obtained by Rasmussen (personal communication) over the
past five years at remote sites ( ~ 45°, U. S. Pacific northwest, and
~ 90°, south pole). These data are reported in the section of this
chapter in Appendix I. The simplest way to obtain a lifetime is to

consider a global average of the mass conservation equation given by:

e =8 -nE (2.1)

where £ is the average mixing ratio, S the source strength in pptv per
year and n 1is the reciprocal of the globally averaged effective life-
time. There are several ways to use eqn. (2.1). The following method
is proposed as one possible way to evaluate the lifetime. Egn. (2.1)

is first rewritten as df = Sdt -~ nZdt, then integrated, giving:

AZ = E(T) = E(0) = S, - ng, (2.2)

n=1/

w
1]

T T
,= f s(de 3 g, = f &(t)de (2.3
(o] 0



Therefore,

N 2.4
T = 5, - ot (2.4)

Note that S _ is the total release of the compound under consideration,
between time 0 and time T. AZ 4is the difference of the mixing ratio
between measurements at time 0 and time T. £, does not have a clear-
cut intuitive meaning. In this aralysis £ is deduced from the meas-

urements by:

_ -1 - .
£ = GET N ET =35 (En + Es) (2.5)
N N
T S
a = E—[ l+§N—‘] (2.6)
© T
L = Eu/iT (2.7)

ET is the average tropospheric mean mixing ratio of the trace gas. It
is assumed to be given by %—(E; + 5;) where E; are the measured mixing
ratio at the high northern latitude location (here ~ 45°N) and E; the
high southern latitude mixing ratic (here ~ 90°S). 1In Chapter 8 this
equation is justified in detail. a transforms the tropospheric aver-

age wixing ratio, § to the total global mixing ratio, £. & is the

T)
ratio of the total global burden (number of molecules) of a trace gas
to N_ (total mo. of molecules of air in the troposphere and the strato-

sphere). Therefore, in egns. (2.6) and (2.7), NT is the number cof mol-

ecules of air in the troposphere, NS the number of molecules of zir in
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the stratosphere, and Eu is the mean concentration of the trace gas in
the stratosphere. o i1s often very difficult to evaluate because it
requires stratospheric measurements of the trace gases. Fortunmately,
the stratospheric burden of most trace gases of interest here makes a
relatively small contribution to the lifetime. This is true as long
as the total lifetime of the trace gas is due to tropospheric sinks

as 1is the case for CH3CCly. (See Appendix I for o and z.)

AE is determined in the same way as £, and S is the source in
number of molecules emitted per year divided by N_ ( = NT + Ns). Chap-
ter 8 may be consulted for further details on Ns and NT.

There are some nice features of eqn. (2.4) which ought to be
mentioned. First, the knowledge of the source need only extend over
the period from time O to T. The equation does not depend on the re-
lease history at times before measurements began (here t = 0 is at Jan-
uary 1975). Second, £, is an integral of £(t) which includes data
over several years, so that £, is not likely to be influenced by ran-
dom measurement errors. Third, the lifetime is still susceptible to
errors of absolute accuracy, but this is somewhat moderated because §
appears in both the numerator (as £,) and the denominator (as Af).

This method is suitable for calculating lifetimes when several years
of discrete measurement data are available.

In this study, S, is simply the sum of the emissions from 1/1975
to 1/1979 (0 to T) -- the first measurements were made in January 1975

and the last in this series (so far) were made in January 1979. &, is
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calculated by first deriving a functional form for E(t) as £(t) = 50

est, 50 and B are deduced from least squares fits of Inf as a function

of time, where the ¢ are known from measurements at January of each
year since 1975. 1In this way the measurements of a trace gas at spe-
cific times during O - T are converted to a continuous function for
incegration in eqn. (2.3).

For CH3CClj3 the lifetime according to eqn. (2.4) is 8.5 years.

The following table describes the results of the calculations:

Table (2,1): Lifetime of CH3CClj.

Conditions Lifetime (Yrs.)
l.z7=20.2 8.5

2. ¢z =0.25 8.7

3. £ = 1.0 12

4.7 =0.2, £y = 0.9 7

5. £ =0.2, $§; =1.15 7

6. £ =0.2, £; = 0.9 and Sy = 1.15 6

The first three conditions are related to the stratospheric burden of
CH3CCl3. Condition 3 is not possible because it implies that the
CH3CCl3 mixing ratio is constant from the ground to the top of the
stratosphere (stratopause, ~ 50 km). However, this is the longest
lifetime calculated from the data. 1In condition 4, it 1s assumed that

the measured numbers are consistently high by 10% (see Rasmussen, 1978),
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and that the true £ is 1907 less than that derived from the data. 1In
condition 5, it is assumed that the estimates of emissions are tco low
by 10%, and lastlyv, in condition 6, it is assumed that conditions 4
and 5 are present simultaneocusly.

From this analysis it appears that the lifetime of CH3CCljy is
between 7 and 9 years, with the value of 8.5 years as being the one
most consistent with the data. Details of the calculations are given
in Appendix I.

An analysis of CFCl3 (F-11) by this method yields a lifetime of
56 years. If the measured numbers are too high by 10% or the source
too low by 10%, the lifetime is 32 years.

In applying the method to CC1,F, (F-12) it turned out that S, -
Ag < 0, implying that there was more F-12 zaround than could be expected
from the release data. On the other hand, the excess is small, so
that further speculations as to the cause of the excess are not appro-
priate without more darta. If the source term assumed here is in-
creased by 107 and the measurements reduced by 10%, the lifetime turns

out to be 70 years; so one may say that 1 70 vears according to

>
F-12 ~
Rasmussen's time series of measurements and the source data.

The data for the emissions of CH3CCl; is raken from Neely and
Plonka (1978) and Neely and Farber (1979). The emissions data for
CFCl3y and CCl,F; are taken from MecCarthy et al. (1977) and Alexander

Grant and Co. (1979). ¢ can be deduced from the paper of Crutzen et

al. (1978).
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Part 2.

There is another simple method based on eqn. (2.1) which can be
used to calculate the lifetimes. This method depends on solving eqn.

(2.1) as:

-nt a bt -nt
o + b + 7 ( ¢ )

(2.8)

The interpretations of £, n and S remain the same as before. 50 is
the mean mixing ratio (including troposphere and stratosphere) at t =
0 and the source is described by the function S = aebt. The (a) and
(b) in the source function are derived by least squares fits to 1n S
as a function of time. The (a) is corrected slightly to derive a con-
tinuous version of § from discrete yearly estimates. The correction
factors are derived and discussed in Chapter 9. For CH4CCl;, {a, b)
turned out to be (14.7 pptv/yr, 0.105/yr). Once again the source has
to be known only for the period during which measurements were made,
as long as there is mo desire to theoretically determine 50. In this
method several values of n are tried to see which one reproduces weas-
ured values the best. The results of the calculations for CH3CClz are
given in Appendix I. These results (CH3CCl3) are plotted in Figure
(2.1). The graph indicates that t(CH3CCls) is: 8 yrs < t(CH3CCl3) < 10
yrs and 1 = 9 years is in best agreement with the measurements. The
10-year lifetime predicts higher than measured concentrations for four

of the five measurements, but the difference is not large. If inaccu-
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rate, it is more likely that the measured values are too high com-
pared to the true concentrations, so T = 10 years is not a good esti-
mate. 8 - 9 years is most likely, and this is in agreement with the
results of the last section. When the same calculations were repeated
assuming that the measured mixing ratios are too high by 19%, the best
lifetime predicted by eqn. (2.8) turned out to be 8 years.

F-11 and F~12 were not treated by this technique, because their
lJifetimes are long, and the predicted graphs bunch uvup so much that it
is difficult to distinguish the best lifetime from a host of predicted
graphs. In the next section more attention will be devoted to these

compounds.

{c) The Method of Hemispherical Averages

Since the data on which the calculations of this chapter are
based consisted of measurements in both northern and southern hemis-
pheres, it is most appropriate to consider a theory with hemispherical
averaging rather than global averaging. It should be pointed out that
the global averaged theory has certain advantages over the hemispheri-
cally averaged theory. These will be discussed later. The theory with

hemispherical averaging is written as (mass conservation equation):

d - _ _ _ .

;;gn = Sn nnan nT(ED 55) (2.9

4 E = - + n. (- &) 2.10)
s nsis NSy gs (2.

dt
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The assumptions made here are that there are no (or insignificant)
southern hemisphere sources and that the average lifetime of the trace
gas in the northern hemisphere is Th (= l/nn) and in the southern hem-
isphere it is o ( = l/ns). Sn are the emissions per unit time divided

by % N_ (rather than N ). r = l/nT) igs the mean interhemispheric

o (

transport time. En and Es’ analogous to £ of the last section, are
the mean northern and southern hemisphere mixing ratios (including the
troposphere and the stratosphere). These variables will be discussed
again in more detail, particularly in Chapters 3, 8 and 10.

The formulation of the theory by egns. (2.9) and (2.10) has the
following technical problem (as opposed to the many philosophical prob-
lems): The measurements are at high latitudes and thus £ (meas. 45°N)
F gn and £ (meas. - 90°S) # as' In other words, the measured mixing
ratio at the Pacific northwest location has to be corrected to not only
take into account the lower stratospheric mixing ratio, but it also has
to be corrected to take into account the decrease of the mixing ratio
as one moves towards the equator. Similar statements apply to gs. It
is a typical features of all trace gases released in the high ( > 30°N)
northern latitudes that their mixing ratioc declines with distance from
about 30°N to 30°S before leveling off to a reasonably constant value
(close to that observed at the south pole). More detailed independent
latitudinal measurements of CH3CCly, CFCly and CC1l,3F, all suggest a

simple latitudinal model which is discussed in detail in Chapter 8.
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The result of this model is that the measured mixing ratios at remote

high latitudes can be converted to hemispherical averages by the fol-

lowing equation:

(b - 3)

gn b - 2¢O
- (b - a)

55 = a3 + 2¢O
¢ = w/6 radians

0

b = £ (measured at 45°N), a = £ (measured at -350°S).

With these assumptions in mind,

(1 - cos ¢O)

(2.11)

(2.12)

it is now possible to construct solu-

tions of eqns. (2.9) and (2.10) analogous to those discussed in the

previous section.

The simplest golution is analogous to eqns.

gives:
= - 12
Agn Sn* Ta®n
A = —
£ Nbex
or:
T = En*
n Sn* - AE

(2.2) - (2.4) and

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)
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n s
T = T (2.18)
r)n(r’n* + rlsgs

The meanings of the symbols are obvious, but they are reiterated in
Appendix II. T inm eqn. (2.18) is a composite total lifetime and is a
weighted average of T and 1

A new variable, T has been introduced. Its value is not known
precisely, but its main effect on the lifetime of CH3CCl; is to distrib-
ute the sink strength over the hemispheres, rather than affect the to-
tal lifetime t. Calculations for CH3CCly, based on equations (2.15) -

(2.18) yield the results given in Table 2 below:

Table 2: CH3CCl; Lifetimes in a Hemispherically
Averaged Theory

%

Tr (yrs) 1 1.2 1.4
T (yrs) 8.5 8.5 8.5
T (yrs) 27 12.3 8.9
TS (yrs) 4.4 )

It is not surprising that the total lifetime comes out the same as in
the previous section. The interhemispheric lifetime of one year is

very unlikely, because it predicts a difference between T and T, which
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cannot be explained by current knowledge. Tr = 1.2 or 1.4 yrs. are
both reasonable and relatively small compared to previous estimates
(see, for example, Chang and Penner, 1978). This will be discussed
soon. If To is taken to be 1.4 yrs, then the L and Ts are about the
same. If Ty is taken to be 1.2 yrs. then the lifetime of CH3CCljz is
about twice as large in the northern hemisphere as in the southern hem-
isphere. At this time I tend to favour the result of T, = 1.2 yrs.
There 1s a good possibility that the HO densities in the southern hem-
isphere are significantly higher than in the northern hemisphere. The
most recent measurements of CO indicate a large difference ( ~ factor
of 2) between the two hemispheres, being higher in the northern hem-
isphere (Rasmussen, personal communication). CO is present in such
large quantities that it can control the mean HD densities. Besides
CO, some other gases which destroy HO radicals,are probably present in
higher concentrations in the northern hemisphere. These questions are
discussed further in Chapter 3. Since HO is currently believed to be
the main tropospheric sink of CH3CClj, it is possible that T, > To for
this compound (as well as others which react with HO). There has also

been a discrepancy in the 1, deduced from CH3CClj measurements and that

T

estimated from meteorological considerations. The T based on CH3CClg

has been large (TT = 1.8 yrs: Chang and Penner, 1978) and Tp based on

meteorologlical considerations has been small (TT = ) yr: Newell et al,

1969). 1If one believes the meteorological estimate more, then the re-
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sults of eqn. (2.15) and (2.16) for CH3CCl; can be considered to be in
favour of L T This isn't a strong case for this issue because of
the many uncertainties involved and the sensitivity of L and T, on
Tps nevertheless, it does help to create a certain amount of consis-
tency in the overall picture.

The method analogous to that of eqn. (2.8) is discussed next. It
is no longer an easy task to solve the equations (2.13) and (2.14).

The solutions can be written as:

t

g= @My e 4 P_le_At/ P s(e) de” (2.19)
0

(n_ + nT) "
Q= (2.20)
N (ns + 1)
gn 1 Al 0
£ = , PQP = A = (2.21)
S

X; and i, are eigenvalues of 2. All these equations will be discussed
in greater detail in Chapters 6 and 10, so I will not go intec the de-
tails here.

Taking into account ¢, eqns. (2.11) and (2.12) and several values
for T, and Teo but keeping L= 1.2 years produced the results shown

in Figure (2.2) for CH3CCls. The details of the calculations are given
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in Appendix I. The figure shows that 1., = 1.2, 1_ = 12, T, 6 (av-

T n

erage lifetime 1 = 8.5 yrs) gave the best agreement with observations.
The upper curves were based on < 1.2, L 16, T, < 8 (all in years
with the average lifetime T = 11 yrs); and the lower curves are for

T T 1.2, T, 8 and Tp = 4 (average lifetime 1 = 5 yrs). (Note that
the theoretical lines in best agreement with data are those from Table

2 with (TT, T TS) = (1.2, 12, 6), whereas the upper and lower lines
are not based on the lifetimes discussed in Table 2 because those other
lifetimes were not derived with Tp T 1.2 yrs.) It should be pointed

out that there are other assumptions which will give just as good agree-
ment as the (TT, T Ts) = (1.2, 12, 6) curve. For example, (TT, T
TS) = (1.4, 9, 8) will also be in good agreement. Regardless of these
possibilities the total lifetime of T = 8.5 years would still have to
be maintained.

CFCl; and CC1,5F, were also considered by this technique. Here it

was assumed that T Ts’ which simplifies the theory considerably and

and yields:
_1 -nt -(n + 2np)t
En > [ Aoe + B e 1 +
a a
1 0 -nt o -(n + 2np)t
= | = - + —— - .
5 = (1 e ) (n F 2np) (1 e ) (2.22)
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;=1 [Ae—nt_Be-(n+2nT)t +
s 2 o o)
a a
l[ “o _oonty 1o} _ -(n + 2nT)t
2L (1 e ) ?;—I_EHEY (1 e (2.23)
Ao N Eno + Zso; Bo - Eno - gso’ Sn -8 (2.24)

The source Sn is assumed to be constant as implied by the release data
(see references mentioned earlier).

In the analysis of F-11 and F-12 by this method there appeared
to be little justification in trying to deduce the absolute lifetime.
Again, this is because both are long-lived, and it is not possible to
decide between the bunched up theoretically predicted lines for all
lifetimes > ~ 30 years. Instead, it appeared worthwhile to explore the
question: how low can the lifetimes of F-11 and F-12 be and still
agree witnh the data? The results of the calculations suggested that a
lifetime of F-11 or F-12 below 20 years could not be supported by our
present knowledge of source strengths and the five years of measure-
ments by Rasmussen (see Appendix I for data). Details of the calcula-
tions can be found in Appendix I. In Figure (2.3) the results are pre-
sented graphically. These are for CFCly (F-11), but the behaviour of
CC1,F, (F-12) is essentially the same (in fact more emphatic). The
dashed lines represent the mean northern and southern hemisphere mixing

ratios of F-11. The lower cross-hatched regions represent the expected
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concentrations if the lifetime was 10 years. The upper cross—hatched
region represents the expected concentrations if the lifetime was 20
years. The lower limits of each region are for the best estimate of
the emissions currently available. The upper limits of each region
are the expected concentrations if the true source was in reality 207
higher than the initial estimate. It is apparent that even if there
were gsizeable errors in the source strength, a lifetime of less than
or equal to 20 years is not consistent with the measured concentra-
tions (actually this comment holds as long as 8&/& + 85/S ~ 0.2).
The case for this lower limit is strong.

There are other techniques also available for the analysis of
the lifetimes of F-11 and F-12. These generally require 2 more de-
tailed data base than is available for analysis in this chapter. It is
anticipated that the Atmospheric Lifetime Experiment (ALE) will make
significant progress towards determining the lifetimes of F-11 and F-12

(Cunnold et al., 1978).

(d) Conclusions

In this chapter a set of self-consistent data,collected by Ras-
mussen over five years,was analyzed to determine the budget lifetimes
of CH3CCly, CFCly (F-11) and CCl,F, (F-12). Several related methods
were used to accomplish this, and they all agreed. It was found that

the lifetime of CH3CClz is 8 years (between 7 and 9 years). For CFCljy
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and CCl,F, the results show that their lifetimes are greater than 20
years. The single numbers which can be considered most consistent
with the data are 7(CFCl3) = 50 yrs and t(CCl3Fy) = 70 yrs. It is not
possible to put scientific confidence into these specific numbers be-
cause of the uncertainties in our knowledge of the emissions of F-11
and F-12 and because the data were not sufficiently detailed either in
time or in space. There seems to be little doubt that F-11 and F-12
are long-lived trace gases. Both these fluorocarbons have been, and
still are being, released ip large quantities. Since 1975 the emis-
sions have not risen according to most estimates, but the concentra-
tions in the atmosphere have still been climbing at a rate of about
10% per year according to measurements (Appendix I). This feature in
itself attests to long lifetimes. The possible detrimental effects of
these gases on stratospheric ozone have been discussed extensively in
the literature (see, for example, Hudson 1977). If the threat to the
ozone layer becomes more solidly established, the releases of F-11 and
F-12 (and perhaps CH3CCl3) will eventually have to be stopped or se-

verely curtailed.
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CHAPTER 3. LIFETIME CALCULATIONS: CHEMISTRY

(2) Introduction.

Many anthropogenic and natural gases released into the atmwos-
phere undergo chemical reactions in the global environment, and are
thus transformed into species which have completely different environ-
mental behaviour. The fate or cycle of almost all trace gases and ele-
ments in the atmosphere is invariably mediated by many '"chemical
steps'. This is indeed a very broad subject constituting much of at-
mospheric chemistry. This chapter deals with a small group of atmos-—
pheric trace gases which have a relatively simple but dominant trans-
formation mechanism. This mechanism is the reaction of the trace gas
with HO radicals in the atmosphere. Compared to the immense complexi-
ties of the chemistry of polluted urban air, the problem of determin-
ing the loss of a trace gas due to first order reactions with HO radi-
cals in the atmosphere is simple from a chemical viewpoint, but is com-
plicated by the irregular motions of the atmosphere.

There are many uncertainties in the calculation of global life-
times of trace gases based on HO radical reactions, but the most im-
portant cne is the current lack of information on the tropospheric
distribution and absolute concentration of HO radicals. Even the
yearly global mean and the mean ground level HO concentrations are not
well known at this time. Because of cthis problem, the calculated glo-

bal lifetimes of many lmportant trace gases are only approximate and
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the limits of reasonable values of the lifetimes are very large.

The next section deals with the methods of calculating global
lifetimes of trace gases which react with HO radicals. The general
equation describing the global lifetime is used to derive a simpler
approximate equation. It is compared with other equations used in
the current literature. 1In section (3.d), the general ideas which
govern the HO density in the troposphere are reviewed and the budget,
sources and sinks of CH3CCl; are used to estimate the mean hydroxyl
radical density. Based on these values, the lifetimes of several
trace gases are calculated in section (3.c) and discussed in more de-

tail when necessary.

(b) Hydroxyl Radical Sink of Trace Gases.

It is well known that reaction of many trace gases (particu-.
larly those containing hydrogen atoms) with hydroxyl radicals in the
troposphere constitute a major sink. In many cases this is the only
substantial tropospheric sink. The distribution of hydroxyl radicals
in the troposphere, even when diurnally and seasonally averaged, is
not well known at present. This situation will be discussed further
in section (3.d). This section deals with lifetimes of trace gases
based on their reaction with RO radicals in the troposphere. If re-
action with HO radicals 1s the dominant sink, then the lifetimes cal-
culated here are also approximately equal to the global lifetimes.

The results of the section can be easily applied to calculating life-
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times within smaller compartments of the troposphere.

It is instructive to first derive the general equation relating
the global lifetime of a trace gas with the tropospheric concentration
and distribution of hydroxyl radicals. Consider a localized region
of the atmosphere within which the mass balance of the trace gas can

be written as:

S0 ) =S () -n (2 ) C(x, £) T (3.1)

where C (x, t) is the burden of the trace gas, inside the local
volume, in molecules per unit volume. x is the spatial variable de-
noting A, ¢, z (or r) (longitude, latitude, height). n (x, t) is the

sink strength in this region.

n(x) = K (x) [HO)(x) = (3.2)

The destruction of the trace gas as measured by the variable n(x, t)

is a function of time of day and season. Since it is not practical

(or perhaps even possiblé) to take into account the time behaviour of
N, n(§, t) is replaced by n(x) which represents a yearly averaged
value. Replacing n(x,t) by n(x), the time averaged value, may intro-
duce considerable errors because the HC density 1s so variable in time.
At present, however, there is little choice but to make this approxi-
mation, since it will take many years of measurements before n(x,t) can
be defined. T is the transport contribution to the contents of the lo-
cal region and S (x, t) is the source within the region (molecules/unit

vol. emitted per unit time). Eqgn. (3.1) can be integrated over any glo-
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bal (as opposed to local) region. For simplicity, let us integrate egn.

(3.1) over the wheole troposphere:

% =s- [ n e, e+ [ Tav (3.3)
\Y

T vT

where f T dv
Vr
port on the tropospheric burden, C(t). The goal is to write eqn.

T is the effect of the stratospheric-tropospheric trans-

(3.3) as follows:

%E(r) -5-72 S T gV, (3.4)
VT -

where n 1is the reciprocal of the average lifetime of the trace gas in

the troposphere. Thus, <1> = 1/n which is given by

<T> = C(t)
f n(x) C(x, t)'clVT
'.'7T
or ./‘; p(x) E(x, t) dV,
<T> = T (3.5)

f n(x) e(x) &(x, t) aV,
v

T
Eqn. (3.5) follows from the comparison of egn. (3.3) with eqn. (3.4).
In eqn. (3.5) C (x, t) is rewritten as p(x) £(x, t), where p(x) 1is
the density of air at x and E(x, t) is the local mixing ratio of the

trace gas at x and time t. Since it is generally true that the back-

ground values of £ (as well as the values of p and n) are approxi-
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mately constant around latitude circles so that the longitude integra-

tion can be carried out yielding:

/2 zp
f f p £ cosp dzdd
cr» = =120 (3.6)
/2 27
f f nop £ cosp dzdd
-n/2 4

The derivation of eqn. (3.86) is carried out on a simplified basis, but

it can be supported by more complex reasoning as well. Eqn. (3.6) is

not new, but in general it has been ignored in the current literature.
The most common equation currently used for such calculations

of lifetimes is given as follows: (see, for example, Davis et al.,

1976; Watson et al., 1977).

[y

T = — (3.7)

K [HO)

where K is the rate constant at the average tropospheric temperature.
For most trace gases of interest K is given by the Arrhenius equation
of the form K(T) = A exp [ -~ E/T) and s0 K is K = A exp [ - E/T)
where T is the average temperature of air in the troposphere. fﬁGT
is the globally averaged HO concentration in the troposphere. There
is no rigorous procedure for deriving eqn. (3.7). It is just assumed
that n(x) = K(x) [BO}(x) 1in egn. (3.3) can simply by replaced by

R [HO]J.
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Jeng Sian Chang and F. Kaufman (19772, 1977b) attempted to mod-
ify egqn. (3.7) to incorporate some of the features of the real atmos-
phere. 1t appears that their results are not physically justifiable,
but they are a heuristic aid to developing the equations derived later
in this section. The Chang-Kaufman approach is summarized next. They

derived a global lifetime, let's call it ?, by eqn. (3.8) given below:

z5

= 1 - _l *

TeriATL J’ K [HO] dz (3.8)
0]

K =ae E/(T - L2 (3.9)

Here T is converted to a function of z by T = T, - £z where T is the
average ground level temperature of air over the whole earth, and [

is the average tewmperature lapse rate in the troposphere.

K= A e'E/2> exp [ - E 2]

o

p
K =K e ;o = E% (3.10)
T
)

Eqn. (3.10) follows from eqn. (3.9) by assuming

—-_—E —— . o~

+% (3.11)
T
0

which is just the Maclaurin series expansion of [T0 1 - Zz/To)]Ql,
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and is a very good approximation for the atmospheric values of £, 2y,

and TO. (z.. is the average tropopause height). The HO concentration

T

was taken to be:

——  -z/h

(RO = [HO]_ e (3.12)

where [HO]O is the mean HO radical concentration at ground level. h
was taken to be H or = (where H is the scale height of air density).
When h = e, it implies that the HO density is constant with height in

the troposphere. With these assumptions eqn. (3.8) can be solved for

Al

as:
— Bz..
7= —21 1 (3.13)
K [HO) (1 - e‘BZT)
[0} [e]
1 EL 1
= + - = — — 4
e o+ 12 + v (3.14)
o}

The main problem is that ? is based on egn. (3.8) which cannot be de-
rived from basic principles. It takes into account the idea that HO
concentration declines with height, and more importantly, that the re-
action rate constant becomes slower with height, but it ignores the
fact that the number of wmolecules of the trace gas per unit volume also
declines with height. This physical problem is manifested by not
weighting the average of 7 by the density of air, p. No doubt eqgn.
(3.13) is a kind of average lifetime, but it does not necessarily cor-
respond to the average lifetime which describes the destruction of a

trace gas in the global troposphere. There are many ways to form an
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average lifetime and the resulting numbers are different from each
other. Only one average is appropriate for describing the average
glebal destruction of trace gases by HO radicals (egqn. 3.6). For ex-
ample, we can say that the lifetime at any location is 1(z) = 1/n(z),

7
- T
so that the average lifetime is 17= % f 7(z)dz, then using K =

Koe_az; [HO] = fﬁgio e_z/h gives 17 = [l/?Kof§6jo)] [(eBZT - l)/BzT].
This is another type of average, different from that of Chang and
Kaufman, but it too is inappropriate for describing the global HO
sink.

The next step is to develop eqns. (3.6) and (3.7) so that they
can be compared directly under the same assumptions for K and [RBO](¢)
Consider eqn. (3.6) first. 1In order to derive a workable equation

from this, it is necessary to specify the latitudinal profile for the

trace gas. Often the following function is a good approximation:

a _% < ¢ < -6
_J]1 (b - a)
£ o= 5 (a+b)+—2¢o o qso <<f><—¢>0 (3.15)
b ¢o <4< n/2

This profile is discussed further in chapter 8. d&/dz = 0 in the

z/H

troposphere, and ¢o is usually about w/6. If o = poe_ and [HO] =

—z/h
[HOJO(¢) e , then eqn. (3.6) becomes:
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—ZT/H
PR BLE S ) 1 (3.16)
(1 - e '%T) k_[HOY
where I' = o + % + %— (3.17)
/2
(#0] = % .I. [HOJO (¢) cossd dp (3.18)
-1/2
n/6
(Note that: f [HO]O (6) ¢ cos¢ d¢ = 0 so that the (b-a)/2@O term
-1/g

does not enter into egn. (3.16). This is true as long as [HO]O (¢) is
symmettric about the equator, i.e., [HO}O(¢) = [HO]O(—¢) for -m/¢g < ¢ <
1/6.) Equation (3.16) is derived assuming that a single average air
density scale height and lapse rate of temperature can be assumed

throughout the atmosphere. It is assumed that h, H, £, z Py and ko

T°
are all independent of ¢ -- in reality they are not. Later we shall re-
turn to a reconsideration of some of these variables. Because of the
symmetries assumed here, the values of ¢O, a, and b do not enter into
equation 3.16) for the lifetime.

In order to compare eqn. (3.16) with the usual equation (3.7), it

is necessary to convert ¥ and [HO) in eqn. (3.7) to the same variables

as those which define (3.16). X is derived as follows:

T=T -1z
(e}
ZT
.[) pTdz
<T> + ———— =T - Lo (3.19)
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B\
w =R 2 (3.20)
@ T/H 21y
-aw EL (3.21)
R =Ke ;oo = Eg

Eqn. (3.21) is the usual assumption (see for example Watson et al.,
1977). Deriving [HO} is difficult, because in practice it 1s more an
intelligent guess than a calculation. Still, it should take the fol-

lowing form:

2T “/2
3 1 -z/h
[Ho} = — f = [BO} (&) cosd e dodz (3.22)
2y 2 o)
0 -ﬂ/z
-z,./h
o7 - (1-e 7)) T (3.23)
ZT 0
, o
T (3.24)
h(l - e T ) KO[HO]O

Egn. (3.24) is another version of egn. (3.7) which is most commonly

used. It is evident that eqns. (3.16) and (3.24) are different.

T =6 <1> (3.25)
-Tz
aw T
R S (3.26)
—zT/H —zT/h
TH( - e Yh (1 -e )

§ is the measure of how different 7 of eqn. (3.7) is from <1> of eqn.

(3.6). Obviously & depends in a complex wav on the activation energy,
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E°, so that agreement between T and <71> will be different for different

trace gases. Similarly, one may define &7 so that

T = 6" <t> (3.27)

g2, (L-e )
57 = ~ (3.28)

o - e TRy - o BRTy

§” measures the difference between T, the lifetime derived by Chang
and Kaufman and the lifetime implied by egn. (3.6). §77 is defined by
? = 6”;, §”7 = 87/8. &7 measures the difference between the simple
averaged equation (3.7) and the lifetime derived by Chang and Kaufman.
As examples five atmospheric trace gases were chosen with a wide range
of activation energies: CyHg, Hp, CHCIF,(F-22), CH3CCljz, and CpHCljg
(trichloroethylene). CoHCl3 was chosen because its E” i3 nepative
(reaction with HO is faster at lower temperatures) —-- this is somewhat
rare for gases in the atmosphere. The results are summarized in the

table (3.1) below:

Table (3.1): Comparison of Lifetimes

<t>, 1 ang 1

Trace Gas 8 8” 8§

h= h=w h=H h=e h=H h=ee
C,Hg 1.62 1.20 1.35 1.24 0.83 1.03
Hy 1.55 1.16 1.33 1.22 0.86 1.05
CRC1F, 1.41 1.09 1.29 1.17 0.92 1.07
CH3CCly 1.37 1.07 1.28 1.15 0.93 1.07

CoHC14 1.11 1.01 1.10 0.96 0.99 0.95



41

It was assumed that To = 288°K, 2z_ = 12 km, H= 9 km and £ =

T
6.5°K/km. In general the three lifetimes agreed with each other for

h = o (scale height of HO). Most thecretical models do not support
this assumption {(see for example Atkinson et al., 1979; Crutzen et al.,
1978; Crutzen and Fishman, 1977, Levy I1, 1974; Penner et al., 1977;
Warneck, 1975; Stewart and Hoffert, 1975). When h = H, the disagree-
ment between <1> and T is quite large, so that T overestimates the
lifetime by ~40% for CH3CCl3 and CHC1F,. Similarly <t> is also in dis-
agreement with ?, but to a slightly lesser extent. All three lifetimes
agreed for trichloroethylene. The higher the activation energy is the
bigger the disagreement; and reasonable agreement was achieved only for
a gas with negative E”. It is interesting that liferime equation de-

rived by Chang and Kaufman (?) vas in very close agreement with T =

1/K [HO), for all the gases studied and for both conditions (h = « and

h = H). So, there is little point in using 7 since it gives the same
answer as the simpler equation T = 1/K [HO] which is commonly used. In

their papers Chang and Kaufman (1977a, 1977b) calculated longer life-

times than previously estimated. They assumed [HO)O =1 x 10° mole-
cules/cm3, but when they assumed h = H, it meant that Tﬁ5T = 5,5 x 10°
molecules/em3. It was because of this feature that they obtained longer
lifetimes, and not because of the inclusion of temperature variation of
the reaction rate constant. The §, §” and 87 are so constructed as to
be independent of the assumed global average of HO radical density

([HO]) (also independent of Ko), so they reflect more accurately the

model dependent effects.
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This leaves equations (3.7) and (3.16) to chocse from. The choice
depends on the bheight variation of HO density. The faster the decline
of HO concentration with height, the larger the & will be. Many theo-
retical models give h < H, on the average, rather than h > R (for exam-
ple: h ~ 8 km for winter, and h ~ 12 km up to about 7 km height and h
~ 4 km above 7 km height to the tropopause, for the summzr (Levy,
1874): h ~ 8 km (Penner et al., 1977), h ~ 5 km (Atkinson et al., 1978))
This will be discussed further in the next section (d). Since eqn.
(3.16) is almost as simple as eqn. (3.7), it can be used in place of
eqn. (3.7).

Clearly eqn. (3.16) is a2 rather simplified form of the more basic

equation (3.6). Egn. (3.16) can be improved by writing it as:

~zT/H
> =B -e © ) (3.29)
K [HO) ©
e} [e]
-1 -Bz EL 1
G = J; e %% g(2)dz; e mty (3.30)

In eqn. (3.30), g{(z) is the function which describes the height varia-
tion of HO density so that [HO]O= [HO]O(¢)g(z)‘ Aside from the problem
of knowing g(z), the assumption regarding symmetry of the HO about the
equator between -m/g < ¢ < 7/ may not be justified, in which case the
"b" and "a” (concentrations of the trace gas) may alsoc enter into the
lifetime equation. The latitudinal variation of £ (lapse rate), X,

and density scale height H as well as the changing tropopause height

with ¢ may all be significant. There may be longitudinal variations in
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both n and £ which may become important in calculating <1>. Further-
more, the detalls of the variability of n in time (during a year) may
also be important. Such effects are likely to influence short-lived
trace gases more than long-lived ones, and so Iin this study attention
is primarily confined to trace gases with lifetimes 2 3 yrs. Eqn.
(3.6) can be solved with the inclusion of many of these features, but
the resulting eguation is much more complicated compared to (3.16).

Appendix I may be consulted for a slightly improved version of eqn.

(3.16).

(c) Lifetimes of selected trace gases.

HO radicals in the troposphere can be estimated by various means.
Some of the available methods are discussed in the next section. There
are many uncertainties in the estimation of mean HO densities (HO] and

[HO]O. In the next section CH3CCls is used to derive [HO] and [HO]O
with the result that values of TEB_O are calculated to be between 3 and
6 x 105 molecules/cm3 (as the global mean, yearly ground level HO con-
centrations). Most calculations reported in the literature simply as-
sume a fixed value of [HO] and thus give a particular lifetime for a
trace gas. This looks good, but it hides the uncertainties. The calcu-
lations reported in this section give a range for the estimated life-
time, and the most probable value. Equation (3.18) is used tc calculate
the lifetimes assuming that h = B. Calculations assuming that h > RH

(h ~ =) were also carried out but for these calculations [HO]O is ta-
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ken to be 2.1 - 4.2 x 10° molecules/em3. (In this case [HO]0 = [HD)

and T in eqn. (3.16) is EZ/Té + 1/H.) The smaller values of [HO] as-
sumed for h ~ = offset the effect of going from h = H to h = = in eqn.
(3.16) and the resulting lifetimes are approximately the same under
both assumprions. The rationale for adopting smaller TEBTO values

when h » « is evident from the discussion of the next section. Whether

1

h = Horh ==, the budget lifetime of CH3CCl; remains unaffected. 1If

we assume h = H, smaller values of [HO)] suffice to explain the budget
lifetime, if h = e, it requires larger values of [HO] (but smaller val-

ues of [HOJO) to explain the same lifetime.

Table (3.2) below sumnarizes the results for some trace gases.

Table (3.2): Lifetimes of Some Trace Gases

Due to HO Radical Interactions.

Probable Probable

Trace Gas Lifetime Lifetime Trace Gas Lifetime Lifetime
(yrs.) (yrs.) (yrs.) (yrs.)

CH3C1 2.7-5.4 3.2
CH,C1, 0.9-1.8 1.1 CH,F» 24-48 30
CHFC1, 4-9 5 CH,FC1 3.7-7.4 4.5
CHF,C1 34-68 40 CH3CHF, 2.6-5.2 3.2
CH,C1F 3.2-6.6 4 CH3CF,C1 36-72 44
C,Cly 0.8-1.6 1 CHFC1CF4 14-28 17
C,HC1l; 0.03-0.06 0.04 CHC13 1.2-2.4 1.5
CH3Br 3-518 3.6 CoS ~ 2
CH, 20-40 25 B,S 1-2 weeks 8 days

C,oH, 0.1-0.2 D.13
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The probable lifetime given in Table (3.2) is based on the assump-
tion that the lifetime of CH3CCl3 due to HO interactions is 9 yrs. This
is the most reasonable estimate based on the current data. The reaction
rate constants for CHpF,, CHyFCl, CHyCly, CpH,, CH3CHF,, CH3CF,C1 and
CHFCICF3 are taken from Atkinson et al. (1978). The rate constants for
the remaining species are taken from DeMore et al. (1979). The lower
limits of the lifetime are true if the lifetime of CH3CClj3 with re-
gpect to RO interactions is ~ 7 yrs, and the upper limit is true if the
CH3CCly lifetime with respect to HO interaction is ~ 14 yrs. Both lim-
its are within the range of feasible lifetimes and as mentioned before
Tho (CH3CCl3) = 9 yrs. is used to calculate the single value in column
3.

The lifetimes that are shown here are generally longer than previ-
ous estimates. This is primarily due to the lower HO densities assumed
here (which are justified in the next section). For the same TEET the
equation adopted for this study actually gives shorter lifetimes than
the usual method of estimating lifetimes by T = {K ™oji~ Y. It is very
unlikely that more sophisticated theories, using the same HO densities
as adopted here, can lower the calculated lifetimes by any significant
amount {(factor of two below the T in col. 3 would be a significant
amount) .

The usually accepted lifetimes for CHFCl, (F-21) and CHF,Cl1 (F-22)
are < 2 yrs and 15-25 yrs respectively. The calculation of this sec-

tion give ~ 5 years and ~ 40 years for the lifetimes of F-21 and F-22.

Currently available measurement data on these two compounds are simply
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not sufficient to resolve this rather sizeable discrepancy. Let us
take F-21 for further consideration. 1If the lifetime of F-21 is indeed
< 2 yrs, then it is possible that all the numbers in Table (3.2) may be
too high. The method of eqn. (3.16) is not directly challenged by this
discrepancy, but the HO concentrations adopted here would be so chal-
lenged. The case for the longer lifetime of F-21 can be strengthened
by the following argument: Consider the more general equations (3.29)

and (3.30) for F-21 and CH3CCls (HC)

_ZT/H
T>p gy = H (- e ) (3.31)
KO(F—Zl) [HO]OG(F—Zl)

H (1 - e_ZT/H)

“Tue T k() THOT, 6C) (3.32)

<T> KO(F—ZI)G(F—ZI)

MC
- (3.33)
. K (HC)GQHC)

<T

fZT -B(F-21)z
e

G(F-21) = g(z)dz
(0]
YT -g(F-21)

GQMC) = J‘ e ? o(a)dz
o]

Since R(F~21) 0.204/km and B(MC) = 0.225/km, G(F-21) = GQIC) so that

R’

<T>MC/<T> kO(F—21)/kO(MC) = 1.51 (To = 288°K). Now, if <t>

F-21 F-21

is < 2 yrs, then <71> would have to be < 3 yrs. These numbers are

MC
based on the generally accepted rate constants K(MC) = 2.5 x 1071t¢ exp
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[ - 1450/T) cm3 per molecule-sec. and K(F-21) = 1.5 x 10 !2 exp

[ - 1184/T) (DeMore et al., 1978). Note that the ratio in eqgn. (3.33)
is independent of the global hydroxyl radical concentration. (Another
way to look at this is to use the usual eqn. T = 1/K T§6T so that
T(MC)/T(F-21) = R(F-21/K(MC) = 1.64 T = 266°K). So, if the [HO] esti-
mate is raised to give <t>(F-21) = 2 yrs, then <t>(CH3CClj3) will become
at most about 3.2 yrs. This low value of <1>(MC) is not supported by
any budget analysis. The possible explanations for the discrepancy be-
tween the often assumed 2 yr lifetime of F-21 and the ~ 5 yr lifetime
calculated here are: (i) the true rate constant of F-21 reaction with
HO is faster than the currently accepted values; (ii) the true CH3CCljy
rate constant is slower than currently accepted, or (iii) both rate con-
stants are correct but there is a bigger source of CH3CCly than cur-
rently assumed and the <1>MC is ~ 3 yrs and (iv) the lifetime of F-21
is ~ 5 yrs. The second and third possibilities would both lead to the
prediction of higher HO concentrations in the troposphere (to TﬁBT ~
0.7 x 10° molecules per cm3). It is unlikely that (iii) is the correct
explanation, but (i) and (ii) are possible, If (i) is the explanation,
then the remaining calculations in Table (3.2) are unaffected. There
is some uncorroborated evidence for (i) in the measurements of Clyne
and Hoyle (reported in Atkinson et al., 1978, and DeMore et al., 1979)
who measured K(F-21) = 4.75 x 107!2 exp [ - 1431/T]. These measure-
ments were made for 293°K < T < 413°K, which is a higher range than
that needed for tropospheric calculations. It is also possible that

F-21 has other sinks than HO which could lower its global lifetime,

long lifetime of CH, implied here also affects the CO budget (see Bolin
et al., 1979 for a review of the current status). The production of CO

by a series of steps has been suggested. Such transformations can pro-
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[ - 1450/T) cm3 per molecule-sec. and K(F-21) = 1.5 x 10712 exp

[ - 1184/T] (DeMore et al., 1979). Note that the ratio in eqn. (3.33)
is independent of the global hydroxyl radical concentration. (Another
way to look at this is to use the usual eqn. T =1/K TEBT-SD that
T(MC)/T(F-21) = R(F~21/K(MC) = 1.64 T = 266°K). So, if the [HO] esti-
mate is raised to give <t>(F-21) = 2 yrs, then <1r>(CH3CCl3z) will become
at most about 3.2 yrs. This low value of <t>(MC) is not supported by
any budget analysis. The possible explanations for the discrepancy be-
tween the often assumed 2 yr lifetime of F-21 and the ~ 5 yr lifetime
calculated here are: (i) the true Tate constant of F-21 reaction with
HO is faster than the currently accepted values; (ii) the true CH3CClj
rate constant is slower than currently accepted, or (iii) both rate con-
stants are correct but there is a bigger source of CH3CCl3 than cur-
rently assumed and the <t>MC is ~ 3 yrs and (iv) the lifetime of F-21
is ~ 5 yrs. The second and third possibilities would both lead to the
prediction of higher HO concentrations in the troposphere (to TEGT ~
0.7 x 10®% molecules per em3). It is unlikely that (iii) is the correct
explanation, but (i) and (ii) are possible, If (i) is the explanation,
then the remaining calculations in Table (3.2) are unaffected. There
is some uncorroborated evidence for (i) in the measurements of Clyne
and Hoyle (reported in Atkinson et al., 1978, and DeMore et al., 1879)
who measured K(F-21) = 4.75 x 10 2 exp [ - 1431/T]. These measure-
ments were made for 293°K < T < 413°K, which is a higher range than
that needed for tropospheric calculations. It is also possible that

F-21 has other sinks than HO which could lower its global lifetime,
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but that is a different issue altogether., As far as the current meas-
urements of F-21 and F-22 are concerned, there are about 1-2 ppt of
F-21 and ~ 47 ppt of F-22 in the atmosphere. Both these values are
higher than can be explained on the basis of our current knowledge of
their sources, so longer lifetimes are indicated (see also Chapter 7).
The long CH, (methane) lifetime is also at variance with the usu-
ally accepted value of 2-3 years based on the methane budget (see
Walker, 1977; Seinfeld, 1975). It has been the prevalent belief that
the only significant sink of CH, is its reaction with HO radicals. 1If
this is true, then since the CHy reaction rate with BO is slower than
the reaction rate of CH3CClz with BO, it implies that a 2-3 yr life-
time of CHy would lead to a CH3CCly lifetime of less than ~ 1 yr. Cer-
tainly the CH3CCly budget cannot support a lifetime this short. To re-
solve this difference between the CH, lifetimes, one has to either con-
sider a much faster CH, sink other than HO reactions (implying that HO
does not control the CH, budget) or one has to cut down substantially
the estimated CH, source. Neither of these possibilities can be dis-
missed with information currently available. It is very difficult to
accurately estimate the CH, source strength, and the current estimates
may be in error. The interested reader is referred to the recent pa-
per of Mayer et al. (1979) which reaches similar conclusions. The
long lifetime of CH, implied here also affects the CO budget (see Bolin
et al., 1979 for a review of the current status). The production of CO

by a series of steps has been suggested. Such transformations can pro-
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duce large amounts of CO (1500 - 5000 x 10'2 g/yr, > 3 times the an-
thropogenic CO contribution). If CHy has a long lifetime with respect
to HO radical reactions, then this source of CO could be much smaller
(this conclusion was first reached by Warneck (1976)). On the other
hand, there is no shortage of CO sources. The long CHy, "HO lifetimes"
cannot be denied on the basis of the CO budget because of the existence
of so many sources and the uncertainties in their global strengths.
The production of CO by transformations of CgHg{isoprene) are currently
being studied. The possible results of this evaluation could be that
CsHg would compensate for the CO production from CHy. CHy may have
other sinks than HO reactions which would reduce its global lifetime,
but if such sinks are not related to HO, the discussion in this section
will still be applicable without change. It is perhaps appropriate to
conclude this discussion by stating that the CO, CHy budgets are not
completely understood at this time, and the relative roles of these
and other natural emissions on global HO densities are still undecided.
The three species CH3CHF,, CH3CF,Cl, and CHFC1CF3 are used as pro-
pellents and may come into greater use as F-11 and F-12 are removed
from inessential uses. The environmental effects of increasing re-
leases of these compounds have not yet been fully determined. The last
two contain chlorine and are quite long-lived.

The effect of HO radicals on H»S 1is minor compared to atmospheric
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reactions with O, 03, and 03 (lifetime < ~ a day). For very short-
lived species such as acetylene (CyH»), CoHCl3, and H,S equations for
<t> and T would require some modification to obtain more accurate re—
sults since their mixing ratios may decline with height and could vary
longitudinally. These short-lived compounds are most affected by HO
densities in the boundary layer.

For compounds whose "HO-lifetimes" are large (> ~ 15 yrs), the life-
time calculated from HO reactions may be significantly different com-
pared to the total global lifetime because even weak sinks are effec-
tive (e.g., stratospheric photodissociation).

Many halocarbons also react with O(ID) (e.g., F-21, ¥-22), with

rate constants about four orders of magnitude faster than those for HO

reactions, but this is overwhelmed by the smallness of the 0(!D) densi-
ties in the lower troposphere (~ 7-8 orders of magnitude smaller than

HO density).
The sources and sinks for most of the compounds listed in Table

(3.2) can be found in the references (Graedel, 1978).

(d) Estimates of Mean HO Radical Concentrations in the Troposphere.

It is apparent that the tropospheric HO radicals play a key role in
the destruction of many atmospheric trace gases, both natural and an-
thropogenic. Indeed, the assessment of the relative dangers to the
ozone layer from chlorine-containing trace gases of anthropogenic ori-

gin is often made on the basis of their reactivity with tropospheric
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HO radicals (e.g., CH3CCl3). Aside from this aspect of tropospheric
HO radicals, they are also believed to control the global distributions
and budgets of many important atmospheric constituents, such as CO,
CHy, SOz, NO,, and a variety of halocarbons. Consequently, consider-
able research efforts have been made, both in the measurement of HO
radicals (Davis et al., 1976; Penner et al., 1976; and Campbell et al.
1979) and in theoretical estimates of BO concentrations and distribu-
tion (Warpmeck, 1975; Crutzen and Fistman, 1977; Levy, 1874; Penner et
al., 1977; and Hov and Isaksen, 1979 (polluted air)).

The general reactions governing HO concentrations can be summarized
as follows: The primary production mechanism for HO in the troposphere

is the reaction of O(!D) with H,0:
0(!D) + HyO——HO + HO (XK1= 2 x 10 !%m? molecule sec)  (3.34)

The production of 0(ID) is photochemically controlled by the reactions
03 + hv—‘LO(lD) + 0y, O(!D) + Ny —» 0 + N, and 0('D) + 0,—»0 + 0
(Warneck, 1975). There are other processes that lead to additional HO
production. These are reviewed by Levy II (1974) and Warneck (1975).
Losses of HO radicals are dominated by their destruction from reactions

with CO, CHy, and NO,. Various other losses are reviewed by Levy Il

(1974). Since the lifetime of HO is very short ( ~ few seconds) a pho-

tostationary state results rather rapidly, thus
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dn(HO) _ _ .
e = P(t) - L(t) =0 (3.35)
L(t) = n(HO) Q(t) (3.36)
n(HO) = = (3.37)
Q
oxr
n(H0) = {2n{0(!D)]) n (H,0) K, +

n(HO5) n(NO) Kz + n(HNO3) Jy + n(HNO3) J,
+ 2H(H202) J3 + n(CH302H) Jq} = {n(NOQ) K3
+ n(NO) Ky + n(HNO3) Kg + N(CO) Kg

+ D(Hzoz) K7 + D(HZ) Ke + D(CHL,) Kg

+ n(H2C=O) Kig + D(CH302H) Ky, + n(HO,) K4 } (3.38)

where n(x) is the density (molecules/unit vol.) of species x. Egqn.
(3.38) is derived by Levy II (1974). The complete list of the loss
and production reactions along with the rate constarets are given ip
Levy's (1974) paper. In Warneck's study (1975), two production mech-
anisms are used: the O(ID) reaction with H,0 and the conversion of
HOp by the reactions HOp + NO ~ HO + NO, and HO» + O3 » HO + 20,. Re-
action of HO with NO, CO, and CHy are the destruction mechanisms,

leading to:
n(HO) = {2n{0(}D)In(Hy0)K; + n(HO7) [n(NO)K, + K3n(03)]} +

{K3n(N0,) + Kgn(C)) + Kgn(CHy)} (3.39)
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There may be other loss mechanisms of HO, which may be significant in
reducing HO average concentrations in the atmosphere. Either eqn.
(3.38) or eqn. (3.39) can be used to determine the approximate height
and latitudinal variation of uw(H0), by putting ig the height and lati-
tudinal variations of the molecules involved. Egn. (3.39) is suffici-
ent for most of the troposphere, but the inclusion of H, may be re-
quired. Ammonia (NH3~6 ppb), HNO3(~10 ppb), H,S, SO, and CH;3Cl

(~0.6 ppb) may also exert minor influences on HO densities especially
in the lower troposphere.

In the boundary layer over large areas of the earth, compounds such
as isoprene may be able to control the HO densities. Isoprene (CgHg),
for example, has a2 reaction rate constant with HO of 6 - 8 x lO'11 em3/
molecule-sec. (more than 200 times faster than CO) and s - 3 ppb ambi-
ent concentrations have been reported (Rasmussen, private communication;
see also Graedel, 1978; Zimmerman, 1979). 1In the first two kilometers
of the atmosphere such compounds, in the absence of other HO production
mechanisms, may lead to considerably diminished HO densities. Isoprene
is just one example of very short-lived compounds which are emitted in
incredibly large quantities by plants and seaweeds (the work on isoprene
emissions by plants, pioneered by Rasmussen, Went, and Sanadze, is ex-
tensive and cannot be preoperly reviewed here, but the interested reader
is referred to the publications of these authors). Up to now an evalu-

ation of the effects of isoprene and similar species on the HO densities



54

in the boundary layer, has not been carried ocut. The implications for
the global HO densities should be assessed (Appendix I contains further
information on the sinks for HO).

Transport of HO in the troposphere is negligible because its life-
time is very short ( ~ seconds). n(d0) rapidly approaches 0 as the
night falls. n(HO) decreases sharply with increasing latitude, both
through lowered H,;0 density and through lower production of 0(!n).
Similarly, the daily average of n(HO) is significantly lower in the
winter than in summer because of increased solar zenith angle (which
reduces intensity of UV needed to produce 0(!D)), decrease in length
of day and lower values of n(h;0). The height profile is affected pri-
marily by the balance between the increase of 0(!D) with altitude, and
the sharp decline of n(H,0) with altitude as well as the scaling of
K3, K¢ and Kgq along with n(CO0), n(CH,) and n(NO,). Consequently, n(HO)
decreases with height, slowly in the first 5 km or so, then very rap-
idly up to the tropopause (Levy II, 1975; Walker, 1977). As mentioned
earlier, some models predict sharper declines in n(HO) with height,
throughout the troposphere, especially in low latitudes (see also Crut-
zen and Fishman, 1977). Latitudinally, n(H0) is believed to be higher
at given southern hemisphere latitudes tham the comparable northern
hemisphere latitudes. Since CO is by far the strongest sink for HO be-
cause of 1ts high ambient concentrations and relatively fast reaction

with HO, the latitudinal distribution of CO (see for example Seiler and
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Junge, 1870) controls the latitudinal distribution of HO. It is be-
lieved that there is a significant difference between CO concentrations
in the two hewmispheres, with more CO in the northern than southern hem-
isphere, partly due to increasing anthropogenic contributions. NO may
also have a similar effect. The difference between the HO levels in
the two hemispheres hinges on the CO levels, which are currently under
experimental study. Concern has been expressed that increasing anthro-
pogenic contributions to CO and CH;, could lead to a lowering of tropo-
spheric HO radical steady state concentrations. This could have dire
consequences. The lifetimes of some undesirable trace gases (like
CH3CCl3) can go up leading to serious environmental effects.

Since there are diurnal, seasonal and latitudinal variations of

n(H0), the globally and yearly averages n(HO) = mn(H0) = [HO] is much
smaller than noontime tropospheric HO concentrations at low latitudes
in bright sunshine. The problem of measuring tropospheric HO radicals
is complex, partly because even the largest expected tropospheric con-
centrations are very small ( < ~ 0.4 ppt). Davis et al. (1976) report
~ 4 - 8 x 10° molecules/cm® at 21 - 32°N latitude, at about noontime
in QOctober and at the altitude of ~ 7 km; Permner et al. (1976) report
lower tropospheric n(HO) levels of 3 - 7 x 10° molecules/cm? on bright
days during August at ~ 51°N. Closer to winter n(HO) dropped, often
below detection limits. Campbell et al. (1979) have reported n(HO) at

~ 3 x 10% molecules/cm3 on sunny July days at near noontime ( ~ 45°N
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latitude). Most of their other measured values were considerably lower
ranging from 0.3 to 1 x 10° molecules/cm3.

This completes the review of the general theory which can be used
to estimate (HO] (global, yearly average) and the experimental data
base which can also be used to estimate TﬁaT. The problems associated
with either approach are quite clear. The experimental values are too
few, at only a few locations, and at only a few times per year. Their
accuracy is not known. The experimental values at this time can be
used only to check the consistency of the theoretically calculated HO
concentrations for the conditions compatible with those under which
measurements were made. The theoretical expressions derived above re-
quire a considerable amount of detailed knowledge of the distributions
of trace gases such as CO, CHy,, and NO,, as well as the knowledge of
H»0 density. Furthermore, it requires knowledge of several photochem-
ical rate constants as functions of time of year, cloudiness, etc.

Another method for deducing TE6T is to consider the atmospheric
budget of some trace gas whose dominant loss in the troposphere is re-
action with HC radicals. The procedure works as follows: (i) Deter-
mine the global lifetime of the trace gas by budget methods, i.e., by
comparing the time release history of the gas with global measurements.
(1i) If the main tropospheric loss is through HO reactions, then the
tropospheric lifetime, ?, of the trace gas can be substituted into the

—_— *,b_l —
equation [HO] = {K 711} to give [HO] or into egn. (3.16) which 1s ex-
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pected to be better, where K is the reaction rate constant. This meth-
od requires knowledge of the reaction rate constant (at atmospheric
temperatures and pressures), the global distribution of the trace gas,
and other possible sinks. Lovelock (1977) suggegted CB3CC1ly (methyl-
chloroform) as the trace gas suitable for such a study. Singh (1977a,
1977b) independently presented some calculations of TEET based on
CH3CCly. Other trace gases such as CO can also be used, but CH3CCl;,

is exceptionally suited for such an analysis. 1Its source is believed
to be strictly anthropogenic and accurately known (Neely and Plonka,
1978) and it doesn't have many competing sinks. The only problem is
that its budget lifetime is not completely agreed upon since different
experimental groups have arrived at significantly different assess-
ments of its global burden at a given time. In the present study a
range of possible values of TEBT will be calculated consistent with
range of budget lifetimes of CH3CCly calculated by various researchers.

The global lifetime of CH3CClz is given by:

n=m, Foag g (3.40)

h

where n, = l/rh and (. is the global lifetime of CH3CCls due to hetero-
geneous reactions, most prominent of which are the sandy surface reac-
tions or losses of CH3CClz in dust storms (Pierotti et al., 1978).

This sink is small but it does have its effects. We can indirectly es-

timate its global strength from the analysis in this section. Ny =
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l/rHo where T, is the global lifetime of CH3CClz with respect to hy-

droxyl radical reactions. n_= 1/1_ where T7_ is the effect of the
s 8 s

stratospheric sink on the global concentration of CH3CClj. T THO’
and T, are all weighted lifetimes and so o is slightly different from
the lifetime <T>ng which can be deduced from eqn. (3.16). This will be

discussed later. First o is written from eqn. (3.40) as:

T
o T T - et (3-41)
where T = 1/n; a = 1 + 1
T T
h s
In Figures (3.1) - (3.2), o is plotted for a variety of assumptions
regarding t (which comes from budget methods) and Th and Ts' It is as-

sumed that T is between 30 and 50 yrs. Methylchloroform has higher
absorption cross sections for 186 mm € XA < 226 nm than do F-11 and F-12:
o (CH3CCl3) > o(F-11) > o(F-12) (DeMore et a2l., 1979). Consequently, its
stratospheric lifetime is expected to be less than 50 yrs. (which is
estimated for F-11). Theoretical profiles of the declining mixing ra-
tios, with height, in the stratosphere are given in Crutzen et al.
(1978) (for F-11, F-12, CH3CCl; and other trace gases). T between 30
and 50 years are, therefore, likely values for the stratospheric con-

tribution to the global lifetime of CH3CCly. The "sand sink", 1., is

h’

taken to be from 10 years to 100 years. Clearly all three lifetimes,

T’ THo and T, compete with each other in the global lifetime 1T (deter-

nined from budget methods). Thus the presence of Th and TS makes THO
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longer than one would otherwlise imagine.
Figures (3.1) & (3.2) indicate that if the total global budget
lifetime is 6 to 12 years, the stratospheric lifetime is 40 years and

the T is between 100 and = years, then Tt is between 7.1 and 20 yrs.

HO

From the data considered here the most likely values of Tyo 2Ye between

9 and 14 years. This would still keep the global lifetime between 8
and 10 years. The region marked by dashed lines in Figure (3.2) indi-

cates this result.

It is, of course, 1,. which determines the [HO] needed to explain

HO

the budget of CH3CCly. It was indicated before that Th, T and Tuo

are weighted lifetimes.

N N

1___r S R |
T NT + eNS <£>HO NT + ENS <€>h
N
s 1
+ . 1 N <€>s (3.42)
S e T

where € = EU/ET, Eu is the mean stratospheric mixing ratio and ET the

mean tropospheric mixing ratio. NS and NT are the numbers of molecules

of air in the stratosphere and the troposphere respectively. From eqn.
(3.42) it 4s clear that the first term is l/rHO, so that

1

HO ||, Ns | WO~ ® THO (3.43)
"N
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¢ is between 0 and 1. ¢ = 0 Indicates that there is almost no CH3CClj
in the stratosphere due to (slow) mixing and fast destruction., € =1
indicates that the mixing ratio of CH3CCl; is constant with height in
the stratosphere at the same value as in the troposphere. So, ¢ cannot
be either 0 or 1. Values of € from 0.2 - 0.5 are justifiable. Since

NS/NT is small, <t>__ does not depend very critically on ¢ and will be

HO

assumed to be 0.5 here. This gives ST T 0.9 o' From equation

(3.16) [HO] can be written as:

—ZT/H 2
re2l{i1-e ‘

—FzT at
b wo
o)

[HO] =

(3.44)
zT (l - e

It is assumed that [HJ] scales approximately as the density scale

height of air in the troposphere. Using the values of THo shown in

Figure (3.1) and (3.2) yields the values of [HO] shown in Figures

(3.3) - (3.5). B is taken to be 9 km, zZp = 12 km, To - 288°K and £ =

6.5°K/km. Details of the calculations are given in Appendix I. The
likely concentrations are enclosed by dashed lines in Figures (3.4) and

(3.5). For 1, between 40 and 50 years and t

5 between 100 yrs and =

h

[HO) is between 1.8 and 3.4 x 10° molecules per cm3 and the ground

level global average is between 3 and 6 x 10° molecules per cm3

(THoT )

Because [HO] not only has to explain CH3CCls concentrations, but

also the budgets of other trace gases (like CO), it appears that the
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“sand sink" lifetime cannot be smaller than about 50 yrs on the global
basis. If it is smaller, then the globally averaged HO concentrations
become too small. Even with a 6-year total lifetime for CH3CClj;, with
7, between 100 yrs and = and 1_ = 40 yrs, THO] is 3.6 - 3.8 x 105 mole-
cules/cm3. As a result of this analysis it can be concluded that T,
50 yrs, [HO] is between 1.8 - 3.4 x 105 molecules/cm3 and TEBT; is be-
tween 3 ~ 6x10° molecules/cm3.

There are many uncertainties in such calculations and some of
these will be reviewed now. First the rate constant KO, assumed here,
may be too fast. DeMore et al. (1979) quote an uncertainty in E (for
Ko = A exp (—E/To)) of * 150°K. Taking the average E + 150°K gives
1600°K instead of 1450°K assumed here. This would slow down the reac-
tion to aboutr 0.6 of its former value (Knew = O.6KO), which would in
turn require, approximately, 687% more HO radicals to achieve the same
effect as that of the Ko with E = 1450°K. Therefore, all calculations
such as those performed here are sensitive to the value of E in the
rate constant. As mentioned before, the HO density height profile is

also important for these calculations. If HO is constant with height

to the tropopause, then eqn. (3.44) becomes:

) ~z1/H
Tﬁ =I'H(l—e ) 1

new (1 - e‘T ZT) aTHO

(3.45)

r- = %£2'+ 1/H
[e]
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Keeping the other assumptions the same, [HO]new =« 1.28 [HO) (eqn. 3.44)
so that the average HO concentration required would be about 28% larger

than estimated here, but the ground level average concentration re-

~ S
quired will be smaller, i.e., [HO]Onew = 0.71 [HO]O (or 2 -4 %10

molecules/cm3 = T§6Tonew). Finally, the presence of other sources and
sinks, as well as the uncertainties in determining the global release
and budget from measurements, all contribute to the uncertainties in
determining TEBT by this method. These problems cannot be resolved by
simply invoking more sophisticated transport theories. On the other
hand, direct experimental determination of TﬁﬁT in the tropcsphere will
require many measurements at ground level and above, at several lati-

tudes and longitudes, for several days or weeks at each site and con-

tinued for several years. At present it appears unlikely that the

experimental measurements will give a more certain number for [HO] (¢,
z), TEET or even TEBTQ (than obtained here) for many years to come.

It is desirable to measure trace gases other than CH3CCljz which
have similar characteristics, i.e., known source strengths, dominant
HO sink and relative ease of measurement. In this way the values of
[HO) obtained by these other trace gases can be used to check the pre-
dicted concentrations based on CH3CCly. F-22 was a candidate for this
role, but when measurements were made, it turned out that there was
more of it in the atmosphere than could be accounted for by anthropo-
genic release. Thus, unless we can balance its budget precisely, it is

not possible to use it for corroborative calculations (see Chapter 7).
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Other possibilities include measuring the trace gases which control HO

losses and production and then deduce HO concentrations indirectly.

(e) Conclusions

[

This chapter deals with the global lifetimes of trace gases which
have a dominant atmospheric sink through their reactions with tropo-
spheric hydroxyl radicals.

First some methods were discussed for evaluating the global life-
times of trace gases with respect to hydroxyl radical interactions. A
simple equation was proposed (eqn. 3.16) and some of its variations
wexe discussed. This equation has a better physical basis than other
equations used for evaluating global lifetimes, and is just as simple.
The difference in the lifetimes predicted by this equation and the
usual equations is dependent on how HO radical density scales with
height and on the temperature dependence of the rate constant for the
interaction of the trace gas under consideration, with HO radicals.

The proposed equation generally predicts smaller lifetimes (by up to
60%) than the usual equations, assuming the same total global mean val-
ue of HO.

The overriding problem of estimating global lifetimes due to hy-
droxyl radical interactions is the current lack of information, both
theoretical and experimental, on the distribution of BHO radicals in the
troposphere. Estimates of the global tropospheric average of HO were

made using our current knowledge of the methylchloroform budget. This
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led to rather small average values. There are many uncertainties in-
volved in such an assessment of mean HO density, including effects of
other sources and sinks of CH3CCl3, uncertainties in measurements and
estimates of anthropogenic release angd uncertainﬁies in the reaction
rate of CH3CCly with HO. The other available methods for determining
HO concentrations were also discussed, but none of them are expected to
predict HO comncentrations with any better accuracy.

Using the equation developed in the beginning of the chapter and
the HO concentrations determined from CH3CCly budget, the lifetimes of
several trace gases were calculated. The lifetimes determined were
generally higher than previous estimates. The particular example of
CHC1,F (F-21) was considered in more detail., The most logical conclu-
sion seemed to be that the lifetime of F-21 is longer than previocusly
estimated. The effects of smaller than previously expected HO densi-
ties on the CO and CHy global budgets was also discussed. It is pos-
sible that the current understanding of CHy, and CO in the atmosphere
will have to undergo significant revisions in the future in order to
resolve some of the puzzles discussed in this chapter.

It also appears that the biggest contribution to the discrepancies
between lifetimes calculated by different models are from different as-
sumptions regarding the mean global HO density. True model dependent
effects exist, but they are not as big. Until the uncertainties in

the assessment of HO distribution in the troposphere can be reduced,
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it is very difficult to put confidence into the calculated lifetimes.
The methods discussed early in the chapter (eqn. (3.29)) and in the
last section are more universal and would still be applicable even if

the future estimates of HO concentrations have to be revised.

(f) Effects of the New (October 1979) Rate Constants for

HO + CH3CClz = Hp0 + CH,CClj.

After this chapter was written, two new studies were reported on
the reaction of CH3CClsz with HO radicals (Kurylo et al., 1979, and
Jeong and Kaufman, 1979). Both these papers have just been published,
side by side, in Geophysical Research Letters. The main findings of
these papers are that the rate constant for the reaction of HO and
CH3CCl; is slower than previously reported. This was one of our fears
when the work in sections (c¢) and (d) was being done. The reason given
for the earlier faster rate constants is that olifinic impurities,
CH,CCly, in particular, affected the previous experiments, due to its
extremely fast reaction with HO. Presumably, the new experiments used
highly purified CH3CCl3 as a reactant.

I think that the work on the consequences of the earlier fast re-
action rate was probably responsible for these new studies. The result
1s that now, with these new rate constants, the lifetime of CH3CClj can
be long, but the lifetimes of other trace gases can be shorter than re-

ported here (or by Graedel, 1978).
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The preliminary study of the effects of the new rate constants
is reported next. First, the probable new [HO]o values are deduced.
Since <71> deduced by budget methods is not altered by the new

CH3CCl 4

rate constants, eqn. (3.16), applied to CH3CClj, can be used to obtain:

Ts - & T?T) K, [HO]

0%
= — 2 - 0% (3.46)
Ta-e ¥ fox THOT
E, L
_EL 2 - XL 2
L= T§‘+ B T Ef_ *y (3.47)

The , indicates new values for these symbols (based on the new rate

constant).
K = 2.5 x 10 12 exp ( - 1450/T) (3.48a)
K, = 5.4 x 10 '2 exp ( - 1810/T) (3.48b)

(K} = em3 / molecule - sec.
[HO]O* =1.76 [HO]0 (3.49)

<1>, = 0.57 <t> (3.50)

Equations 3.49) and (3.50) are the approximate corxrection factors which
can also be applied to figures (3.3) to (3.5). These reveal that
ground level TEGTO should now be arownd: (0.5 - 1) x 10® wolecules/
cm3, and the globally averaged [HO] should be between 3 x 10° - 6 x 10°

molecules/cm3 - probably nearer the upper limit or ~ 6 x 10° molecules/
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CII13 .

As a result, the most probable lifetimes, based on Rasmussen's
five years of CH3CCly measurements (see Chapter 2), are modified to

the following numbers:

Table (3.3). Revised Lifetimes of

Some Trace Gases

Trace Gas Lifetime Trace Gas Lifetime
(yrs) (yrs)
CH3C1 1.8 CoHp 0.07
CHECL, 3 CH,Fy 17
CHF,C1 23 CH,TCl 2.6
CH,C1F 2.3 CH3CHF, 2
CH3Bt 2.0 CH4CF,Cl 25
CH, 14 CHFC1CF3 10
CHC1, 0.9 CoS ~1

The lifetime of F~21 turns out to be ~ 3 years and F-22 still has
a lifetime of 23 years. The methane lifetime at 14 years is still much
larger than 2-3 years. Thus, the previous discussion is still appli-
cable.

In conclusion, the new rate constants of the CH3CClz + HO reac-
tion moderate the radical changes in the lifetimes of other trace gases
which were implied by the previous faster rate constant. Furthermore,
these new rate constants imply that our previous understanding of trace

gases and HO densities were better than the old rate constant led us to
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believe. On the other hand, the new results do not resolve the ques-
"tion of long methane lifetimes and drastic changes in the CHy budget
are still required to explain its lifetime. The CH, + HO rate
is still slower than the CH3CCli + BO rate constant. Furthermore, it
is no longer possible to use large HO densities to arrive at short
CH3CCljy lifetimes. It is much more probable now that the lifetime of
CHaCCly is long, ~ 8-10 years, thus making it potent in the destruction
of stratospheric ozone, if its release continues unabated (lifetimes of
~ 4 years were still being considered in some circles).

The reaction rate constants of other trace gases, as well as
CH3CCl3, are still ipo question, as they have always been. The effects
of the mew CH3CCl3 rate constants are currently under study and more

detailed conclusions will be reported later.
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CHAPTER 4. AN ANALYSIS OF CYCLIC FLUCTUATIONS IN

THE GLOBAL SOURCE STRENGTHS OF TRACE GASES

(a) Introduction

As discussed in previous chapters, there is a class of long-
lived atmospheric trace gases whose concentrations have been rising in
recent years. This class includes many trace gases which are new to
the earth's atmosphere and whose only source is man's surging industry.
CFC1ly (F-11), CClyF, (F-12), CH3CCl3 and CHC1F; (F-22) are examples of
accumulating trace gases with only anthropogenic sources. There is
ample evidence to show the accumulation of the first three examples,
and it can be inferred that F-22 is also accumulating since it belongs
to this class and since rather high concentrations of F-22 have recent-
ly been detected (Rasmussen, 1979). CO and CO, are common examples of
trace gases which are ordinarily present in the air, but to which human
activities have been contributing increasing amounts. CH3Br also be-
longs to this category, and may, therefore, be accumulating.

The rise 1n the atmospheric concentrations of these long-lived
trace gases is intimately related to the rise in the anthropogenic con-
tribution. For example, if the anthropegenic source rises exponen-
tially, after a sufficiently long time, the atmospheric concentration
also reflects an exponential rise with the same rate as the source term.

In the theoretical analysis of trace gases such as F-11, F-12 and
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CH3CCly it 1s justifiably assumed that the "sufficiently long time"
has been achieved (Chang and Penner, 1978, Makide and Rowland, 1979;
Singh, 1977). This time is a function of the rate of increase and the
rate of removal of the compound by all terrestrial processes. It
should also be kept in mind that the anthropogenic source of an atmos-
pheric trace gas may be constant, but 1f the source strength is large
and the lifetime long, the atmospheric concentration will still show a
rise until a2 concentration ES is reached where Es = STt (S = source
strength in pptv per year and T the lifetime in years).

Often the rising concentrations of trace gases result from ex-
ponentially rising anthropogenic sources. The causes behind exponen-
tially rising anthropogenic sources are complex, but probably related
to (exponentially) rising population, agriculture and industrialization
(Meadows et al., 1973). It should be pointed out that growth of the
production and telease of any chemical cannot continue at a single ex-
ponential rate forever because there are limits to growth. 1In any
case, when the carefully compiled estimates of the anthropogenic re-
leases of F-11, F-12 and CH3CClj3 (as well as CO,; Rust et al., 1979)
are considered, it is found that they are described by exponential
growth "on the average," at least for the period from the 1940's to
now. Sometimes a sequence of exponential rates is used to describe the
source term. TFor the particular case of CH3CCl; the single exponential

. bt .
function ae is always used in the literature (see for example Chang



77

and Penner, 1978), and it is a reasonable first approximation to the
source term.

Later in this chapter we will see that the source term for
CH3CCly is not adequately characterized by aebt (t = 0 around 1962).
If b is written as b = <b> + b~ where <b> is the "average’ usually
adopted value of b, and b~ are fluctuations of the rate in the source
term, then max |b”| actually exceeds <b>. So CH3CCl; is at least one
example to which the analysis of this chapter can be applied. It will
also be shown that the fluctuations b~ affect both the calculated con-
centrations and lifetimes as well as (in the next chapter) lead to ob-
servable effects on the interhemispheric gradient of a trace gas. The
large fluctuations b”, rapid increase in emissions and the high preci-
sion of time series of measurements all contribute to the observability
of the effects of source fluctuations for the case of methylchloroform.

Many cyclical fluctuations are also superimposed on the exponen-
tial rise of COp, but there the cyclic effects are of completely dif-
ferent origin from CH3CCl3. The main exponential growth term in the
observations of CO, at Mauna Loa Observatory could be due to anthropo-
genic activities since the rate of growth of the exponential term is
close to the estimated production of CO0» from fossil fuel burming. The
recent article of Rust et al. (1979) presents evidence for several long-
term cycles superimposed on the exponential growth and the well-known

short term cycles.
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Cyclically fluctuating sources are therefore present in the at-
mosphere for some trace gases. The treatment developed below investi-
gates the expected behaviour of the concentration of a trace gas with

cyclic source variations superimposed on an exponential function.

(b) Theoretically Predicted Concentrations of a Trace Gas with a

Fluctuating Source.

Suppose that the source term for a trace gas 1s described by an
exponential function, but superimposed on this function are cyclic var-

iations of some frequency w. In other words, the source 1is described

by:

In S(t) = a + bt + a cos (wt + ¢) (4.1)
or

S(t) = aebt + a cos (wt + @) (4.2)
The global conservation equation can be written as

L-s( - nt 4.3)

where £ is the mean global concentration and n = 1/1 where 1 is the to-
tal global average lifetime assuming that the destruction of the com-
pound takes place by first order processes only. n 1s the strength of
the sink; the smaller n i1s the less effective the sink is in removing

the trace gas. The solution of (4.3) is:

£
£ = Eoe_nt + e Nt f s(t”) e 4qr” (4.4)
[o]
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If S(t”) 4is given by eqn. (4.2) and the value of o is small so that
max lb’] = g is small enough, then S(t”) can be written as

S(t) = 2% [1 + a cos (st + 6)] | (4.5)

If a is not small enough, the source term may be written directly as

S(t) - aebt

bt
S(t7) = (L + A, (£)], or Ay(E) =
ae 1 o] 1 aebt

This Al can then
be approximated by a cosine function.

The integral in egn. (4.4) can be solved using the techniques
discussed in Chapter 9 or by other standard techniques. The rtesult of

Chapter 9 shows that the solutions can be formulated as follows:

t
e_ntf e(b+n>t cos (wt” + ¢) dt~
o

= —4Y {ebt[sin (p+wt) + EED cos (wt+é)]

w2+ (b+n) 2

- [sin (¢) + lﬁzﬂl cos ¢] e_nt} (4.6)

Substituting in egn. (4.4), the predicted concentration at time t is:

_ -nt a bt -nt.
E(L) = £e T ke - T
+ Lo {ebtfo(¢+mt) _ e—ntfo(¢)} G.7)
w2+ (b+n) 2

fc(x) = sin (x) + EEE cos {(x) & .8)
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Assuming that the source term is described by a single average exponen-
tial ignores the superimposed fluctuations given by cos (wt - ¢) in

eqn. (4.2) and the resulting predicted concentration at time t is:

-nt . _a bt % .9)

lim _ 7 = -2
E,.(t) - E(t) = (EO b+n ) e b+h e

06 >0
If the source is described by (4.2) or aebt for a long time (i.e., t =
0 is far enough in the past), then it is possible to drop terms con-

P -nt
taining e n

since both Eo and a/b+n are small and counterbalance each
other. 50 and a/(b+n) are small when most of the release has taken
place after t = 0. Similarly, for the fluctuating source theory in

eqn. (4.7), [Eo ~ a/(btn) - f0(¢)]e—nt may be neglected if it is small

compared to [a/(b+n)]ebt. Note that fo(¢) is not a function of time.

W a a

- - {58 _(ohur) - e ()} (4-10)
w<+(b+n)

E(t) = £(t) +

Lqn. (4.10) summarizes the theoretical predictions of the atmospheric
mean concentration (or total burden) when the source term is fluctua-

ting (£) and when the fluctuations are disregarded (E).

nt

In case the e ' term can be dropped, eqn. (4.10) reduces to:

aw (b+n)
w2+ (b+n) 2

E(8) = E(O[L + £ (phut)] (4.11)

where Z(t) is reduced to [a/(b+n)ebt] in eqn. (4.11). Usually, the

source functions maintain the appropriate functional behaviour long
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enough that eqn. (4.11) is applicable. The tramsitory term (e_nt) can
be dropped whenever the ratio of this term to the main growth term
(ebt) falls below some specified value e (for example, 1% or ¢ = 0.01),
then eqn. (4.11) applies for all times t > t, where t, is given by

eqn. (4.12).

R 1 - (4.12)
T = bin In [ . (g - D]

go(b+n)/a (when S = aebt)

o
0

. L wsa £ (9] ED
g = L& = ST 2

(when S = aebt[l + a cos (wt + ¢)])

(c) Effects of Source Fluctvations on Lifetime Calculations.

If cyclic source fluctuations are present but are ignored in the
calculation of lifetimes by budget methods, then such calculated life-
times could be in considerable error compared to the true lifetime.
Generally the errors arising from neglecting source fluctuations are
directly related to the size of the fluctuations given by a, and the
period of the variations T = 2n/w. Inaccuracies are largest when o is
large, but 1n such cases it 1s most likely that an investigator would
recognize the deviation of the source term from a single exponential

and take remedial steps. When a is small, it is easy to overlook its
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exlstence and therefore its effect on lifetimes.

Suppose there is a trace gas whose source is actually described
by eqn. (4.2) but the cyeclic term is ignored and "on the average™ S is
taken to be = aebt. After a sufficiently long time of such release,

the expected concentration is given by E(t) (in eqn. (4.9)); or

> a bt

E(t) = e (4.13)
Suppose a measurement of the concentration 1s made at time t0 and 1is

found to be C(to). Assuming the measurement to be ideally accurate,

the lifetime can be calculated as:

F
Yo T p(1-F) (4.14)
g(t )
F = RTO , Ry = (a/b) ePto (4.15)
tO
Sy = f s(tyar” = 2 (e2%o - 1) (4.16)
(o]

For to>> 0,F is approximately the ratio of the measured burden at time
to to the total release up to time tO (assuming S = aebt). In the dis-
cussion of this section F will slways be the quantity E(to)/[% eth].
Agsuming that the fo(¢) term in eqn. (4.7) can be neglected,
then the measured concentration (burden) at time t, will be related to

the true lifetime by eqn. (4.10); or as a solution of the following

eqn. :
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[ 1 o w
(b+n) w2+ (b+n) 2

r_
b

f0 (¢+wto)} (4.17)

As one would suspect, the lifetime expression invclves the value of
fo(¢ + mto). 1f to happens to be a time at which fo(¢ + wto) = 0, then
T will be given by the expression (4.14). This reflects an accidental
circumstance where the effects of the positive and negative fluctua-
tions cancel, and the true lifetime will be the same as the lifetime
calculated by 1ignoring the fluctuating term in the source function.

On the other hand to could be a time where f0(¢ + wto) takes on its
extreme values, in which case the lifetime determined by eqn. (4.12)
will be wrong by the maximum amount due to the fluctuations of the
source term. Eqn. (4.17) can be solved for two special cases when

fo(¢ + mto) takes on extreme values:

w2 >> (b+n)? =

F+ 2R
T = = (h.18)
b[1-F- “%}

F
w? << (ptn)? = T = B[ {itea) < F] (4.19)

where € = + 1 if t is such that fo(¢ +»mt°) is minimum, and ¢ = - 1
if € 1s such that fo(¢ + wto) is maximum.
There is one more point that should be stressed before conclud-

ing this section. When the source is fluctuating, the quantity F de-
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fined as E(t)/% ebt will not be constant, but will be given by b times

the right hand side of eqn. (4.17). So, 1f a series of measurements
of the global concentrations is made and then T 1s caleculated for each

time of measurement, say T, at times to (k =1, . . ., n), then

k k

! 2 2,1
+ fo(¢ + wtok) (0* + (b+n)?) "] and thus the F(t

F(t ) = b[(b+n)~

ok k)
will be fluctuating. If eqn. (4.17) is used to determine the lifetime
( = 1/n), then these fluctuations will exactly balance out and T, = T3
=T If the usual expression (4.12) is used, the calculated

)

lifetimes T at t will be different from each other, because F(to

ok ok k

will be different at each time.

If the values of Too calculated from a sequence of measurements
of the concentration, are not all the same, then the expression (4.12)
is at least philosophically unsatisfactory. Measured values of E(t)
used to calculate F show that F varies from year to year and therefore
so does Tok 1f the measurements were ideally accurate and had enough
global coverage, then such a circumstance of a varying F would mean
that the source term had significant fluctuating components. Real at-

mospheric measurements are far enough from this ideal that a changing

t _ for a sequence of measurements is mot in itself a proof of source
o

fluctuations. Of course, a T changing in time could be a2 real phenom-
enon 1f the sink mechanism is becoming stronger or weaker, but here

only source fluctuations have been considered.
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(d) An Analysis of the CH3CCljz Source Function

Methyl chloroform is one anthropogenic trace gas in the earth's
atmosphere which has a relatively well known release history. The data
ov yearly emissions were compiled by Plonka and reported with additional
analysis relating to HO radicals in the paper by Neely and Plonka (1978).
The release is reported from 1951 to 1976 in this paper. These emis-
sions data have been used in all the analyses with the addition of the
data for 1977 and 1978 (at 980 and 1100 willion pounds respectively)
supplied by Farber and Neely (1979). Figure (4.1) is a plot of 1n §
as a function of time. Here S(t) is the release in millions of lbs.

Since it appears that CH3CClg has a lifetime of around 9 years
as discussed in Chapter 2, much of the amount released prior to about
1963 would no longer be in the atmosphere by the time measurements of
CH3CCly were made. More important reasons for neglecting releases prior
to 1963 are that the total release up toc that time is rather small com-
pared to the huge amounts dumped into the atmosphere since then. Also
the fact that there are counterterms in the predicted concentrations
which tend to cancel Eo (i.e., (go - Eé; )) also reduces the importance
of the source term before 1963. E, = 9 pptv and the term a/(b+n) is
also close to this number for both the exponential and fluctuating
sources. Furthermore, the effects are reduced by the e—nt factor.

The analysis of Graedel and Allara (1976) led the authors to
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conclude that formation of CH3CCly in the atmosphere is negligible.
In the absence of any other plausible sources it 1s safe to assume that
CH3CClz in the atmosphere results from direct anthropogenic release.

Most studies, therefore, consider the release from the early
1960's onwards and assume it to be given by an exponential function
aebt up to the present. Values of b are about 0.153/yr, or a2 15-16%
per year increase since the early 1960's "on the average.' There are
many examples of studies using these assumptions (Chang and Penner,
1978; Singh, 1277; Makide and Rowland, 1979). As Figure (4.1) showm,
the assumption of pure exponential function is not really valid. 1In
the next section and in the next chapter domains where the deviations
of the source function from an exponential can lead to significant ef-
fects will be discussed.

In Figure (4.2) the source function is plotted again on an ex-
panded scale covering the years from 1963 to the present time. A
Straight line that fits best corresponds to a value of b = 0.153/yr
and a = 2.62 pptv (or 128 million lbs).

Using the numbers on which Figure (4.2) is based, it is possible

to calculate the first remainder function A;(t) by

In S(t) - In a - bt = Ay (t) (4.20)

This function Aj(t) is plotted in Figure (4.3). Since it is periodic,

a cosine function is fitted to it, giving:

Ap(e) = a  + acos (ut + 9) + 8y(t) (4.21)
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where A,{(t) is the second remainder function. The function A,(t) is
plotted in Figure (4.4) on the same scales as Figure (4.3).

The first remainder function expresses the magnitude of devia-
tion of the '"true" source function S${t) from aebt. It says that if it
is assumed that S{t) = aebt, the error between the true S(t) and aebt
will be exp [Ay(t)] at time t. Similarly, the second remainder func-
tion gauges the error between the true source function and the assump-
tion that S(t) = a exp (bt) exp [Ay(t)]. The process can be continued,
but here 45 1s sufficiently small in most of the years before 1972 that
it can be assumed to be "noise” -- the source term is not known to ar-
bitrary accuracy. After 1972, there appears to be another cycle, which
will be considered in the next section. Although this c¢ycle has small
amplitude and more rapid frequency, it appears at a crucial time in
the release history.

A rough assessment of the relative goodness of fit of aebt and
a exp [bt + Ay (t)] can be made by looking at the average deviations of
the two functions from the 'true' S(t). The mean deviation calculated

N N
by 1/(N+1) ) | In s(t) - (a + bti)| and 1/(N+1) | 1n s(t) -
i=0 1=0
(a + bti) - a cos (wti + ¢)| gives the values 0.12 and 0.04 respec-
tively. The Ay cycle after 1972 has not been included in these num-

bt
bers. Thus, on the average, ae deviates from the true source func-
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tion by a little over 12% and 2 exp [bt + ¢ cos (wt + ¢)] deviates
from the true source function by only 4% based on the last 16 years
of source data.

It therefore appears that a ecyclic variation exists in the
source term of CH3CClsy, with a period of about 6.7 years (w, a and ¢
are found to be 0.94/yr, 0.21 and 2.38 radians respectively). & in
eqn. (4.21) is 0.025 and is simply absorbed in 1ln a, and is not a new
constant. Details of the calculations are given in Appendix I.

It is impossible to predict if this cycle would continue beyond
the present time. 1In fact, it appears that there will be a general
decline in the production and release of CH3CCls in the future (partly
because its production has cauvght up to demand, partly becauvse of lim-
its to growth, and probably because legislation to restrict emissions
is being considered by the EPA).

The value of a indicates that the slope of 1ln S has fluctuations
bigger than the mean value (a = 0.21, b = 0.153). The value of w =
0.94 indicates that for a global average model, w? >> (b 4+ n) and the
corrected phase ¢~ makes recent times the worst for ignoring source

fluctuations.

(e) A Look at Ay(t) in the CH3CClz Source Function

In general A,(t), as shown in Figure (4.4), is small in its ab-

solyte value, but it is worst for some of the years following 1872.
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Since a lot of release took place during this period, it seems worth-
while to look into the cycle which appears during this period. 1In Fig-
ure (4.5) this cycle is isolated.

The A, plotted in Figure (4.5) is constructed as follows:

S = aebt[l + 0 cos (wt + ¢) + As] (4.22)
so that
Ayr(t) = iDt -1 - a cos (wt + ¢) (4.23)
ae

This is approximately the same as
Ap(t) = 1InS - (In a + bt) - a cos (wt + ¢$) (4.24)

which was discussed earlier. Eqn. (4.23) is chosen over (4.24) to
eliminate the effects of making the approximation exp [a cos (wt + ¢)]
=1+ a cos (wt + ¢) in A;. There are also other ways of cowmputing As,
but in the end they are all more or less the same. Figure (4.5) also

shows the function:

Ay = a, +a, cos (.t + §) (4.25)

where a, = -0.01, a, = 0.11, w, = 1.57 = 7/2 rad/yr and ¢, = 5.1 radi-
ans with t = 0 at 1/72. The third remainder function is: A3 = A, [in
eqn. (4.23)] - (o, + E* cos (w .t + $,)). The mean deviation of A, dur-
ing these years was about 0.072 and it is reduced to about 0.012 when

Egn. (4.25) 1s subtracted, i.e., the mean deviation expressed in A3 is
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only 1.2%. The agreement between the release estimates and the cyclic
source function {¢ improved in all years except 1978; thus, it is bet-
ter to use this cycle only for the six years (1972-1977). Even with
this restriction, the cycle will have an effect on predicted concentra-
tions for times beyond 1978.
This additional feature of the source term can be added to the

theoretical equations derived in section (b) for the Aj-cycle. The re-
sulting additional term follows from the same analysis as that used for

the A~ cycle.

t
E= E(t) + H(t - T) e "F / ae”t A,(6)de (4.26)

(o)

where £(t) is the value predicted by the analysis in section (b) for the

Ay-cycle, and A = aebT where T adjusts the time scales used in the pre-

{

vious section to those which describe the As-cycle. (T = 9 yrs)
H(t - T) is 0 for t < T and +1 for t 2 T. The integral in the second

term is:

e_nt./pAebt [a, + o, cos (w,t + ¢,)] dt

~

Ao w, A
X —_ * %
— (1bt - e ”t) + — {ebt [sin (0 ,t + 8.)

w2+(b+n)?

b+n
+—q (cos (w*t + ¢* )] -

b+n

~nt
e [sin ¢, + & cos ¢,]
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The parameters ¢, and 5* were adjusted according to the results of
Chapter 9. Figures illustrating the source fluctuations for CFCl;

(F-11), CC1,F, (F-12), and CHCl1F, (F-22) are included in Appendix 1I.

(f) Comparison of Theory and Observations.

In order to demonstrate the behaviour of the theory with fluc-
tuations, the a, ¢ and a are adjusted to obtain a smoothed source func-
tion corresponding to the function derived from the discrete emiscion
estimates (see Chapter 9). The results are (¢ = 0.22, ¢ -~ 1.91 radi-
ans, a > 2.42 pptv for the theory with § = aebt, and a > 2.49 pptv for
the fluctuating source theory which requlres the addition of o, (See
Appendix I.) 1t should also be noted that time is taken to be zero at
1963; thus, at t = 1 the smoothed source term (4.2) predicts the emis-
sions of 1963. So t = 1 corresponds to the start of 1964.

The behaviour of eqn. (4.7) and the usual theory egn. (4.9) are
compared in Figure (4.6). 1In this figure Eo is derived from the source
data of Neely and Plonka (1978) for the years prior to 1963 and found
to be about 9 pptv. A lifetime of 10 years is assumed for the compari-
son. The Aj-cycle has been ignored since it takes effect only over the
last few years.

In Figure (4.7) the two theoriles of Eqn. (4.7) and (4.26) are
plotted with the same values of a”, w, ¢”, and a” as Iin Figure (4.6),

but with two alterations. First, the Aj-cycle has been included in the
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theoretical expression, and second, the lifetime has been readjusted.

In this figure the tiwe series data of Rasmussen (1979) are used
to compare the predictions of the two theories (the observed values are
indicated by triangles (A)). The lifetime chosen for the simple source
theory is © = 12.8 years. This is the optimum value so that the least
squares deviation between the observations and the simple source theory
are {(approximately) minimized. For the fluctuating source theory, 7 =
11.8 years. This value 1is also close to that required for minimizing
the deviations between the observations and fluctuating source theory.
It was pointed out in Section (4.c) that the predictions of lifetimes
would be different for the two theories. Here the difference is not
significant. (This is partly due to the presence of o in the equation
for A;(t)). Figure (4.8) indicates the deviation between ohservations
and the two theories given by 6£/f = |1 - EP/Em| (100%) where Em is the
measured concentration and Ep is the predicted concentration. The mean
deviation for the predictions using S = aebt is 4% and that using the
a” cos (wt + ¢”) cycle is about 2%%. Inclusion of the A,-cycle brings
the mean deviation down to 1.6%.

Considering all the arguments that can be made, it is not pos-
sible to present an irrefutable case for favouring either theory over
the other. From the results of this analysis it is possible to make a
reasonable case for the fluctuating source theory.

Prediction of the trend (slope of 1ln E(observed)) is the main
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variable to be compared. TFor the simple source theory the predicted
slope is just b = 0.153/yr. Systematic inaccuracies of the data simply
change the value of T needed to obtain the best agreement, thus affect-
ing the intercept of the prediction egqn., 1n & = a + bt and not the
slope. The fluctuating source theory predicts a non-linear time be-
haviour, but can be linearlized over a few years at a time. It too
predicts trends that are not expected to be very sensitive to absolute
accuracy. Because of these characteristics, the prediction of the
trend by the two theories is an appropriate variable to consider, and

T can be regarded as a free adjustable parameter which absorbs system-

atic inaccuracies (see Appendix I for further discussion of this point.)

-,
3

T is the only free parameter and all the rest of the constants, w, ¢
a’, a’, b, 3*, ¢, and w,, are determined from the source statistics.
The least squares slope of the observed concentrations is 0.12/
yr. The simple source theory predicts a slope of 0.153/yr based on 16
years of source data. This value is too high, a fact that is visible
in Figure (4.8). The shape of this graph for the simple source theory
is typical of an overestimated slope. Tor the fluctuating source the-
ory the fluctuations are such that they improve the agreement between
theory and observations by raising the concentrations where the simple
source theory predicts low values and lowering the concentrations where
the simple source theory predicts values that are too high. Thus, the

w, a’, ¢7, b, 27, w,, ¢, and o, derived from the emissions data are
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just tight to moderate the slope to a lower value (compared to 0.153/
yr) in addition tc giving better absolute agreement between theory and
experiment. In fact, the linear approximation to the fluctuating
source theory gives a slope of 0.13/yr which is very close to the least
squares value for the observed data. It appears that the theory with
the fluctuating source terms 1is better at explaining the observations
than the simple theory. The case for this statement can be strength-
ened by a statistical analysis as shown in the next section.

Details of all the calculations presented in this section are

given in Appendix T.

(g) Analysis of the CH3CClz Observed Time Series Using Non-Parametric

Statistics.

In order to make a better case that the usual theory assuming
bt . . ,
$ = ae is not adequate at explaining the observed concentrations over
the last five years, one may employ the distribution free Theil test of
slope to the lu Em(ti), where Em(ti) are the observed global concentra-
tions at time ti.
The distribution free Theil test for the slope of a regression

line is based on Kendall's K~statistic (Hollander and Wolfe, 1973). The

observable is 1n gi given at times ts such that t; < tp <...< t -

=~+ 1 =
Yi a Bti + g;r 4 1, ... , n (4.27)
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ei's come from the same continuous population and are assumed to be

mutually independent. The one-sided hypothesis to be tested is:
H: 8= 8_ (specified) ' (4.28)

versus the alternative that B < BO (or B > Bo). To do this, one de-

fines D, = Y., - B t, and calculates

i i o i

n
c=1 6@ -D (4.29)

i<]j

where
X >
§(x) = 0 x =0 (4.30)
-1 x <0

The lowest level of significance, &, at which the hypothesis (HO) can
be rejected is limited by the number of observations n, which in our
case is 5. The lowest level of significance at which H0 can be re-
jected turns out to be a = 0.008, and this value will be adopted here.
Therefore, HO is to be rejected in favour of B < BO if C < - K(a, n) =
- K(0.008, 5); and similarly for the test of H0 versus the alternative
B > Bo’ H0 must be rejected for C 2 X (a, n) = K (0.008, 5).

One can note that HO can be rejected in favour of the alterna-
tive B < BO at the lowest o if (and only if) 80 is such that Dy > Dy >

> Dn‘ Similarly for the test of HO versus R > 80, Ho can be re-



jected at the lowest level of significance, if and only if the slope
B, is such that Dy < Dy < ... <D Obviously these are stringent re-
quirements.

First the hypothesis:

Ho g = 0.15/yr.

is tested versus the alternative B < 0.15/yr. Calculations of C show
that ¢ = -10. Considering the tabulated values of the Kendall's K-sta-
tistic, one finds that the hypothesis Ho: B = 0.15/yr must be rejected
in favour of B < 0.15/yr at the a = 0.008 level.

Similarly on the lowexr side, the hypothesis HO: B = 0.07/yr ver-
sus the alternative B > 0.07/yr can be rejected at the 0.008 level of
significance. Tn the case of CH3CClj, the analysis suggests that the

value of B, in the observed growth given by EeBt

, 1s very unlikely to
be bigger than 0.15/yr or less than 0.07 yr. ZIntuitively, the proba-
bility that due to random errors the true slope is any specific value,
0.15/yr or bigger, is < 0.008. By choosing the lowest possible value
of a 1 have made it as difficult as possible to reject the hypothesis
Ho, yet was forced to do so. (The probability of making a type I error
has been made as small as possible.) The single source model of § =
aebt predicts the slope to be b = 0.15/yr - 0.16/yr and therefore fails
to predict the observed growth rate.

A usual alternative to the statements expressed above is to cal-

culate the confidence interval for the slope. The calculation of the



97

distribution free confidence interval based on the Theil test 1s de-
scribed by Hollander and Wolfe (1973). The 91% confidence interval

is (B SU) and turns out to be (0.103/yr, 0.133/yr). This means

L’
that the probability that the slope is between 0.103/yr and 0.133/yr
is 91%. The Theil estimator for the slope (Hollander and Wolfe, 1973)
gives the slope of 0.124/yr which is close to the least squares value.
Details of the calculations are given in Appendix I.

The theory with the cyclic terms in the source function predicts
a non-linear relationship between 1lnf and time; thus it cannot be di-
rectly tested by this method. On the other hand, the period of obser-
vations covers a short enough time that the predicted concentration
function of the fluctuating source theory can be linearlized. Tt then
gives a slope of about 0.131/yr. This cannot be rejected by testing
the two sided hypothesis HO: B = 0.13/yr versus 8 # 0.13/yr. Such a
result is to be expected since this predicted value of the slope 1s so
close to the least squares value of the observed concentrations.

The analysis of this section leads to four broad alternatives:
(1) The true value of the overall slope of the 1In S term as a function
of time is less than that derived from the emissions data. (2) The
true concentrations in the atmosphere have been rising faster than
Rasmussen's data indicate. (3) A combination of the effects stated in
(1) and (2) is present, and (4) that the known fluctuations of the
source term from its mean exponentizl behaviour have an effect on at-
mospheric concentrations which is manifested in the time series of ob-

servations.
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In my opinion, the first three alternatives are unlikely for
the following reasons: The growth rate is not sensitive to constant

systematic errors. If the true source term was St = (1 + es) sS(t),

rue
so that the emissions data are systematically too low, then this would
affect the intercept but not the slope of the predicted function 1ng

1+¢€
= In (E%;) + bt. (In A alt™s) ). Similarly, if the measure-

b+n b+n

rents are too high (or low) due to calibration problems, once again
the slope would be unaffected. On the other hand, it is possible
that atmospheric variability (non-systematic) can account for the
smaller slope (than 0.15/yr) found by using Rasmussen's data. It is
also more probable that the emissions data have too small a slope com-
pared to the true source, which makes the predicticns of the simple
source theory (with S = aebt) even worse. Such a situation is possi-
ble because it is easy to accidentally miss records of sales and in-
ventories or overlook production by smaller companies and other coun-
tries. The Theil test used here tests only the slope or the growth
rate and is independent of the intercept. The third alternative men-
tioned above 1s subject to the same reservations and would 2lso re-
quire the coincidental occurrance of two unlikely events.

The simple source theory can only be resurrected by the intro-
duction of ad hec hypotheses regarding long term biases in the source

term or observed concentrations, otherwise the siwple source theory

fails to predict atmospheric concentrations. It is possible that such
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effects have taken place in reailty, and therefore, the simple source
theory is correct in principle. On the other hand, the current knowl-
edge of the source term over 16 years, and the observed concentrations
over 5 years, is completely consistent with the fluctuating source
theory. Even if there are constant systematic biases in the observed
concentrations or the source term, the simple source theory will fail
and the fluctuating source theory will continue to be consistent.

One point which is approprilate here is the effects of possible
systematic biases in the observational data. Since there is a possi-
bility that the observed values are high, if each number is reduced
by some factor (say 10%), the consequent change in the value of 7t
needed to fit the fluctuating source theory to data will cause a change
in the relative magnitudes of the predicted fluctuvations. This is an
effect of the non-linearity of the fluctuating source theory and thus
the effects of the cycles would have to reevaluated. Indeed, the
predicted slope will change. In contrast, the slope predicted by the
simple source theory would not be affected. These comments also apply
to the analogous theories which have two or more "boxes’”. (Further
comments can be found in Appendix I.)

For the particular case of CH3CClsy, which has been considered
here, there are alternative methods of taking the source fluctuations
intc account, which can give at least as good, or even better agree-

ment between theory and experiment. The main point to be kept in wind



100

is that these methods are based on the source term which is not de-
scribed by the simple term aebt over a2 long time, but are siwmply al-
ternative ways of looking at the fluctuations. Two such methods are
discussed below: First, omne may start with the solution of (4.3)

given by (4.4) and take the discrete limit by assuming that

b
S(e) = D S(k)S(t-k) (4.31)
k=0

so that (4.4) becomes (§(t-k) is the Dirac delta fumection):

t
E(e) =Y s(kye METR

k=0

(4.32)

where S(k) is the release in the k-th year. By using eqn. (4.29),
E(t) can be calculated for any segquence of years. The results of this
method will take the '"exact" source function into account rather than
an approximation such as that of eqn. (4.5). 1In reality this method
would also be taking source fluctuations Into account in the same way
as the fluctuating source theory developed here. It 1is, however, very
tedious to calculate the right T to reproduce the data and no physical
insights about the functional form of £(t) are gained.

Since the observational data for CH3CCl3 are available for only
the last few years during which period the source behaved very much
like S = a’eb’t (where b” = 0.083/yr rather than the long term value

of 0.15 - 0.16/yr), one may use the solution of eqn. (4.3) given by:

a” [ b t
b +n

£ = - e—nt] + Eoe_nt

(4.33)
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go is the concentration at 1/1975. During 1975-1979 the residual
function Ay (t) (eqn. 4.20) is approximately linear with a negative
slope. Such a method would apply for only short periods, and it also
requires the independent knowledge of go. Again; though this method
is good for CH3CCls, its applicabllity to more general situations is
limited. The purpose of the work developed in this chapter was to ex-—
plore more general ideas and CH3CCl3 was considered in detail only as

an example.

(h) Summary and Conclusions

The main results of this chapter are reviewed below:

(1) The effects of the source fluctuations on globally averaged
concentrations are reflected in the magnitude of the term
a (b” + n)/{w? + (b + n)z]l/2 compared to 1.

(2) When liferimes are small and the rate of increase large
enough so that (b + n)2 > > wz, then the amplitude of the predicted
fluctuations in the concentration are approximately equal to a. For
the other extreme when w2 > > (b + n)?2 the effects are moderated so
that the effect on predicted concentrations 1s swmaller than the magni-
tude of source fluctuations.

(3) The maximum (or winimum) of the predicted concentration oc-
curs after a delay period relative to the maximum (or miniwum) of the
smoothed source function. The delay period may be calculated using

the following equations:
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(4.34)
= '|’l tanl
t, = t, t,arc P
st + 1T u/pn > 1
T T w2
£, =t w/btn << 1

where to is the time at which a maximum of the source term (S(t)) oc-
curs and t, 1s the time at which this source maximum leads to a maxi-
mum of concentration. The smoothing transformation may affect a part
of this delay period.

(3) Finally, CH3CCl; was considered as an example of a compound
with a varying source function. The cycles of source fluctuations over
the last 16 years were demonstrated. It 1s probable that these cycles
will not continue, but new cycles may emerge. Although the analysis
of the methylchloroform source cycles is applicable to all theories
used to analyze the atmospheric concentrations of this compound, only
very simple theoretical examples were used in this chapter. These
examples were designed to explaip the growth of CH3CCl3 in the atmos-
phere based on the time series data of Rasmussen. The results are gen-
eralizable to more complex models. The fluctuating source theory de-
veloped here 1s exactly solvable and demonstrates the features dis-
cussed in (1) and (2) above. 1t also predicted the correct growth

rate of CH3CCl; whereas the analogous theory without source fluctua-
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tions failed to adequately predict the slope of the growth trend (in
In &).

In general the cycles in the methylchloroform source function
are expected to yield new insights into atmosphe;ic processes and test

the cousistency of the time series data.
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CHAPTER 5: SOURCES AND INTERHEMISPHERIC GRADIENTS:

APPLICATIONS TO CH3CCl3 AND OTHER TRACE GASES

(a) Introduction

The presence of a bemispherical gradient has been experimentally
demonstrated for many trace gases. It has also been obtserved that the
ratio of the concentrations, determined by remote northern hemisphere
and south pole measurements of some trace gases, changes with time. In
this chapter a case is made that, at least for CH,CCl; , such changes
of the gradient are real and can be understood on the basis of source
fluctuations. The general idea extends to the current and future
observations of other trace gases as well. As will soon become appa-
rent, the quantification of this idea is beset by many difficulrties.
For some short-lived species the gradient can also be used to establish
the existence of sources in the southern hemisphere. A criterion for
southern hemisphere sources, based on observed gradients, will also
be established in this chapter.

There are two types of ''gradients'" in general use, defined as

follows:
n/2 ~ZT(¢) o ZT(¢)
R= f 0 E (¢,z,t)cos ¢ dqus/ S S e (e,2,8) cos ¢ dzdd
0 o n -1/2 o
whereas

R, = &, (i/hi0,0) [ g, (-n/2,0,0)

[s)

where £, and £ are the usual mixing ratios. When the
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maximum variations of £(é, z, t) are small taken over all latirtudes
(¢), then R = R,. The time series of data available, on several an-
thropogenic trace gases, gives RO and not R, whereas R drives the
transport of trace gases from the northern to southern hemispheres, at

least within the framework of hemispherically averaged two-box theories.

(b) Uniqueness of the Methylchloroform Gradient

Methylchloroform is exceptionally suited for the scudyv of gradi-
ents because R, is large, and the lifetime of intermediate value. The
large value of R, allows the source fluctuations to have large abso-
lute effects on the gradient. The long atmospheric lifetimes allows

transport to control the changes in the gradient, R,, otherwise the at-

o
mosphere effectively buffers source fluctuations and the effects are
washed ovt. In order to discuss these ideas more quantitatively, it is
necessary to adopt a simple model. The best suited compounds whose
gradients allow observable changes are those which satisfy the follow-
ing assumptions: (1) They are of anthropogenic origin, (2) with
sources primarily in the northern (or southerm) hemisphere. (3) Their
lifetimes should be long (compared to interhemispheric transport times).
(4) There are no significant differences between the sink strengths in
the two hemispheres, and (5) that the emissions have been growing rap-
idly (expomentially, on the average). It is well known that under

these conditions, with the source given by aebt, the hemispherically

averaged mass conservation equations give a constant value of R after

a sufficiently long time of release:
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R= {1+ (b+m) 1] (5.1)
bt

where b is the rate in the source term S = ae ; TT is some effective
interhemispheric transport time.

If assumption (1) is relaxed, it becomes very difficult to as-
sess the source term accurately. Usually if assumption (1) is relaxed,
assumption (2) has to be given up also. If there are sources in both
hemispheres, the gradient becomes much smaller (e.g., N50, CO,; excep-
tion: CO). If (3) is relaxed, some new measured trace gases become
available. Examples include CpH,, C»Cly, CH,Cly, CHCliy, and C,HClj,
the measurements of which have been reported by Singh (1979). The
gradients of these gases are not transport-controlled. Assumption (4)
allows simpler analytical results to hold, but it is not as necessary
as the other requirements outlined above. Assumption (5) makes the

gradient R bigger. If b =0, R =1+ nt., and we then have to deal

T
with small changes of 2 smell number. Very long lifetimes also lower
the gradient, since n + 0. This is the case for F-11 and F-12.
Methylchloroform satisfies all of these assumptions with the pos-
sible exception of (4) (Chang and Penner, 1978). As long as lifetimes
of CH3CCl3 are only slightly different in the two hemispheres, the ef-
fect on RO is expected to be small. Aside from these good properties

of CH3CCly, there are practical considerations. CH3CCly is one of the

few compounds whose source strength is well known and for which a rea-
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sonably long time series of measurements exists. Its gradient R is

among the highest of all the known long-lived trace gases.

(¢) Trend Analysis of the Gradients, Ry, of CCl3F (F-11), CCl,F,

(F-12), CCl,, and CH3CClj.

Statistical tests can be applied to the time series of measurea-
ments of F-11, F-12, CCly, and CH3CCl; to see if there are any trends
(Mann, 1945; Hollander and Wolfe, 1976; Edwards, 1976). The Theil
test which was discussed in the previous chapter is applied to F-11,
F-12, and CCl,. The more standard statistical analysis, based on the
t-test, is carried out for CH4CCly. For the purposes of comparison
the t-test is also carried out for F-11 and CCl,. The main reason for
abandoning the Theil test for CH3CCly is that the theoretically ex-
pected trend of R, for CH3CCly is non-linear based on source fluctua-
tions. Over the period of observations, the theoretical values of R,
can be approximated by a linear function. But the Theil test overem-
phasises the departures from linearity. In this case the comments of
Brase and Brase (1978) are applicable. They state: '"The disadvantages
are that they (non-parametric methods) tend to waste information and
tend to result in acceptance of the null hypothesis more often than
they should; non-parametric tests are sometimes less sensitive than
other tests." 1In the particular case of CH3CCl3, even if the t-test

fails to support a linear trend, a time variation can still be present
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in some non-linear form,

The model is:

Roi = a + Bt1 + € . (5.2)

and the hypothesis to be tested is Ho: B = 0 versus the alternative
Hy: B < 0 for each of the four trace gases mentioned above. The data

and results are tabulated below. The details of the calculations are

in Appendix I.

Table (5.1) Interhemispheric Gradients, R _,
of F-11, F-12, CCl,, and CH3CClj.

R0
t Yr. CCly CC13F CC1,F, CH3CCl3
1 1/1975 1.08 1.39 - 1.67
2 1/1976  1.10 1.22 1.17 1.72
3 1/1977 1.13 1.21 1.16 1.53
4 1/1978 1.25 1.14 1.15 1.38
5 1/1979 1.04 1.12 1.15 1.42
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Table (5.2) Tests of Trends in the

Interhemispheric Gradient RO

CCl, CC13F CC1,F,  CH3CClj

B B =20 B =20 B =20 B=20
Alternative 8 ¥ O B <O g <0 g <0
Theil test

c + 2 - 10 -5 --

o n.1 0.025 0.025 -

result accept Ho reject HO accept HO -
t-test

t 0.24 - 4.1 - - 3.35

o 0.05 0.025 - 0.025

result accept HO reject Ho - reiject HO

The results given in Table (5.2) show that trends are probable
in the gradients of F-11 and CH3CClj.

Another way to look at the trend in the gradient of CH3CCly is
to establish that 1ln Es and 1ln En as linear functions of time have sta-
tistically significant differences in their slopes. In other words, if
Es (concentration at the south pole) = asexp[bst] and En (concentra-
tion in the Pacific northwest) = anexp[bnt], it is desirable to estab-

lish that b - b < 0 so that
n 5

14

Ro(observed) . )5.%)

R

Is
~
)

i
o

=]

(

o’
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Egqn. (5.3) then says that the slope of the gradient RO is

The hypothesis to be tested is Ho: Bn - BS = 0 versus the alter-
native Hl: Bn - BS < 0. Computatiocnal details are presented in Appen-
dix I. The methods used in the calculations can be found in Edwards
(1976). The level of significance was fixed as ¢ = 0.01 and the re-
sults are that t = -3.42 with 6 degrees of freedom. The critical t
value is t = <3.143. Since our t is less than this, H is rejected at
the a = 0.01 level. In these computations bn = 0.011/yr and bS =
0.153/yr, b - bs = ~0.054/yr.

The least squares slope for Rj is b, = -0.084/yr. The 90% (1 -
a = 0.9) symmetric confidence interval for the slope, based on the t~
statistic 1s (b,,, byp) = (-0.025/yr, -0.143/yr). Note that from eqn.
(5.3) the slope of the gradient, b,, is not just the difference of the
slopes of lngn and lnis. It should also be noted that the 90% confi-~
dence interval for the slope is guite wide. This can be partially ex-
plained by the assumption of linearity for R,, when in fact there may
be physical mechanisms that can account for the non-linearity.

Encouraged by the results of this section, some possible mech-

anisms for the changing gradient can now be considered.
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(d) Theoretical Investigation of the Changing Methylchloroform

Gradient, Ro

The main mechanism which succeeds in explaining the shape and
values of the CH3CCly gradient function R, is the cyclic source fluc-
tuation discussed in the last chapter. There are various available
methods to introduce the source fluctuations to construct the theoreti-
cal expression for Rj. The more physically exact the theory is, the
more information it needs to specify the internal variables such as
transport times and sink strengths. Several possible theoretical con-
structions were explored to account for the changing gradient R,.

These methods are, more or less, equivalent, though some are more phys-
ically satisfactory than others. The common feature that all these
methods required was the cyclic fluctuations found in the analysis of
the CH3CCly source function.

Considering the results to be presented here, it appears likely
that the measured values of the CH3CCl3 gradient behave the way they
do because of the cyclic fluctuations of the source. Without source
fluctuvations the gradient is predicted to be comstant at the mean value.

The simplest idea that can be used 1s to assume that the concen-
trations observed at the south pole (SP) at time t are due to the
source strength at some earlier time t” = t - t4 where ty is the delay
time. It is assumed that an overwhelmingly large portion of the

CH3CCl3z content in the south polar cell is from the northern hemis-
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pheric sources. This assumption is in keeping with the generally ac-
cepted belief that there are no significant sources of CH3CClz in the
southern hemisphere. When CH3CCl; 1is transporte§ from the northern
hemisphere, it undergoes more mixing with the somewhat "cleaner” air
of the southern hemispheric troposphere, and some of it is also de-
stroyed by atmospheric HO radicals and any other sinks that may be
present. It is expected that the sink mechanisms are very weak in the
polar cell since the mean yearly average of HO radicals 1s small there.
The actual amount of CH3CClsy which reaches the polar cell is, there-
fore, a function of the mechanisms discussed above. These mechanisms
still leave the rate of increase at the south pole equal to the rate of
increase in the northern hemispheric concentrations, but with a time
shift of t,. The value of ty is bigger than the interhemispheric
transport time since material has to be transported not only across the
low equatorial latitudes, but all the way to the south pole. The up-
shot of this discussion is that

£,(t)

R =a———
0 £ (t-t)

(5.4

where a is some proportionality comstant. Considering only the 4y cy-

cle discussed in the previous chapter:
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[1 + 0 fo(¢’ + wt)]

R = R
[1+0 £ (67 + wt - wt)] (5.5)

wa’ (b + n
w2 + (b + n)?

g =

In Fig. (5.1) R, of eqn. (5.5) 1is plotted for various values of tx.

All the varilables in f,(¢ + wt) and £ (6 + w{t-tx)) are from the source
data and are the same values used in the last chapter. Details of the
calculations are in Appendix I.

It appears that eqn. (5.5) is irn very good agreement with the
measured changing gradient. The frequency of the A1 cycle is just
right to explain the observed behaviour of R,. It is also possible to
obtain better agreement between eqn. (5.5) and the observed values of
Ry, by increasing w (in 4;) which is justified since during the period
of interest ® is a little higher than 0.94 radians/yr. This changes a”
and ¢~ as shown in eqns. (9.14) - (9.16) of Chapter 9. Taking the A
cycle into account does not make a significant difference here. These
possibilities may be explored further if desired. For this study the
values of all the parameters except io and t, in (5.5) are determined
from the source data and this theoretical expression is considered to
explain the shape of the changing gradient function of a sufficient de-
gree of accuracy.

Equation (5.5) was derived, based on rather simplified fdeas. It

For the A; cycle and the main exponential growth term in the source

function:
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1 +o0 fo<¢’ + wt))

R =R
o

° 1140 fo(¢' + wt - wty)] (5.5)

=wa' (b + n
w2 + (b + n)2

In Fig. (5.1) R of egn. (5.5) is plotted for various values of tx.

All the variables ip f,(¢ + wt) and f (¢ + w(t-tx)) are from the source
data and are the same values used in the last chapter. Details of the
calculations are in Appendix I.

It appears that eqn. (5.5) 1s in very good agreement with the
measured changing gradient. The frequency ¢f the Ay cycle is just
right to explain the observed behaviour of R,. It is also possible to
obtain better agreement between eqn. (5.5) and the observed values of
R, by increasing w (in 8;) which is justified since during the period
of interest o is a little higher than 0.94 radians/yr. This changes a”
and ¢~ as shown in eqns. (9.14) - (9.16) of Chapter 9. Taking the A
cycle Into account does not make a significant difference here. These
possibilities may be explored further if desired. For this study the
values of all the parameters except io and t, in (5.5) are determined
from the source data and this theoretical expression is considered to
explain the shape of the changing gradient function of a sufficient de-
gree of accuracy.

Equation (5.5) was derived, based on rather simplified ideas. It
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turns out that the form of equation (5.5) follows from all theories
where the mass conservation equation is spatially averaged over any
given scale. But in all cases the fluctuations of the source term must
be included, otherwise the observed changes of éhe gradient R, cannot
be properly explained. Consider, first, a two-box theory, which is
disucssed in more detail in Chapter 10 as a special case. It is no
longer necessary to postulate the delay time t,. The role of t; is
taken by 1, = l/n* where 1, is the so-called interhemispheric trans-

port time. This theory is expressed by the equations (5.6) and 5.7):

Y.
n

S, - mE -y (B -8 (5.6)

n n S

e
n

- nz_ oy (£ - E) (5.7)

It is assumed that the lifetimes are not significantly different in

the two hemispheres. The solutions of (5.6) and 5.7) are:

e =% [0 (n, t) + 0 (n+ 20, 1)) (5.8)
£, =% (2 (n, £) -2 (n+2n,, B)] (5.9
-xt t g
0 (x, t) = e f s (t7) eXt dt~” (5.10)
o)

For the A} cycle and the main exponential growth term in the source

function:
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bt
Q (x,t) = 25— (1 + %2 (sin(3tut) + 2E u(ghue)) ]

w

From egns. (5.8) and (5.9) the gradient R, discussed in Section (5.a)

can be written as:

1 1 . o w £ o4 o w
3 btn - bnrzn, ) \wZH(bFmZ o wir(bnt2n,)? 8o
R = —_— = ——
£

s 1 1 N aw £ - o w
btn ~ bHntln, oZr (b2 o T wZ+(btmt2n)? o

(5.11)
Yn + Zn
= 7 5.12
R Y + 2 ( )
s s
+
fo = gin (¢~ + wr) + EZD cos (97 + wt) (5.13)
bAn+2rn,
g8, = sin (¢~ + wt) + — cos (67 + wt) (5.14)

where Yn, Zn’ YS and Zs are the terms inside the parentheses ( ) in

eqn. (5.11). R can be rewritten as

_[1+2, ﬁYn

R =R l"'Z—Y (515)
s/ s

R =3 = [1+ (btn)/n,] (5.16)

S
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Eqn. (5.16) 1s the same as eqn. (5.1), so that the gradient R is the

usual gradient R with the fluctuating term represented by

[1 + Az/Yn] (1 + ZS/YS]_l. Eqn. (5.15) can be rewritten as:

_ |1+ a_ sin (wt+d) + ay cos (wt+p)
o
(5.17)

R =R
R 1+ bo sin (wt+9) + by cos (wt+4)

The primes on ¢“s and @”s will be dropped for notational convenience,
but their presence will be implicitly assumed.

Later it will be shown chat egn. (5.17) is generally true for all
theories, repgardless of the scale of the spatial average (number of

boxes). The only requirement is that the source term contains a 3

. . bt
term. Recall that a source with a A} term is § = ae [1 +a cos

wt+¢)]. Different theories may, however, predict different values of

R, a , a bo’ and b].

]’
For the two-box theory it has already been shown that R is given

by eqn. (5.16), and with some patience a,5 aps bo, and b1 can be shown

to be:

aw (b+n) (b+n+2n,) { [w (b+n) 2] + [ (bn+2n,) 2]}

a4 ° 5.18)
° 2[w2+(b+n)2] [w?+(b+rk2n,) 2] [btrn,] (

a(b+n) (Mnt2n ) {[w2+(brnt2n,) 2] (b+n) + {w?+(b+n) 2] (b+n+2ny) )

al=
2 (w2 (b+n) 2] [w+ (btm2n, ) 2] [btrrtn, ]
(5.19)
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20w (bntn ) (bn) (b+n+2n,)

b = (5.20)
{2+ (b+n) 2] [w2+ (b+r+2n, ) )

a(b+n) (b+n+2n,) [ (b+r+2n,) (b¥n) - w?]

b = R (5. 21)
D [ (oFn) 2] [ud (bnt2n )]

In this case the value of R is predicted by the theory in terms of
simpler variables. In Fig. (5.2) the values of R, predicted by this
theory are plotted for several values of the tramsport time T,. All
other varilables are essentially the same as those found from the
source analysis given in the previous chapter. Details of the calcu-
lations are given in Appendix I.

It is important to note that the two-box theory does not di-
rectly predict Ro but instead it gives equations for R. (The differ-
ences between R and Ro were pointed out in section (a) of this chapter,
and will be discussed further in Chapter 8.) 1n order to compare the
values of the gradient R, derived here with the observed values of Ro,

R was transformed into Ro by the equation

o]

2¢O

= - -2 - 2% -1
R, = [RA ) 2¢o] [1 %, (1+R) ] (5.22)

a= (1- cos¢o)

where ¢o is the latitude beyond which the concentration almost stops

changing with latitude. The value of ¢O was taken as m/6 determined
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from independent global data for CH3CClz, F-11 and F-12. In these cal-
culations w was taken to be 0.8 radians per year.

In summary, the obvious approximations that can contribute to
disagreement between theory and observations are: (1) an average
transport time T, 1s used; (2) the theory calculates R which has to be
converted to RO since observations are only for Ro; (3) northern and
southern hemispheres lifetimes are assumed to be the same and constant;
(4) Ap-cycle is neglected, and finally (5) transient terms of the form

At —Azt
a,e and a,e

are assumed to be negligible (A and A, are eigen-
values of the matrix M where My; = (n#n,) = Mp; My, = M2y = -n,, so
that Ay = n, Ay = n+2n*). The most serious difficulties within the
framework of this theory are probably due to the oversimplification of
atmospheric transport. Considering these factors, thé agreement be-
tween theory and observations is very good as shown in Fig. (5.2). It
is especially noteworthy that the shape of the gradient 1s described
very well. More extensive calculations also indicate that the values
of Ro are sensitive to changes In several of the variables involved.
It is clear from the figure that the function Ro(t) is sensitive to the
interhemispheric transport time Ty- RO is also sensitive to w and ¢.
The good agreement between theory and observations indicates that the
values of these parameters determined from independent source data are
very close to those required to explain the observations optimally. So
it is probable that the source variations are real and are manifested

in the observed R0 as a function of time.
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In order to avoid scme of the problems discussed above, a four-
box theory was used to lnvestigate the changing methylchloroform gra-
dient. This theory divides the troposphere intq four pieces of approx-
imately equal air masses. The divisions are along latitude circles.
Some of the details of this theory are discussed in Chapter 10, and
will be briefly reviewed here. The northern and southern hemispheres
are subdivided into two sections each at 30°N and 30°S latitudes re-
spectively. Very approximately, this is a reasonable division to ap-
proximate the barriers to meridional transport (Barry and Chorley,
1968). TFigure (5.3) illustrates the gerneral features of the theory.
Note that the transport times between the two northern hemispheric
boxes and the two southern hemispheric boxes are assumed to be equal.
The lifetimes in the boxes on either side of the equator are also as-
sumed to be equal. The lifetimes in the northernmost and southerrmost
boxes are also equal, but longer than the boxes on either side of the
equator. This feature is needed to reflect the smaller HO concentra-

tions in these boxes. The theory is defined by the system of equations:

dE(0) _5(e) - ME(R) (5.23)
dc

E(t) is a (vector) 4xl matrix, representing the concentrations in each
of the four boxes . §S{t) is also a 4x] matrix representing the sources
in each box. M 1s 2 4x4 matrix representing the transport between

boxes and the destruction within each box.
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- (ntng#n ) - ong - 0 -
- N (n+nT+no) 0 -,
M= (5.24)
- ﬂo C (n+no) 0
- 0 -, 9 (ntn ) =
The solution to eqn. (5.23) is:
g = p 1 oMt _[E eAt’ P S (t7) dt”
= o - (5.25)
where A is the matrix: A,, = A.8,. and &,. is the Kronecker delta.
i] 11ij ij

P is a 4x4 matrix which is defined by the following relationship:

PP < ) (5.26)

Equations (5.25) and 5.26) are discussed in more detail in Chapter 10.

Xi are the eigenvalues of M. In the case under consideration X, are:

b
A e = Lembon 42n 47 % L{(nt2n-m)2 + 4023 (5.27)
(3) 2 T o -2 T 0
L - 1 — i
3y = S(n+2n +n) # S[(a-n) + ‘miJ (5.28)

Here Ang is usually >> (n-1)2, therefore

—_— 1 —_
Ao = 2T+ 205 A = () (5.29)
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The matrix P 1s given explicitly in Appendix T as are the details of
the numerical calculations on which the rest of the discussion, in
this section, is based.

This theory predicts Ro directly and there is no need to use
eqn. (5.22). This result 1is based on the observation that there is no
significant change in the concentration with latitude in the northern-
most and southernmost boxes (boxes 3 and 4). The equations for the

gradients of CH3CCly are of the form given by eqn. (5.17):

1+ a sin (wt+é) + a, cos (wt+d)

1

R0 N Ro 1+ bo sin (wt+¢) + b, cos (wt+e) (5.30)
and then the Ajz-cycle is included:
. l+aosin(wt+¢)+a1cos(mt+¢)+a25in(w*t+¢*)+a3cos(w*t+¢*)
LA o 1+b05in(wt+¢)+b1cos(mt+¢)+bzsin(w*t+¢*)+b3cos(w+t+¢*) (5.31)
The values of all the symbols 3, 2y, a,, aj, bo’ bl' bz’ b3 and Ro

are completely determined by the source data and the transport and
lifetime coefficients. The values of the a's, b's and io are very
complicated functions of n, s n, o, w,, ¢, ¢, and b (the rate of the
exponential source term), so these will not be discussed here but can
be found in Appendix I.

The results of the analysis using this theory are shown in Fig-~

ures (5.4) and (5.5). The assumptions under which these calculations
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were made are as follows: For Figure (5.4) n = 0.12/yr, n = 0.08/yr,
np = 1.14/yr, and n, is varied so that n, = 5.0/yr (curve 1),4.0 (curve
2) and 3.5 (ecurve 3). The observed values are given by the triangles
(A). The calculations of Figure (5.4) are based on the Aj-cycle only
and calculated from egn. (5.30). The source is assumed to be divided
up between boxes 1, 2 and 3. The major source is S3 = 0.85 where S =
aebt(1+A1); Sy = (O.l)(aebt) = S4. This assumes that the main sources
are in the northernmost box (beyond 30°N). Figure (5.5) is based on
exactly the same assumptions as curves 1 and 2 of Figure (5.4) except
that the effect of the A, cycle is added. The A, cycle is added with

the simplifying approximation: S = aebt(1+A1+A2). The values of the

n's can be converted to the more familiar 7's (n's = 1/1's). The re-

sults of the conversion are n = 0.12/yr +» v = 8.3 yrs = lifetime of

ol

CH3CClz in boxes 1 and 2, n = 0.08/yr ++ T = 12.5 yrs = lifetime in

boxes 3 and 4. N, = 5/yr <> 2.4 months = transport time between boxes

2 and 3. n. = 1.14 corresponds to

T = 320 days (see Newell et al.,

Tr
1969)..

The changing gradient of CH43CClsy can be characterized by two main
variables which are convenient for the discussion of the agreement be-
tween theory and experiment. First in the mean gradient §o which would
be expected if no source fluctuations were present; and the second is

the depth of the variation given by

6R = Ro(max) - Ro(min) (5.32)
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For equations of the type represented by (5.17):

8 = 2{(:«0—130)2 + (al—‘:sl)zlLi R, (5.33)
Eqn. (5.33) holds when 3, bo, a, and bl are all small (<<1).

To obtain the correct value of ﬁo is very easy because there are
enough uncertainties in Ny (or n, for the 2-box theory) and in T (the
lifetime). Obtaining the proper depth SR 1s much more complicated.

The 2-box theory dces not have as much depth as the 4-box theory, and
the 4-box theory with the A, term has better depth than the 4-box the-
ory without the A; term. The 4-box theory with the A, term is in ex-
cellent agreement with the observed Eo for all years except 1976. It
can be concluded that the fluctuvating source theory explains the ob-
served changes in the CH3CClz gradient. The gradient would be pre-
dicted to be constant at the mean value ﬁo (depending on n and nT) if
the source fluctvations are ignored.

Many additional calculations were also carried out with the 4-box
theory described in this section. These calculations investigated the
effects of changing the variables about which we do not have precise
knowledge. The results of these calculations are deferred to Appendix
I, but the general conclusions will be discussed here. It is common

knowledge that "'gspeeding up the chemistry" (shorter lifetimes) results

in larger gradients RO, and "speeding up the tramsport’” results in
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smaller gradients RO. If we believe that the gradient is constant,
then only ﬁo has to be explained and the interplay of the transport

and chemistry allows a very wide range of choices of n ng (or n, of

T
the 2-box theory) and T to accomplish this. If, on the other hand,
the gradient is changing as in the case studied here and is due to the
fluctuations of the source, then this possible range of choices for
the transport and lifetime variables is reduced. The depth 6R being
large requires that there be a delay of response in the southern hem-
isphere concentrations compared to the northern hemisphere concentra-
tions. The gradient will change the most if the southern hemisphere
concentration is on the downswing when the northern hemisphere con-
centration is on the upswing and vice versa. This is expressed in the

eqn. (5.17) by making a2 big and at the same time making bo and

1
b, small (negative if possible). When the transport is made long by

the desire to obtailn greater depth GR’ the lower bound of T (and T),

the lifetime, is increased substantially in order to get a low enough
value of io to be representative of the observations. If the lifetime
is increased too much, the fluctuations tend to be further dampened as
discussed in previous chapters, thus decreasing the depth SR. On the
other hand, if the lifetime is lowered, the fluctuations become more

prominent, thus increasing GR, but the faster transport times required
to reproduce ﬁo lead to a simultaneous decrease in SR. Therefore, §

R

depends on both the lifetimes and the transport in a complicated way.
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These features are implicit In the equations of this chapter and are
also present in the results given in Appendix I.

The results in Figure (5.3) and (5.4) are based on reasonable
assumptions regarding the properties of CH3CClj in the atmosphere and
the distribution of its socurces. In order to draw firm conclusions
about the lifetime, it is still necessary to calculate &3 and &) and
compare these to the observed time series data (given in Appendix I).
Approximate calculations show that the assumptions on which Figures
(5.3) and (5.4) are appropriate for reproducing the observations. It
appears that t = 8 - 10 yrs based on the gradient and its changes.

It is also believed that the south pole measured value of
CH3CCly in January 1975 may be too high. These were the first meas-
urements and the detector temperature was lower than in subsequent
measurements. This implies that the measured gradient in 1975 should
be higher than reported. This would be consistent with the general
features of a2ll the theories discussed here because in all of them the
maxioum value of RO occurs 1m 1975. Some attention was also devoted
to possible alternative explanations of the changing gradient which do
not involve the fluctuating source. (1) Tt 1s possible that the
changing gradient is an accidental manifestation of atmospheric vari-
ability and measurement errors. This is not probable, but it is possi-
ble. There may be seasonal effects which differ from year to year,

adding to the uncertainties in using measured values for studying the
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changing gradient. The numbers used in the gradient arise from many

measurements over a month or so (for some years, hundreds of numbers
are used to obtain the average), so that the standard errxor of the

measurements is reduced. Also the atmospheric variability is mostly

averaged out in a monthly mean. (2)

The transient terms are also too

small to give such a large change in the gradient.

(3) Finally, cal-

culations were made assuming that there are southern hemispheric

sources that have increased at a rate different from that of the north-

bt bt

aeN and S =a e S
n o s

ern hemispheric sources. are

Suppose that Sn =
the source functions in the northern and southern hemispheres respec-
tively. Within the framework of a 2-box theory the gradient can be

easily shown to be:

- O ny (b +n) (b _+nt2n,) e(bs-bn)t
a (b tring) (b tn) (b Fmt2n,)
R = [1+(b +n)7,] a (b twbny) (b +n) (b +n2n, ) (5-b Ot
1+ = e
e (b tn)ng (b tn+2n,)
(5.34)

It is assumed that the lifetime in the two hemispheres 1is approximately

the same.
pears in

dient is

never very large.

Since the same function of time, namely exp [(bs—bn)t] ap-

both the numerator and denominator, the variation of the gra-

Furthermore, if it 1s assumed that the

southern hemispheric sources are small compared to the northern hemis-

pheric sources, then aS/an << 1 and bs is close to b
n

in which case
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the change of R with time is very small and unobservable. Obviously
if bn = bs’ R =[1+ (bn +n) 1,] in eqn. (5.34). The difference of
lifetimes in the two hemispheres, by themselves, do not give the gra-
dient R, variability with time. It is a general result of the 2-box
theory, with different lifetimes in the northern and southern hemis-
pheres, that the asymptotic gradient (gradient after transient terms

-t

a e_A't, b,e have become negligible) Is a function only of the

x

southern hemispheric lifetime and not the northern hemispheric life-
time, or R = [1 + (b + ns) T*], regardless of the lifetime in the
northern hemisphere.

This treatment doesn't exhaust all possibilities, but within
reason it appears that the fluctuations of the sources are necessary
to explain the changing gradient.

The 1, in 2-box tbeories 1s a parameter which must take into ac-
count both the transport from the regions north of 30°N as well as the
transport across the equator. This is true for species whose primary
sources are of industrial origin (e.g., F-11, F-12, CH3CCljy, etc.).
When the sources of a trace gas are more evenly distributed throughout
the northern hemisphere, then the transport of these gases from the
latitudes beyond 30°N is not as important and thus a smaller T, suf-
fices to explain their gradients. 1In 2-box theories the T, can, there-
fore, depend on the source distribution and can have different values

for different trace gases.
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Farlier in section (5.c) there was an iIndication that the gra-
dient of F-11 may alsc be changing. This was not pursued further in
the present study, but a couple of comments can'be made. The change
in this gradient is small over the years and does not seem to have a
structure similar to CH3CCly. The lifetime of F-11 is long, so source
fluctuations are damped; furthermore, its source fluctuations are not
as cyclic as CH3CCljz, and lastly, its release has become almost con-
stant in recent years. It is, therefore, more difficult to formulate
a theory for this compound, but the changing gradient could be due to

these complicated features in its source function.

(e) Interhemispheric Gradients and Sources in the Southern Hemisphere

—- Short~Lived Trace Gases.

For short-lived trace gases the interhemispheric gradients R or
RO are large. Intuitively we know that if the measured gradient of
any trace gas with intermediate or short lifetime is close to unity,
then there must be sources in both hemispheres. This idea is quanti-
fied and a reasonably sensitive criterion is developed to decide
whether there are southern hemispheric sources of a trace gas, based
on measured gradilents.

For this analysis, it is most convenient to use the simplest ap-
plicable theory, which is the 2-box medel. As already discussed, the

gradient R is given by
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R=[1+(+n 1] (5.35)

assuming that the sources are all in the northern hemisphere and that
the source term is given by aebt. If the source is constant, b = 0.
This eqn. (5.35) for R is valid after the transient terms have died
out. The time it takes for this to happen (beginning at the point
when release is first started) is relatively short if the lifetime is

short. Specifically klt, At >> 0, kl = n, AQ =n+ 2n,. If t is

2
short, n is very large and klt, kzt quickly become large, damping out
all terms e_Xt within a short time.

The main idea 1s to derive the equation for the smallest (clo-
sest to 1) possible value of the gradient R which can be expected if
the sources are only in the northern hemisphere, This is denoted by
Rmin‘ In case the measured gradient, Rm’ is smaller than this (Rm <

Rmin)’ then the assumption of only northerm hemisphere sources is de-

duced to be incorrect and there must be sources in the southern hemis-
phere. 1If Rm > Rmin’ then southern hemisphere sources are unlikely.
This idea will be refined a little further as we proceed.

Only relatively short-lived trace gases will be considered so
that n is large (recall that n = 1/1). In most cases b is expected to
be 2 0, but its value won't matter much because n > > b, so the first

simplification is to drop b and thus R = [1 + nt,]. When the primary

sink is reaction with atmospheric HO radicals, n = R [BRO]. Two Rm. 's

in
be defined:
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(1) _ ;

Rin= A+ K{po) t, ) (5.36)
(2) _ =

R D= (1 + 4K[HO] Tao) (5.37)

2 x 10% molecules/cm3 = minimum of the iearly global mean
average HO density.

B
Q
—

1}

T = 0.75 years

For trace gas with other primary sinks or combinaticns of sinks, K [HO]
is replaced by n_, = 1/t . R(%) represents the lowest limit of R
min max min

consistent with current knowledge of mean HO radical demsities in the

NE)

.’ doubles the
min

atmosphere, and interhemispheric transport time T,.

values of [HO] to 2[HO] and doubles the T,o to 21 ., or in general it

raises the minimum expected n ., to 4n . . The criterion for southern
min min

hemisphere scurces then becomes:

L

If Rm < Rmin => sources in the southern hemisphere (5.38a)
(2) (1) _ . ,
R >R >R => undecideable, but southern hemisphere (5.38b)
min ol min .
sources are unlikely or small
Rm = Réii => most probably there are no southern (5.38¢)

hemisphere sources

Considering eqns. (5.36) and (5.37), it is possible to convert this
criterion (eqn. (5.38)) into graphical form. If R is plotted as a

R(l) and R<2) d

function of
m min min

efine a cone. n ., = K [HO] can be cal-
min

culated for a given trace gas. 1If Rm lies below the cone at n = Noin

=K [HO], one concludes that there are southern hemisphere sources.
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If Rm lies in the cone for this Mosn? MO strong conclusion can be
drawn, and if Rm lies above the cone, then southern hemispheric
sources are very unlikely. The strongest conclusion 1s drawn when Rm
lies below the cone.

Figure (5.6) is such a graph and the following trace gases are
included in it as examples: CHCl3 , CH3Cl, CH,Cl,, C»Cl,, C,Hg, CoH,,
CoHy, CHC1,F, CO, CHy, COS and CSj.

The sources of information used to obtain the locations of these
trace gases on Fig. (5.6) are as follows: (1) The calculations of
n_. were carried out using the rate constant data reported by Atkin-

min

son et al, (1978) and DeMore et al. (JPL, 1979). (2) The global meas-
urement data yielding the gradients are from Rasmussen (personal com-
munication) and Singh (1978, 1979). Additional information on LI
was obtained from Graedel (1978). Graedel (1978) also discusses in
detail the sources of several of these trace gases as well as their
lifetimes and chemistry. For the calculations based on rate constant
data, the average temperature in the lower atmosphere was taken to be
266°K.

The results of the figure are that CH = CH, C,Hg and CsHy as well
as CO, CHy, CH3Cl, COS and CS; must have southern sources. CH,Cl; and
CCly are not decideable, whereas CHCL,F (F-21) is unlikely to have

southern sources. In this graph, the underlined locations are for

Rasmussen’s measurements, and the rest are Singh's measurements. The
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CHy, CO, CyHy, COS and CS, lifetimes, necessary to locate these trace
gases on the graph, were taken directly from Graedel (1978). The left-
most location of CoH, is based con the lifetime calculated from meas-
ured value of the rate constant for CyH,+ HO ~» ﬁroducts (Atkinson et
al., 1978). This is also consistent with the lifetime given by Grae-
del (1978). The rightmost location of CsH; is based on the Arrhenius
expression for this reaction, The location of CsHy with 2
double underline is the measurement of Robinson (1979), and it too
falls below the cone. Robinson (21979) also discusses the latitudinal
distribution of acetylene in his paper but does not draw any conclu-
sions about possible southern hemisphere sources. The arrows on the
graph indicate that the true locations of these trace gases on this
graph are farther out along the direction of the arrows. For example,
n for CyHy is 195 (Graedel, 1978), but since the graph doesn't go that
far, the arrow is used to indicate this. In the cases of CHClj3 and
CHC1,F measured concentrations only give lower limits of the gradient.
In case these compounds have other sinks, the lifetime can only
go down, in which case their locations on the graph move to the right.
The case for southern hemisphere sources becomes stronger as the loca-
tion of the trace gas on this graph is moved to the right. The unde-
cideable gases could also move into the region below the cone.
Clearly, there are straightforward generalizations of the cri-
terion discussed here. One need not restrict attention to only those

trace gases that have HO-dominated sinks. The K [AOT in eqns. (5.36)
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and (5.37) can simply be replaced by the smallest expected values of

n regardless of the types of sinks which lead to it. Secondly, rela-
tively longer-lived species can be included, but then the value of b
has to be restored in eqns. (5.36) and (5.37). ﬁith some effort the
cone can also be shrunk so that more definite conclusions can be drawn
about more of the trace gases.

For any trace gas with a finite lifetime and gradient of 1 or
less, there must be southern sources as expected. All these will lie
below the cone. CH3C1l, CH3Br, CH3I, N,0 and CCly, are examples of such
trace gases.

In sumpary, the criterion for the existence of southerm sources
is formulated as follows: It is assumed that there are sources only
in the northern hemisphere and then the smallest value of R that
can be consistent with this assumption 1is derived. If R = [1 + (btn)
T,), this minimum theoretically expected gradient is obtained by taking

the smallest reasonable value for the transport time, T and the upper

*’
limit of the lifetime (minimum n). If the measured gradient is still

smaller than this minimum expected value, then it can only be explained

by southern sources.
(f) Conclusions

The principal results of this chapter can be divided into three

classes.

(1) First statistical tests were performed on the measured time
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series of the gradients of CCl3F, CCl,F,, CCly and CH3CClz. The con-
clusions drawn from these tests were that it is likely that the decline,
in the gradients of CCLl3F and CH3CCljz, 1s significant. The gradient

of CH4CCly as a function of time was picked for Aetailed study, so a
further statistical test was performed to see if the slope of ln gn

(log base e of the northern hemisphere measured time series) and the
slope of 1n &5 were significantly different. The test showed that the
slopes are very probably different, thus supporting the idea of a
changing gradient.

(ii) A detailed study was undertaken to explain the changes in
the gradient of CH3CCly based on the fluctuations of the source term.
These fluctuations were discussed in the previous chapter. To start
the investigation, a simple delay i1dea was considered. It was postu-
lated that the south pole concentrations respond, after a delay, to the
fluctuations of the source which is concentrated in the northern hemis-—
phere above 30°N. The success of this idea in explaining the changing
gradieot led to two more rigorous studies. In the first one the tro-
posphere was divided into the northern and southern hemisphere tropo-
spheres. The transport of CH3CClz and its atmospheric chemistry were
specified in simplified form by transfer times and lifetimes. The
fluctuations were added to the source term. The agreement between this
theory and observations was good, but it led to the suspicion that a

more exact explanation could be constructed based on the same idea of



143

fluctuating sources, but with more refined assumptions regarding the
global behaviour of CH3CCl;. The problems associated with the 2-box
theory were reviewed. Both this 2-box theory and the next more re-
fined theory automatically introduced the delays in the response of the
south pole concentrations with respect to fluctuations of the sources
in the northern hemisphere.

The next step involved the construction of a 4-box theory, which
is summarized in section (5.d). The main problems that were encoun-
tered in the application of this theory to CH3CCljy were related to our
ignorance of the source distribution and transport times. Using rea-
sonable assumptions regarding these variables, the agreement between
theory and observations turned out to be very good.

The results of the analysis indicated that the changing gradient,
if it is a real change, is most probably due to the cyvclic fluctuations
of the source term.

(iii) Finally, a criterion was developed to detect southern
hemisphere sources of trace gases, based on the measured gradient. This
criterion, though easily generalizeable, was developed in detail for
short-lived species and applied to the measured gradients of several
trace gases. The criterion is strongest when it indicates that there
are southern hemisphere sources. 1t was found that several of the

trace gases studied very probably have southern hemisphere sources.
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Figure (5.1): Comparison of the observed CH3CClj
gradient with a simple delay theory.
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Figure (5.2):

The observed methylchloroform gradient
and the two box theory.
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Figure (5.3): A picture of the four hox theory.
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Figure (5.4): The observed methylchloroform
’ gradient and the four box theory.
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Figure (5.5): The observed methylchloroform
gradient and the four box theory

with the A, and A, cycles.
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CHAPTER 6: ACCUMULATION OF CH3CClj

IN THE ATMOSPHERE

(a) Introduction

In this chapter investigations of possible future concentrations
of CH3CCl3 are reported and discussed. Several possible scenarios are
considered which indicate that CH3CClj concentrations could become two
to four times higher than they are today ( ~ 115 pptv).

Chlorine containing anthropogenic trace gases have been implicated
in the destruction of the stratospheric ozone layer (see for example
Molina and Rowland, 1974). The fluorocarbons CFCly (F-11) and CCl,F,
(F-12) have become the focus of this threat to the global environment
of our future. The main case against methylchloroform is the same as
that against F-11 and F-12. CH3CCl3 will reduce the current concentra-
tions of stratospheric ozone, and it can also lead to the enhancement
of the atmospheric greenhouse effect, thus raising the global tempera-
ture of the atmosphere. The infrared absorption bands of CH3CCl; are
similar to those of F-11 and F-12 between 8-16 pm (Thompson, 1974).

There are two key variables which determine the threat of
CH3CCl3 to the future environment. These are: (i) the ambient concen-
trations of CH3CCly in the troposphere, which will result from cerntinu-
ing or increasing emissions, and (ii) the photodissociation character-
istics of CH3CCl3 in the stratosphere. These variables are important

for the assessment of the dangers of any trace gas in the same class as
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F-11, F-12 and CH3CCls.

There are differences between the dangers of continued emissions
of CH3CCly and the continued releases of F-11 and F-12. It is well
known that CH3CCljy has tropospheric sinks, the ﬁost prominent being the
reactions with tropospheric hydroxyl (HO) radicals. The implications
of this sink are: (i) for equal amounts (number of molecules/yr) of
releases of CB3CClz and F-11 or F-12, CH3CCly is safer because many of
the CH3CCl3 molecules are destroyed by HO and have nothing to do with
the destruction of the ozone layer. (ii) If releases of CH3CClj3 are
cut down or stopped, its tropospheric concentrations will decline more
rapidly than F-11 and F-12, so that the detrimental environmental ef-
fects of CH3CCl; can be contained over a relatively shorter time scale
thap the effects of F-11 and F-12.

These points, favourable to CH3CClz, have the clear danger of
tranquilizing us into a false sense of security. Already huge guanti-
ties of CH3CCly are being released into the atmosphere. 1In fact, more
CH3CCl, has been released per year, during the last couple of years,
than either F-11 or F-12. It appears that soon CR3CCl; releases, per
year, will exceed the combined releases of F-11 and F-12, per year (by
mass). The lifetime of CH3CCl; is short compared to F-11 and F-12, but
it is not so short as to make it comfortably safe. Consequently the
tropospheric concentrations of CH3CCl; have been rising rapidly ( ~ 10

— 12% per year). The current tropospheric concentrations of CH3CCl;
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are probably a very minor threat to the ozome layer, and have virtually
no effect on the earth's greenhouse effect. But these concentrations
will continue to rise and will make CH3CCl; more and more prominent in
the perturbation of the o2one layer due to anthropogenic activities.
Once its tropospheric concentrations rise high enough to significantly
affect the ozone layer, it will still take a decade or more to nullify

its effects, even if all further release is stopped.

(b) Theoretical Analysis of Future CH3CCls Concentrations

There is no definite method by which one can predict the future
concentrations of CH3CCly, or of any other atmospheric trace gas, re-
sulting from anthropogenic activity. All that can be done is to guess
the source strengths of the future and estimare their effects. The fac-
tors which will control future emissions are many, which include the
state of the economy, the demand for CH3CCly (which can diminish be-
cause of limits of growth), and possible governmental restrictions on
releases.

The theory adopted for this study consists of two (hemispherical)
boxes. It 1is, of course, possible to cobstruct more sophisticated the-
ories, but it appears that this theory is adequate considering our cur-
rent knowledge of CH3CCls concentrations in the atmosphere. The gen-
eral theory is discussed in other chapters, as well as in Chapter 10.

It is stated by the following (matrix) equation.
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If in the future, the source is constant at some level, say a, (pptv/

vr), then
2
an = K: (a - 12) {6.12)
a
an = TZ (a - Xl) (6.13)
B a, (a - ) a (a - Al)
Q3n - A - A, (6.14)
ann
_oT
le = 11 (6.15)
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Q. = o T (6.16)
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1
-3 ] (6.17)

If, in the future, the source continues to rise at some rate so that

~

bt

S = ae , then:
n (e}
aO
Q = — (a - X)) (6.18)
1n (b + )\1) 2
aO
Q, =—7 (a - X)) (6.19)
mg s x,) !
(a - X)) (a - 2
a, =ao[~ G — ] (6.20)
n (b + X)) (b + 1)
1
Q, =an ——— (6.21)
1s oT (b + X])
Q, =an, ——— (6.22)
28 (o] (b + )\2)
Q3S = - ang 1 — - 1 — ebt (6.23)
(, +b) (4, +b)
n, < l/Tn s g = l/TS s Mg = 1/1T (6.24)

T,s T are the lifetimes of CH3CClz in the northern and southern hemis-

pheres (including both the stratosphere and the troposphere). TT is

the interhemispheric transport time. X; and Ay are eigenvalues of the

matrix in the second term of eqn. (6.1). It is assumed that there are

no significant sources in the southern hemisphere. gno’ Eso are the
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values of the CH3CCliy mixing ratios, averaged over the northern and
southern hemispheres, at time zero which 1is January 1979. gn(t) and
Es(t) are the predicted future concentrations.

Figures (6.1) and (6.2) show the main results of the calculations.
The numerical results, from which these figures are constructed, are
given in Appendix I. Further details of the calculations can also be
found in Appendix I. The results shown in Figures (6.1) and (6.2) are
discussed next. TFigure (6.1) shows the expected northern hemisphere
mean Ctropospheric concentrations and Figure (6.2) the southern hedis-
phere mean tropospheric concentrations.

The conditions chosen to calculate these cutrves (Figures (6.1)
and (6.2)) are as follows: EonT = 130 pptv and gosT = 100 pptv. These
are the mean tropospheric mixing ratios in the northern and southern
hemispheres during Januvary 1979 and are determined from the measure-

ments of Rasmussen. § and EOST are based on the results of Chapter

onT
8, and the measurements are tabulated in Appendix I corresponding to
Chapter 2. The equations (6.1) - (6.24) refer to the expected concen-
trations over the whole hemispheres which include the troposphere and
the stratosphere. In calculating the expected councentrations, & and

on
Eos were assumed to be 112 pptv and 86 pptv respectively. These num-
bers correspond to Z = Eg /Ei = 0.25 (E; and gi are the stratospheric
and tropospheric mean mixing ratios). The equations give En(t) and

Es(t) which were divided by a = (0.862 (corresponding to ¢ = 0.25) to

obtain the tropospheric mean concentrations.
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Tr is taken to be 1.2 yrs and Tn is taken to be 21 . In curve

s
(:)(Tn, TS) = (12, 6) yrs, in (:)(Tn, TS) = (7, 4), in (E) (Tn, rs) =
(20, 10). Curves marked (:) s (:) and <:> correspond to the ex-
pected future concentrations in the troposphere if the source remains
constant and equal to its 1978 value (which was 1.1 billion lbs/vr).
Curves marked <:> and <:) reflect the expected concentrations if
the source strength continues to increase at 8% per year or S = (1.1 x
10° 1bs/yr) exp [0.08 t]. If the source term is going to grow, an 8%
growth per year is a conservative estimate. In the past the CH3CCl;
source has grown faster than 8%/yr (average of =~ 15% per yr for the
past twenly years).

If the source continues to grow at ~ 8% per year, the emissions
in about 9 years will be double of the 1978 value of 1.1 billion lbs.
per year. IUf the emissions do tise to ~ 2.2 billion lbs/yr and chen
remain at this level, the future concentrations of CH3CCl; in the at-
mosphere will rise to 1/2 ppbv. The asymptotic limit of how high the

CH3CCly concentrations can go are given by eqgn. (6.10, (6.11) with:

. 9 ~ =
With constant release at 1.1 x 10° 1lbs/yr, EnT* =~ 220 pptv and 5ST*
185 pptv, and with constant release at 2.2 x 10°% 1bs/yr, & = 450

nT*

pptv, EST* = 380 pptv. If the source is not comstant in the future,

but continues to rise, then there is no steady state limit.
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Table (6.1) below summarizes the results:

Table (6.1): Expected Tropospheric

Concentrations

{(a) Source Constant at 1978 Emissions.

Time £ (opEV) £ p (PPEV)
1/1979 130 100
1989 195 160
1999 213 177

(b) Source Continues to Rise at 8%/Yr.

1/1979 139 100
1989 306 236
1999 685 530

(c) Source Rises at 8%/Yr, then Becomes Constant at Twice
1978 Emissions.

1/1979 130 100
1989 306 236
1999 400 350
later ~ 450 ~ 389

Numbers bhased on t = 8.5 yrs, curves (:) and <:> .

Curves <:) and (:) are the most likely possibilities, based
on the most likely lifetime of CH3CCly as deduced in Chapter 2. The
table above 1s based onm this lifetime.

It should be stressed that the numbers derived here are hemis-
pherical tropospheric averages. The actual concentrations at high nor-

thern latitudes (PNW ~ 45°N) will be higher than EnT and the concen-
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trations at the high southerp latitudes (e.g., SP or Tasmania sites)
will be lower than EsT‘ By invoking the results of Chapter 8, the en-
tire latitudinal profile expected in future years can be constructed

by using the values of gnT and gsT derived here.

(¢) Summary and Conclusions

The future concentrations of CH3CClz were calculated in this
chapter. If the emissions of CH3CClz remain at the 1978 levels of 1.1
billion 1bs/yr, then in ten years the tropospheric concentrations will
be 60% higher than in January 1979 (gnT = 200 pptv, EST = 160 pptv).
Beyond the first ten years the concentrations of CH3CCly will not rise
much -- ultimately reaching about 229 pptv and 180 pptv for the north-
ern and southern tropospheres respectively. If emissions continue to
rise at ~ 8%/yr, the tropospheric concentrations could rise to more
than double the January 1979 values within a decade. If the source
stops increasing at that stage, the subsequent concentrations of
CH3CCl3 could reach four times the January 1979 values.

It appears that in the future (mext 20 years) CH3CClz concentra-
tions could easily double, and 1if the emissions continue to increase,
CH3CCl3 concentrations could quadruple.

The effect of CH3CCl3 on stratospheric ozone is still under in-
vestigation (see ﬁcConnell and Schiff, 1978; Crutzen et al., 1978). In

any case the two to four times higher concentrations of CH3CCl; in the
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future will make it much more significant in ozone depletion.
The results of the calculations shown here lead me to the opinion
that CH3CClz emissions should be restricted -- at least held at the

1978 levels -- while studies of its effects are being carried out.
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PART 1II:

RELATED TOPICS AND THEORETICAL TECHNIQUES



164

CHAPTER 7. A STUDY OF CHC1lF; (F-22) IN THE ATMOSPHERE

(a) 1Introduction

CHC1F5 (F-22) has been measured recently (Rasmussen, 1979), in
the earth's atmosphere. These measurements were made using GC/MS
techniques and are shown in Figure (7.1). The observed concentrations
are significantly higher than expected on the basis of anthropogenic
release (McCarthy et al. 1877; Alexander Grant & Co. 1979).

A wide spectrum of possible explanations for the observed F-22
concentrations are reported in the chapter. It should be stated from
the onset that there are several puzzles in the small amount of data
currently available. It is, therefore, necessary that the measurements
of Rasmussen be replicated and more data be obtained before any
definitive statements can be made.

After a review of the observational data the remaining sections
are devoted to looking at additional sources of CHC1F,. The four
possibilities that will be considered here are that (i) the measured
values are inaccurate, (ii) the release estimates are too low, (iii)
there are natural sources - perhaps volcanic emissions (Graedel, 1978),
and (iv) F-12 (CC1,Fy) is converted to F-22 in the earth's environment.
The magnitudes of these mechanisms, necessary to account for the ex-

cesgive F-22, are also obtained.
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(b) Review of the data and the global averages

Based on the measurements shown in Figure (7.1), the first
quantity that has to be determined 1Is the globally averaged comncen-
tration or the total global burden. The simplest procedure is to ob-
tain the globally averaged mixing ratio, E; and the globally averaged

tropospheric mixing ratio, E' These are gilven by:

T
. =% (a+b) (7.1)
T 2
E=gp € (7.2)

where (a) represents the average mixing ratio at the South Pole or
high southern latitudes; (b) is the mixing ratio at high northern
latitudes, which are represented by the Adrigole, Cape Meares (Oregon),
Canary Islands and Harwell sites. In Eq. (7.2) € is the factor
{(~ 0.8 <€ < 1) which takes into account the (lower) stratospheric
average mixing ratio (see the next chapter). This gives ET = 47 pptv;
(a = 41 pptv, b = 52 ppt) T = 42-43 pptv. These estimates of the glo-
bal average exclude the Adrigole measurements, which are probably too
high to represent the true background F-22 mixing ratios at high (>30°)
northern latitudes (see Kerr 1979). Inclusion of the Adrigole data on
an equal footing with the rest of the northern hemisphere measurements,
increases the global average and the tropospheric average. It also
increases the interhemispheric gradient to uncomfortably high values.

The values of a and b chosen above, on the basis of the measure-

ments can be checked for consistency by considering the interhemi-

spheric gradients R and RO (see Chapter 5). 1In figure (7.1) the solid
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line represents a latitudinal profile whose shape is typical of long
lived trace gases as discussed in the previocus chapters. The result-
ing gradients of F-22 are RO = 1.27 and R = 1.2. Since
R=(1+ '+ T;'], the value of R (= 1.2) is consistent with a
lifetime of about 30 years, a growth rate of 15-167 per year (b') and
the interhemispheric transport time (Tt) of about one year. It is
probable that 52 ppt is a slight underestimation of the high latitude
northern hemispheric mixing ratio, and therefore the global tropo-
spheric mixing ratio of 47 pptv = Ei may be a slight underestimate. 1In
any case, the values chosen for a, b, and the global tropospheric mixing
ratio E& are in general consistent with the expected interhemispheric
gradient, and therefore constitute good estimates of the global concen-
tration based on the observations,

The rate constant of the reaction CHC1F; + HO -+ CClF,; + H,0 is
quite temperature sensitive but it is unlikely to be faster than
~ 4 x 10715/gec (298 K) at globally averaged atmospheric temperatures
(DeMore 1979, Atkinson et al. 1979). This means that the global life-
time of F-22 is of the order of 15-30 years due to HO interactions.
The relatively long lifetime coupled with the average exponential growth
rate of antropogenic release at 15-16% per yvear (1968-1975 - see
Appendix I Chap. 4) with ~ 957 of the release in the northern hemi-
sphere (Alexander Grant and Co., 1979) should make the gradient Ro
between 1,2-1.4. Since it is very likely that there are sources of

F-22 other than the direct anthropogenic release, the equation for
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R=[1+( +n) T’f] may not be strictly valid. On the other hand,
it is likely that a significant portion of the global burden at the
time of measurements (5/79) is due to direct antropogenic release, 50
there 1s cause for concern only if the gradient R deviates signifi-
cantly from R = (1 + (b’ + n)T'f], because this should be the approxi-
mate gradient. There are several other assumptions which can be made,
but ultimately they all give similar mixing ratios when averaged over

the whole atmosphere. Thus the globally averaged mixing ratio is

E=€TE =%(a+b)e =47€ pptv (7.2)
N, N
e:l[l=—s<f>} (7.3)
N N [
ES T
g, = Ep ((2); 2, <z <z 7.4
S
/ ps(z)f(z)dz
YA
_ T
<f>o = (7.5)
s
/; ps(z)dz
T

where E& is the average tropospheric mixing ratio, Z_ and ZS are the

T
heights of the tropopause and the stratopause, f(z) is some function
which describes the stratospheric vertical mixing ratio of ¥-22 (or
any other trace gas under consideration); Nuo = NS + NT, NS and NT are
the numbers of molecules of air in the stratosphere and the tropo-

sphere respectively, ES and ET are the mixing ratios of F-22 in the

stratosphere and the troposphere. Equations (7.2) - (7.5) are valid
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for the latitudinal profile shown by the solid 1line in Fig. (7.1)
and under the assumption that there is some mean tropopause height
ZT end that f(z) 1s approximately independent of latitude. Further
details regarding these equations will be developed in the next
chapter.
o <<f>p <1 (7.6)

When <f>p = 0, it means that there are no molecules of F-22 in the
stratosphere. If <f>p =1, it implies that the mixing ratio of F-22
is constant with height in the stratosphere, with the same value it
has in the troposphere, at any latitude. Both these limits are un-
realistic, the first implying extremely rapid destruction in the strat-
osphere thus reducing the total global lifetime (to < ~ 10 yrs. and
the second is improbable because the anthropogenic source of the com-
pound has been rising exponentially and vertical transport beyond zp
is slow. Since data are not available on the photo-dissociation cross
sections for F-22, nor are there any stratospheric measurements, it 1s
very difficult to estimate <f>p accurately. Fortunately, the total ef-
fect of the stratospheric burden is not very large and reasonable as-
sessments of F-22 can still be made without precise knowledge of <f>p
Thus, 1f 47 ppt is accepted as the tropospheric average, then the glo-
bal average iz 38 ppt < £ < 47 with the lower limit corresponding to
<f>p = 0, and the upper limit to <f>p = 1.

Summary: Considering the measurements of F-22 given by Fig. (7.1),

a latitudinal profile was constructed with is consistent with
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the measurements and also consistent with the Interhemispheric
gradient, Ro’ of F-22. The global tropospheric average of 47 ppt
was deduced. This value is on the lower side of the range consis-

tent with the observations.

(¢) The global time-release and budget of F-22

In Fig., (7.2) of this chapter, the release of F-22 1s shoun
as a function of time from 1968-1975, and the production is shown
from 1968-1978. The release is very close to an exponential with
a growth rate of 0.158/yr. (McCarthy et al, 1876). It is assumed
here that the release continued to grow at the same rate between
1975-present, as it did between 1968-1975. This will be discussed
again later on in the chapter. The figure for F-22, corresponding to
Chapter A,Ishows the release since 1950.

One may assume that both the stratospheric and tropospheric
lifetimes of F-22 are infinite, thus resulting in the highest pos-
sible anthropogenic contribution to the current burden. This yields
the global burden based on measurements of about 45 pptv based on

N

Eq. (7.2) with ¢ = 0.96 where <> = = [0+ b
T

is based on a two box theory dividing the atwosphere into the tro-

ST]. This equation
posphere and the stratosphere. The total release up to 5/1979 is
approximately 532.7 x 10° gm, where the exponentially rising release
is added to that of McCarthy et al.'s (197¢) estimate of release up

to 1975. This divided by N_ yields an average global mixing ratio
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of about 35 ppt. This implies a 287 excess or about 150 billion gr.
extra in the atmosphere after subtracting the total estimated anthro-
pogenic release from 1931 to 5/1979, and assuming that all the anthro-
pogenic contribution is still in the atmosphere.

There are several possibilities that can explain this difference,
and these are listed below: (1) The measured values are inaccurate,
and the true background concentrations are substantially smaller than
measured. (2) The release estimates may be too low. (3) There are
natural sources, perhaps volcanic, which contribute the remainder.
(4) There is a slow conversion of F-12 to F-22. These four possi-
bilities will be explored further in the remainder of this chapter.
It should be kept in mind that the difference between the present
F~22 burden based on the measured concentrations (Fig. 7.1) and
the anthropogenic component is probably much larger than 287 which
is discussed above. The lifetime of F-22 is not infinite, and
therefore, the anthropogenic component is likely to be substantially
smaller than 35 pptv.

In order to gquantify the possible explanations of the observed
F-22 concentrations, it is necessary to develop some theory which
provides the values of E at the time measurements were made (5/1979)
as a function of the global lifetime of F-22. The following method

is adopted:

d__ T — —
g =8 -ng - ( £) 7.7
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N (7.8)

£ =-ng +n
u u

d
dt ‘u T

where E& and E; are the mean mixing ratios of F-22 in the global
troposphere (T) and the stratosphere (u - upper atmosphere) respec~
tively. nand n are the reciprocals of lifetimes of ¥-22 in the tro-

posphere and the stratosphere. nT is the reciprocal of the strato-

spheric-tropospheric exchange time. NS and NT are the members of

molecules of air in the stratosphere and the troposphere respectively.

S is the total number of molecules of F-22 released per year divided

by NT. Let CT = gT NT, Cu = guNS’ then the average global lifetime

. ~ 1 Cu — i ~
is: n=—7mnm +‘7;-n with C = C_ + Cu. n is not constant unless

CT/C and Cu/C are both constant; so defining a global lifetime is
an idealization of the real situation. Egquations (7.7) and (7.8)

can be written as:

a 2 S >
T E=S-ME (7.9)
N N
S _S
ntong Ny N N
M= _ (7.10)
- g (n + nT)
The solution is:
t
z —-At re ) ,
£E=p1e f e P S(t’')dt’ - (7.11)

Ay and X, are eigenvalues of M. S(t’) is taken to be the function



172

in Eq. (7.12) (McCarthy et al.; 1977).

bt

S(t') =ae (7.12)
Time S(t).
0.32¢
(1/1950) 0 < t < 10 (1/1960): 0.0le (7.132)
(1/1960) 0 < ¢’ < 8 (1/1968): 0.234e°-187¢ (7.13b)
(1/1968) 0 < t” < 11.4 (5/1979): 1.206e0:1°8F (7.13¢)

In Eqns. (7.13) the release within any period between t and ¢t + &t
t + 8t

is given by ft S(t)ét; and the result is in pptv in the tro-
posphere. The tropospheric box contains all the sources so by
Eq.(7.7) the source in 10% kg/yr is converted to pptv in the tropo-
sphere (with 8.69 x 10%3 molecules of air ~ see Chap. 8 ). The
methods of Chap.9 have also been applied in obtaining Eqms. (7 .13).

One of the most desirable features of the theory expressed by
Eqns. (7.7) and (7.8) is that it predicts the expected tropospheric
average mixing ratio E& based on the antropogenic source strength
S(t). 1It, therefore, allows direct comparison of the calculated
average mixing ratio in the troposphere with that obtained from the
tropospheric measurements shown in Fig. (7.1) (as %—(a + b)).

In Fig. (7.3) the results of the calculations based on (7 .7)
and (7 .8) are shown for various assumptions regarding the lifetimes
of F-22 in the troposphere (1) and the stratosphere (;3. Fig. (7 .3)

shows E&. The complete details of the calculations including the

expected E; and the global average E are shown in Appendix I. The
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dashed enclosed region in Fig. (7.3) indicates the most likely values
of E& which can be explained by the antropogenic source, nT is taken
to be 0.58/yr (Reiter, 1975).

In general it is clear that there is a sub;tantial amount of
F-22 1in the atmosphere that cannot be explained on the basis of the

accepted antroprogenic release of F-22.

(d) Strengths of Natural Sources

The excess of F-22 present in the atmosphere can be accounted
for by some small natural source. The strength of the source is a
function of the tropospheric and stratospheric lifetimes of F-22.
On the simplest level the natural source strength can be estimated
by assuming a constant output which has been operative over a long
time (several lifetimes). The linearity of Eqns. (7.7) and (7.8)
allows separation of the natural source and the contribution from
the anthropogenic source. Therefore, one mav write the equations

for the matural contribution as:

“nF - ST _TF N =
S 7 M bpx T g Ny (Epy = 84g) =0 (7.14)
~RE Lty (B - B =0 (7.15)
where d T*/dt = dg*u/dt = Q0.

In these equations (7.14), (7.15), S, 1s the source strength of the

*

natural contribution (in pptv/yr or g/yr) and E&*, E;* are the con-—

tributions of this source to the observed mixing ratio at this time.
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Equations (7.14) and (7.15) can be solved to give:

_ (n + ne) Sk
Eps = N (7.16)
— — S
n(n + nT) + R
T
N S
- T "%
ux N (7.17)
- - 5
n(n + nT) g N
T

Eqn. (7.16) and Eqns. (7.7) - (7.13) can be used to estimate S, as

gilven by the following equation.

(o) _
S, = [ET - ET(mn)] nil +

(o)

where E& is the observed tropospheric wmixing ratio (~ 47 pptv),

o3

n N
=z N—Sj\ (7.18)
n + Ny T

E&(n,;5 is the solution of Eqn. (7.7) (see Appendix I or Fig. 7.3)

as a function of n,ﬁ'at the time measurements were made. It is

_ _(0) —

assumed that ET* = ET —'Eén,n) so that the natural contribution
is the difference of the anthropogenic contribution and the ob-

served mixing ratio. §, in grams is given by (S, (pptv) NT M)/No.

*
where NO is Avogadro's number, M the molecular weight of F-22 and
NT the number of molecules of air in the troposphere.

Taking the tropespheric lifetime of 15-30 yrs and a strato-

spheric (average) lifetime of 7-20 yrs implies that a constant

natural source of 12-22 billion grams per year would yield the
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observed global average mixing ratio of F-22 when added to the
estimated anthropogenic source. This is a significant contribution
which would imply that the matural source exceeded the anthropogenic
source until about 10- 14 years ago.

It is difficult to point to a particular new source of F-22,
other than the direct release. Graedel (1978) includes volcanoes
as a source of both F-21 and F-22, and refers to the work of Stoiber
et al. (1971). 1In this paper no quantitative estimates are given
as to how much F-21 or F-22 was detected in the volcanic emissions
investigated. 1In fact, the F-21 and F-22 peaks in the typical
chromatogram given in their paper, are nonexistent. Prof. Rasmussen
detected significantly enhanced F-21 and F-22 concentrations in
aluminum manufacturing plant plumes (personal cowmunicatioen). "Tt is
possible that the processes involved in aluminum manufacturing con-
tribute, at least part of the excess F-22 in the atmosphere. It
appears that the explanation of the excess F-22 is likely to be a

complicated combination of a variety of sources.

(e) Conversion of CCl,F, (F-12)

It is well known that CFCl3(Fll) and CCl,F,(F12) have been
released into the atmosphere in huge quantities. The atmospheric
burden of these fluorocarbons is believed to be purely anthropogenic.
The total release of F-11 up to the present is about 4.8 trillion

grams and the total release of F-12 has been even larger at about
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6.7 trillion grams (McCarthy et al. 1977, Alexander Grant & Co.,
1979). The possible dangers from the accumulation of these trace
gases to the earth's environment, as it is today, are also well
known and have been highly publicized in recent.years. Primary
effects include the destruction of the earth's ozone layer and an
enhancement of the greenhouse effect both of which can lead to a
myriad of perturbations to the global environment. In the process
of assessing the impact of these fluorocarbons, considerable
attention has been directed towards finding possible tropospheric
sinks for these compounds. Such sinks could reduce the possible
envirommental dangers these compounds pose. All attempts at find-
ing signif:icant tropospheric sinks have been unsuccessful. One
possible sink considered for F-11 was its conversion to F-21. F-1l
and F-21 differ in molecular structure only by a substitution of

a hydrogen atom for a chlorine atom. This is the same relationship
which exists between F-12 and F-22. In any case, if F-11 could con-
vert to F-21 1n the earth's environment, then this conversion would
be an effective sink of F-11 because F-21 is destroyed rather
rapidly (3-4 yrs; see Atkinson et al. 1979, Demore et al. 1979,
Graedel, 1978) in the atmosphere due tc its reaction with atmos-
pheric HO radicals. Thils possibility was further highlighted by
the observations of Ausloos et al. (1977) in laboratory experiments
in which F-21 was detected when F-1l was irradiated with uv light

(X < 400 nm) in the presence of sand. It is still not completely
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clear 1f the results can be extrapolated to the nmatural environment
(see Glasgow et al. 1977). 1If F-11 is converted to F-21, 1t could
take place through some heterogeneous process on the earth's deserts.
F~21 has not been produced in any significant qﬁantities (Glasgow

et al. 1978); so its presence in the atmosphere could give support

to the idea of such transformations unless other sources were
identified. Recent measurements of F-21, however, have shoun very
small concentrations in the atmosphere (l-4 ppt; Rasmussen 1979,
Singh 1979). So, it is still possible that a very small amount of
F-11 is converted heterogeneously to F-21 but it is not a significant
sink.

The analogous possibility can be considered for the conversion
of F-12 to F-22. At the start two statements should be made and
emphasized. First, it is not possible to make a convincing case,
based on the currently available information, that F-11 and F-12
either do or do not convert to F-21 and F-22 respectively in the
environment. Second, even if they do convert, the process is too
slow to reduce the possible dangers of F-11 and F-12 accumulating
in the atmosphere. Furthermore, even if F-12 converted in reason-
ably significant quantities to F-22, it could still pose similar
threats to the global environment because, unlike F-21, F-22 has
a rather long lifetime (~ 20 yrs) in the troposphere, and would
therefore be exported to the stratosphere where its behavior could

be similar to that of F-12.
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There are basically two reasons why the conversion of F-12 to
F-22 is especially significant to the problem of explaining the high
F-22 concentrations measured irn the troposphere. TFirst, as mentioned,
F-12 has been releaged in very large gquantities and second the
relatively long atmospheric lifetime of F-22 implies that even a
small conversion (per year) would lead to a large effect due to
accumulation. Both of these factors indicate that even if only
minute fractions of the F-12 global burden are converted to F-22
every year, the conversion would still significantly elevate the
present F-22 global burden, above that which can be accounted for
by direct F-22 emissions. In order to explain the difference be-
tween the observed F-22 global burden, and that expected on the
basis of direct emissions of F-22, such small conversion rates are
required that they would not be easily detectable in the F-12
measurements.

The simplest way to formulate the possible contribution of

F-12 to the atmospheric burden of F-22 is as follows:

d — - _ =
at EO S0 noio (7.19)
d E’ = 7 + P (7.20)
dc ox n g, nC EO 7.
N N N
N o=na.—+(n e —L+n, a0 =2
o ¢ T Nm r TN, S u Nm
~ ~ ~ NT
= <+ . = ——
n. n_i nc nc o N (7.21)

(7.22)
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In these equations, E; 1s the global mixing ratio of F-12, ", is the

reciprocal of the tetal global lifetime of F-12, E

%« 1s the mixing

ratio of F-22 resulting from the conversion of F-12 to F-22, ; is
the reciprocal of the total global lifetime of F-22, ;C is the
reciprocal of the lifetime of F-12 with respect to conversion to
F-22, and ;r is the reciprocal of the lifetime of F-12 due to all
other removal processes. The subscripts (T) and (u), as before,
indicators of the tropospheric and stratospheric values of the

function they appear with. The solution of Eqn. (7.20) is:

B .t . oen(t' = E) -n(e -ty
£, (t) = ncf f S(t) e e dtdt’ (7.22)
[o] [a]

Eqn. (7.22) is derived by regarding ;CE; as a source of F-22, S*(tﬁ,
then from Eqn. (7.20) £,(t) is S S, (c)exp [- n (t - £)]dc’.

Since ;CEO = ;C.ft So(;) exp [—zo(t'— :)] de from which Eqn. (7.22)
follows. The fuzction for the source strength of F-12 over the

years is plotted in the figure for F-12 of Appendix I corresponding to
Chapter 4 (McCarthy et al., 1977):

5,(t) = 2e?t

(1/1947) 0 < t < 27(1/1974); so(§> = 0.786e0 121t (7.232)

(1/1974) 27 <t < 32.4(5/1979): sO(Z> = 19.5 (7.23b)

So(t) N_ = number of molecules of F-12 released per year, So(t) in
Eqns. (7.23) 1s in pptv, in the whole atmosphere.
Fquation (7.22) is solved and the results are presented in

Figure (7.5). Details of the calculations, as well as the solution
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of Eqn. ( 7.22) and the numbers used in Fig. (7.5) are given in
Appendix I. TFigure (7.5) shows E; as a function of total global
lifetime of F-22 (; = l/;) when it is assumed that the conversion
rate of F-12 is EC = 0,0125/yr, 0.01/yr, 0.0075/yr or 0.005/yr
AE; is the excess of T-22 inthe atmosphere. It is the difference
of the global mixing ratioc cbtained from observations (Fig. 7.1;
see also Appendix I) and the mikxing ratio which is
expected on the basis of direct emissions (Fig.7.3). ?r is taken
to be 90 yrs (Hudson, 1677).

The results shown in Fig. (7.5) can be interpreted as follows:
If the global lifetime of F-22 is between 15-50 yrs then the excess
of F-22 now present in the atmosphere can be accounted for by the
conversion of F-12 to F-22 with the rate of conversion between
0.0125/yr and 0.0075/yr. This result follows from the points at
which the AE; curve crosses the g;(t*) curves. If the lifetime of
F-22 is quite a bit smaller than 18 years, then a faster than
0.0125/yr conversion will be needed to explain the excess. This
also means that the lifetime of F-12 with respect to conversion
should be between 80-133 yrs to account for the excess (as long as
the lifetime of F-22 2 15 yrs). If the lifetime of F-22 is ~ 20
yrs then a 90 yr lifetime of F-12 with respect to conversion of
F-12 1s necessary to account for the excess. If the lifetime of
F-22 is smaller than 20 years a faster conversion of F-12 1s needed

to account for the excess. Even though the conversion rates of
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F-12 required to explain the excess F-22 are small (1-2% per yr)
it 18 clear that they are of the same order of magnitude as the
lifetime of F-12 duve to stratospheric losses. In order to account
for the excess F-22 on the basis of F-12 converéion alone requires
that this sink for F-12 be of approximately the same strength as
the stratospheric sink (or perhaps even stronger) thus reducing
the total glcbal lifetime of F~12 from ~ 90 yrs to ~ 50 yrs. It
is likely that the excess is not entirely due to F-12 conversion
but is a result of a combination of sources.

It is also likely that if conversion of F-12 is taking place
and it takes place on desert surfaces or in dust storms, then the

main loss of F-12 and gain of F-22 will be in the northern hemisphere.

(f) Accuracy of Measurements and Release Estimates

It is possible that the excess of F-22, as calculated earlier,
is due to inaccuracies of either the measurements or the release
estimates (or both).

If the measurements are accurate, it is quite unlikely that
more detailed Zlatitudinal observations would be enough to lower
the global average so that it would coincide with the amount expected
from the direct emissions data. On the other hand it is possible
that the measurements are not accurate, Absolute accuracy is very
crucial to all budget analyses. If the measurements are inaccurate,
they would have to be too high, in absolute accuracy, by about

35~40% to account for the excess. This 1s evident from the predicted
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mixing ratic for F-22 lifetimes of 15-20 yrs. After recent checks
onn the accuracy of measurements, it is unlikely that the accuracy
of the measurements is as far off as 35-40%.

It is also possible that the release estimétes of ¥-22 are
inaccurate. There could be inaccuracies in either the estimates
of McCarthy et al. (1977) or in the extrapolation of the release
beyond 1975, assumed here. TFor F-22 this is a rather more difficult
question to resolve, Unlike F-11, F-12 and CH3CCljy, a large fraction
of F-22 1is unreleased. For example, up to 1975 about 85% of F-11
and about 87% of F-12 that had been produced before 1975, had been
released. In contrast only 417 of the F-22 produced up to 1975
had been released (McCarthy et al. 1877), Since F~22 is not released
very rapidly after production, it is more difficult to calculate the
yearly release., The data on the production is much more accurate
than the estimate of release, and so, in the case of F-22 certainly
more than enough of it has been produced to account for the global
burden as calculated from Rasmussen's (1979) observations reported
in Fig. (7.1). Still the total source strength would have to be about
357 higher than McCarthy et al.'s estimates in order to account
for the excess of F-22 observed. If the rate of increase of the
emission since 1968 was ae0'22t instead of &eO.lS8t, then there would
be no excess F-22 present in the atmosphere that couldn't be accounted

for by the direct emissions. A 277 higher rate of increase (than

that of McCarthy et al., 1976) has to be assumed to account for the



183

excess and this higher rate must persist over more than 11 years.
These calculations are based on a 20 year total global lifetime of
F-22. 1If F-22 lifetimes are smaller, an even faster rate of increase
of emissions would have to be assumed to get the same results. Again
this is possible, but it is not at all clear as to how probable it 1is.
The release in years before 1968 does not contribute much to the
present burden, so the only way to explain the excess based on re-
lease estimate errors is by considering the releases after 1968,

The main conclusion that can be drawn from this analysis is
that it is possible that inaccuracies of measurements or release
estimates can account for the excess F-22 observed in the atmosphere.
It is also evident that the inaccuracies would have to be substantial

if they are to account for the excess.

(g) Summary and Conclusions

Recent tropospheric observations of CHC1lF, (F-22), made by
Rasmussen (1979) were considered im this chapter. The direct antro-
pogenic release estimates of McCarthy et al. (1977) were used to
calculate the global and tropospheric mixing ratios of F-22 that
should have existed at the time of measurements. It turned out
that even if all the F-22 ever emitted, based on McCarthy et al.'s
(1977) estimates, was still in the atmosphere, it would fall short
of the amount of F-22 in the atmosphere calculated from Rasmussen's

(1979) measurements.
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In order to explain the apparent excess of F-22 in the at-
mosphere, several possibilities were considered. (1) It was
assumed that there is an approximately constant natural source that
contributes the extra burden. Taking into account the likely range
of lifetimes of F-22 in the atmosphere, it was shown that the
strength of the natural source should be about 12-22 billion grams
per year. If this is the explanation of the excess F-22 then the
natural source would have exceeded the anthropogenic source until
about 10 years back. (ii) Another possibility, which was explored,
was that F-12 may convert to F-22 by some heterogéeneous process.
This idea is analogous to that of F-11 converting to F-21 which
has been discussed in the literature. It was found that a conver-
sion rate of about 0.0125/yr to 0.0075/yr would be sufficient to
explain the excess if the lifetime of F-22 is = ~ 15 yrs. This
implies that one would hardly be able to detect the effect of con-
version on the atmospheric concentration of F-12 but it would still
have a substantial effect on the atmospheric F-22 concentrations.
The reasons why such small conversion rates of F-12, are sufficient
to account for the excess are that F-12 has been released in very
large quantities; and its total global lifetime is long. Also,
F-22 is not readily destroyed, so the amount converted stays in the
atmosphere year after year. On the other hand, since the strato-
spheric sink of F-12 1ig weak, even these small conversion rates

become competitive with the stratospherxic sink of F-12, (1ii) The
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possibilities that the measurements are inaccurate oxr that the re-
lease estimates are too low, were also considered. 1t appears that
there would have to be substantial errors In the measurements or
release estimates to account for the excess. Névertheless, it is
not possible to discount these explanations, with the information
currently available.

Most of the calculations reported here are based on idealization
of the real atmosphere. More sophisticated theoretical considera-
tions may reveal alternate explanations., Furthermore, it is possible
that all the explanations considered here may be operating simul-

taneously, each at a much weaker level than calculated in this chapter.
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CHAPTER 8. GLOBAL AND HEMISPHERICAL AVERAGES

OF TRACE GASES

(a) Introduction

Often the theoretical treatment of trace gases is carried out us-
ing spatial averages of these trace gases within specified cells of the
troposphere and the stratosphere. The reasons for simplifying the the-
ory to such forms has already been discussed. Principally, these meth-
ods, using averages, compensate for the lack of detailed knowledge of
the general circulation of the earth's atmosphere and detailed global
measurements. Furthermore, the solvability of the resulting equations
provides physical insights which are difficult to achieve in numerical

solutions.

There are various approximations that can be made in transforming
the observations into proper averages compatible with the requirements
of the theory being constructed. This chapter deals with several such
approximations and the reasons behind them. Theoretical methods are
developed to more accurately calculate the burdens and average mixing
ratios within specified atmospheric cells. 1In this way, the effects of
neglecting a variety of atmospheric features can be assessed.

The next section deals with trace gases which have a significant
gradient between the northern and southern hemispheres. It shows that
under reasonable assumptions about the atmosphere, background measure-
ments at high northern and southern latitudes are uniquely suited to

give accurate global tropospheric averages of mixing ratios (or concen-
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trations). Coupled with information from more detailed observations,
the higher latitude measurements can also be used to derive hemispher-
ical averages (in the troposphere) or average mixing ratios over spatial
regions covering only half a hemisphere.

Section ( 8 .¢) deals with the situation when more detailed con-
centration data are available as functions of latitude. The average
mixing ratios are then expressed in terms of the coefficients of poly-
nomials (usually of the fourth order) which are used to describe the
latitudinal distribution of trace gases. Often global observations are
expressed as £(¢) = a + a6 + a2¢2 + a3¢3, where ¢ is the latitude.

It is also shown that a small part of the global data (at high lati-
tudes) can be used to obtain essentially the same values for the hemis-
pherical or global averages as the complete data.

In section ( 8 .d) the effect of the destruction of trace gases
in the stratosphere is discussed. The formulation of global box the-
ories or theories with two or more boxes is also considered.

Later the numbers of molecules of air in the appropriate tropo-
spheric cells,as well as the whole troposphere and the stratosphere,are
calculated. Although other calculations exist for the total number of
molecules of air in the troposphere and the stratosphere, these quanti-
ties are now knowable to arbitrary accuracy. In fact, these numbers
are not only dependent on time of year but probably fluctuate from year
to year even when averaged over a year's time. These quantities play
an important role in determining the average mixing ratio of a trace gas

in any atmospheric box.
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(b) High Latitude Measurements and Global Averages.

It is well known that many trace gases have a non-constant latitu-
dinal distribution. This is especially applicable to man-wade compounds
released into the atmosphere, primarily in (the morthern half of) the
northern hemisphere. CH3;CCl;, CFCl; and CF,Cl, are obvious examples.

In this section, simple mathematical ideas are used to demonstrate how
measurements at one or two crucial places on the earth can be used to
obtain global tropospheric average concentrations of these species. Com-
plete global averages, as the reader will recall, define instantaneous
global burdens, which can be used to calculate lifetimes and other char-
acteristics of these trace gases. Complete global averages include the
presence of the trace gases in the stratosphere.

Often, the mixing ratio of a long-lived trace gas is constant
with height in the troposphere. It is also approximately zonally con-
stant (constant with respect to longitude) barring small polluted ur-
ban regions. This is especially true when concentrations or mixing
ratios are averaged over a month or so, which is usually done. The
only strong variations of the mixing ratio (in the monthly average for
example) are expected to occur along latitudes and above the tropo-
pause. These variations are due to the properties of the general cir-
culation of the earth's atmosphere. Transport is rapid around each
latitude circle, but certain regions pose barriers to north-south mix-

ing. The most prominent of these barriers is in the vicinity of the
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equator with the strong Hadley cells convergence limiting exchange of
air. Other weaker but similar barriers exist at analogous locations
where other general circulation cells converge. The seasonal varia-
tions of trace gas concentrations, and the longitudipal variability

of concentrations do produce uncertainties in estimated global burdens.
These can be assessed only after more data become available. The mix-
ing ratio of many trace gases is constant with height in the tropo-
sphere. The temperature inversion at the tropopause presents the ma-
jor barrier for further upward transport. Vertical mixing beyond the
tropopause is slow. When the trace gas reaches even higher altitudes,
it may be more rapidly destroyed by the larger uv fluxes present.

This depends on the properties of the trace gas. Therefore, the mix-
ing ratio can undergo rapid decline with height in the stratosphere.
For trace gases that have strong tropospheric sinks, such as reactions
with HO or other radicals, the mixing ratio may decline with height
even in the troposphere. The magnitude of the decline is a direct
function of the rapidity of the atmospheric reaction. In this study

it will be assumed that the mixing ratio is constant with helght in the
troposphere. The equations become simpler and less abstract by assum-
ing this, but the feature of changing mixing ratio with height can be

easily incorporated into the equations if the need arises.

In most cases of long- or medium-lived (t > ~ 2 yrs) species,

whose primary sources are direct emissions in the northern hemisphere,
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the tropospheric latitudinal distribution is to a very good approxima-
tion described by the picture in Figure ( 8 .1). The mixing ratio is
high and relatively constant in the mid to high northern latitudes ¢ >

~ 30° to 40°, then the mixing ratio declines through the ITCZ and con-
tinues to decline as one goes well into the southern hemisphere, finally
reaching a relatively low constant value beyond ¢ < ~ -30° to -40°.

This can be seen in the global observations of several groups (Rasmus-
sen, personal communication; Makide and Rowland, 1979; Singh, 1979).

It should also be noted that most of the sources of CH3CCl;, F-11, F-12

as well as most other trace gases of industrial origin are beyond 30°N,

thus further increasing the gradient to look like the picture in Fig.
(8.1). A little later some actual data on CH3CClsy will also be dis-
cussed in detail.

Consider first the tropospheric averages of the mixing ratio.

Suppose that the latitudinal distribution is described by some function

of the following form:
E(¢,t) = £(0,t) + f(¢,t) (8.1)
where f(¢) is any odd function of ¢ (f(-$) = ~f(¢). The latitudinal

profile in Fig. ( 8.1) is a simple example of eqn. ( 8.1). The total

number of molecules of the given species is:
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(8.2)

(8.3)

(8.4)

In eqn. ( 8 .2), 2 (¢) is the latitude dependent tropopause height, R

the radius of the earth and XA is the longitudinal angle.

Let us assume

that the northern and southern hemispheres are symmetric so that

ZT(—¢) =ZT(¢) (see Reiter, 1975). Consider eqn. { 8.2) as:

[p]
fl
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v v
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(8-5)

(8-.6)
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By the symmetry of the hemispheres ZT(-¢) = ZT(¢) p(-6,2) = p(d,2);
dv(-¢) = -dV($). It is easy to see that the second and third integrals

have the same magnitude but opposite signs so that

C = g(O)NT (8.7)

<E> = £(0) = %£(3) + £(-9)) (8 .8)

where ¢ is any latitude. So the global average is a simple average of
two concentrations measured at ¢ and -~ in latitude. The situation is
even simpler when £(¢) assumes the form in Figure ( 8 .1). 1In case

E(¢) is like Fig. ( 8.1):

2 B
£() = { s(ath) + z(bgz) RN (8.9)
b b, <8<y
so that
<g> =} (atb) 18 .10)

a" can be measured at any latitude higher than ¢0 and '"'"b" can be meas-—

ured at any latitude below ¢ = —¢0.
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The time series of measurements made by Rasmussen at two loca-
tions -~ the remote Pacific Northwest site (PNW 45°N) and at the south
pole (-90°) -~ can be used to calculate the global tropospheric aver-
age, simply as <&> = (%) (EPNw + ESP)' Furthermore, hemispherical av-~
erages can also be computed from just these pairs of measurements, as
long as it is accepted that the latitudinal distribution is similar
to that shown in Fig. (8.1).

In practice there are several sources of error; particularly
(1) the latitudinal distribution deviates from the antisymmetric func-
tion f(¢). (ii) The hemispheres could have antisymmetries in p(¢)
and zT(¢), and (iii) Z(¢) may have complicated time behaviour includ-
ing seasonal effects due to transport.

Based on the idea of eqn. (8.9) the hemispherical averages of
trace gases can be inferred even when full latitudinal coverage is not
available. Consider the example where measurements exist at high lat-
itudes so that a and b are measured. This is the case for the time
gseries measurements of CH3CCl; discussed previously. The hemispheri-

cal averages can then be calculated based on a, b and ¢0 (eqn. 8.9).

T/ (6)+R
fo/ rT £E($) p(r)r?dr cosé dé
~ R

s = (8.11)
n T/ ZT(¢)+R
J. f o) (r)rzdr cos¢ dé
o} R
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o T(¢)+R
,( .]J E($) p(r)r2dr coséd dé (8.122)
S -n/2J R

S 0 T(¢)+R
f fz o(r)r?dr cosé d¢
-n/>Y R

<g

In these equations integration over X has been carried out.
Eqns. ( 8.11) and ( 8.12) can be simplified if zT(¢) is taken
as a constant average tropopause height; and p is assumed to be inde-

pendent of ¢. With these approximations:

17/2
<e> = [ £(6) cos¢ do

o]

O
<g> = £(¢) cosd do
. Iﬂ,z

These can be solved to give:

<E)> =b_M

- 8.13
A 2¢o (L - cos ¢0) ( )

_ (b - a) _
<€>5 = a + ——Ea;—- (1 cos ¢O) (8.14)

Equations ( 8.13) and ( 8.14) will usually be sufficient for many
applications. The value of ¢O is usually around 7/6 radians.

Eqns. ( 8.13) and ( 8.14) can be used to derive the relation-
ship between the gradient R and Ro. These are discussed in the first

section of chapter 5.
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<£>n b

R = <g> s Ry T3 (6-15)

s

Qo o

R (1 - 53; ) - 36;

Ro = a ) (8.16)
1-—(1-R)
2¢O

where o = (1 -~ cos¢o). Egn. ( 8.16) was used in chapter 5 to dis-
cuss the variation of the gradient Ro in time due to the fluctuations
of the source. When the two-box theory was used, the small calculated
gradient R had to be expanded to obtain calculated values of Ro which
could be compared to observations. The four-box theory automatically
gave Ro' In other words, the gradient Ro = b/a, which has been meas-
ured for many years for CH3CCly, F-11, and F-12, has to be converted
to R by ( 8.16) before it can be used in two-box theories. Similarly
the two-box theories deal with <£>n and <E>S and not with the directly
measured time series data at the Pacific Northwest sight and the south
pole. For the case of a compound with as large a gradient as CH3CClg,
using a, b, and RO instead of the proper variables <£>S, <g>n and R
can lead to distortions in the lifetimes and gradients predicted by the
two-box theory (see discussion in Chang and Penner, 1978).

With these ideas in mind, it is also possible to deduce the con-
centrations that should have existed at other latitudes even though
measurements were only made at two high latitude locations. All that

has to be done is to evaluate the integrals over smaller spatial ranges
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and all concentrations can be computed from a, b, and ¢O. Of course

the results are approximate, but in the absense of data at the missing

latitudes, they can be used. These calculations are simple generaliza-
tions of the situvation already discussed in this section. so they
won't be given in detail here.

When detailed global measurements, over many latitudes, are
available, it is possible to compute the global and hemispherical av-
erages based on the detailed data and also on the simple ideas pre-
sented in this section. This comparison lends strong support to the

applicability of the equations given in this section.
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(¢) Tropospheric Averages Based on Detailed Latitudinal Measurements

-~ Latitudinal Polynomials.

From ocean cruises and aircraft flights measurements have been
made of several trace gases. These measurements give almost continu-
ous data on the ground level mixing ratio of a trace gas as a function’
of latitude. Figures ( 8.2) - ( 8.4) give Rasmussen's global meas-
urements of F-11, F-12 and CH3CClz during 1976-1978. Similar meas-
urements have also been reported by Singh et al. (1979) for F-11, F-12,
CH3CCly and several other trace gases. Makide and Rowland (1978) have
reported CH3CCl; measurements from 25 ground-based locations, most of
which were at ¢ > + /6 radians and ¢ < - 7/6 radians.

It is customary to report the results of such observations with
a fourth order polynmomial in latitude so that the mixing ratio at any

latitude ¢ is givep by:
£(¢) = 0.0 + u1¢ + G.2¢2 + a3¢3 (817)

Ope of the principal reasons for obtaining a function like ( 8.17) is
to be able to compute global and hemispherical averages, as well as R.
It is of interest to find out how well the values of such averages,
obtained by the use of the polynomial, agree with the values obtained
by the simple methods of the previous section.

First, let us consider the evalvaticn of the hemispherical and

global averages by the polynomials.



203

(£>(p) = 12—7-[ f f
n 1NT

3
[z: o, ¢kJ 5(r)rlcosd drd¢
[v]

o R k=
(8.18)
0 Rtz (9)
<5>;p> - é{; f f [E o) qbk o(r)rlcos¢ drdg
T “-n/, "R k=0
(8.19)
> ®) oy [<5>g + <gsP :I (8 .20)
/5 Rtz (4)
NT = j; p dV = 2n J- ’[ T p(r)r2éosé drds
-m/5 R
<€>ép) denotes the average northern hemisphere mixing ratio obtained

by the use of the polynomial (superscript (p) is used to indicate the
(p)

S

®)

polynomial). <&> indicates the southexrn hemigphere average mixing

ratio and <g&> the global average. The global average is always
Cs) [<&> + <€>S] as long as the two hemispheres are regarded as sym-
metrical with respect to zT(¢) and p(z,%).

The approximations made to derive eqns. (8.13) and (8.14), namely

ZT(¢) is set equal to some constant average value and p is not a funec-

tion of ¢, iwply that eqns. (8.18) - (8.20) can be simplified to:
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T m
<g>ép) = a, + o (5 -1 +a [(5)2 - 2]
+ as [(%)3‘3ﬂ+6i| - (8.21)
<£>£o> = a_ + 0.5708a) + 0.4674ap + 0.451003

<§>ép) =a - o (% ~ 1) + oy [(%)2 - 2} - a3 [(%03 - 3n + 6‘]

(w]
(8.22)
<g>ép) = a_ - 0.5708a; + 0.4674a; - 0.4510a;
s ® o, + @ [(%)2 - 2] (8 .23)
<> P - o + 0.4674a;

In these eguations @ s @1, @z, and ajy have the following units: [ao]
= pptv, [e;] = pptv/degree radian, [a,]) = pptv/(degree radian)? and
[a3] = pptv/(degree radian) 3. Equations ( 8.21) - ( 8.23) are most
commonly used.

The following table ( 8.1) shows the hemispherical and global
averages computed by the two methods represented by equations ( 8.21)
~ ( 8.23) and ( 8.13) and ( 8.14). These valuves are for data shown

in figures (8.2) - (8.4]).
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Table (8 .1) Average Tropospheric
Mixing Ratios of CH3CCly (pptv)

®) () (p)
<g>rl <g>n <g>S <5>5 <f> <E>
1976 109 108 78 84 94 96
1977 107 197 86 89 97 88
1878 121 120 95 94 108 107

Here <£>n, <£>s and <£> are the appropriate hemispherical and global
averages computed from eqns. {( 8.13) and ( 8.14) and using only a
small part of the data around n/4°N and -a/2 degrees south; whereas

(p) (») (p)
iy} S

<g> , <B> and <g&> are the same quantities calculated from the
full data using the polynomial and equations {( 8.21) - ( 8.23).
Similar calculations can easily be made for F-ll and F-12 from figures
( 8.2) = ( 8.4). It is clear that the agreement between the two
methods is extremely good —— especially for the global average.

A few words of caution are meeded here. The table above
and figures (8.2) to ( 8.4) are given as illustrative examples to
show the typical structure of latitudinal distributions of trace gases.
The common features are visible in these figures. These data are re-
ported here in a form that can only be characterized as preliminary.
Data collected on ocean cruises and aircraft flights conducted at
somewhat different times during the year have all been put together

under one graph for the year quoted. This was done to reproduce full

latitudinal coverage. Consequently, conclusions cannot be drawn from
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the increases represented here without further consideration of the
times of the year at which measurements were made. Currently, the data
are being separated and reevaluated so that several latitudinal pro-
files can be abstracted for each year, where each profile represents
data taken within a short period of time. The results of the analysis
will be reported elsewhere in the near future. For the purposes of
the analysis given here, the data are used just to show that a small
segment of it can yield hemispherical and global averages just as well
as the full data with the polynomial.

Once it is established that the latitudinal profile of a trace
gas with northern sources is similar to that shown in Figure (8.1),
the hemispherical and global means of concentrations or mixing ratios
can be evaluated with data only from the remote northern hemisphere
(such as the Pacific Northwest) and southern hemisphere (such as the
south pole or Tasmania) measurements. It is always good to have lots
of data at every latitude, but if one is interested only in hemispher-
ically averaged concentrations, then measurements at two locations,
one each in high northern and southern latitudes, will do almost as
well.

Appendix I contains polynomial coefficients and other details of

the calculations given in this section.
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It is possible to look upon the polynomial as a power series
approximation to the solution of the species conservation equation.
With some effort, the theoretical Qs Oy Gy, and a; can be derived.
One possible procedure for doing this can be deduced from the refer-
ences (Fink aund Klais, 1978, Czeplak and Junge, 1974).

The methods discussed in this section are approximate. It has
been assumed that p{(r), the air density, is not a function of lati-
tude. It has also been assumed that one can define an average tropo-
pause height which suffices for the calculations of hemispherical and
global averages of mixing rario inm the troposphere. Tt is expected
that these are good approximations in that they accurately reproduce
the hemispherical and global averages. The dependence of o on ¢
comes from the dependence of scale height on latitude. The tropopause
height zr also changes both with season and with latitude. A reason-

able time averaged function for zT(¢) is:

h0 || < /6

hy - oo n/6 < |o] < /2 (8.24)

zp(9) =
where ho = 16 km, hy = 14 km and o = 3.82 km per radian of latitude.
The obvious effect of this function 1s that the concentration of a
trace gas In the region of the troposphere from 0 - w/6 radians of

latitude should be weighted more heavily (than %) compared to the con-
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centration in the region from 7/6 - /2 radians, when computing the
hemispherical average. Similar statements apply to the global average
and the southern hemisphere average.

Some of the questions discussed above can be considered further

with the aid of the results of the next section.

(d) Trace Gases in the Stratosphere.

Medium and long-lived trace gases found in the troposphere are
often present in the stratosphere as well. The mass conservation equa-
tions when averaged over the whole atmosphere or hemispherical pieces
must include this extra burden. On the other hand, it is also true
that the numbers of molecules of these trace gases, present in the
whole stratosphere, are small compared toc numbers present in the tro-
posphere. This is because of two reasons. First, the density of "air"
in the stratosphere is small, and second, because mogt trace gases
such as F-11, F-12 and CH3CCl; do not survive for very long in the
stratosphere due to the high solar ultraviolet present in the strato-
sphere, and vertical mixing 1s slow.

Expressions for the total northern and southern hemisphere aver-

age mixing ratios are:
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2m /2 R+zT(¢)
_ 1 ,
<§>[‘1 a N f / f ET (I’,¢>,>\,t) OT (I’,¢>,)\,t)r dr
on
0 0o R
+ £, (1,0,0,0) o (r,6,2,0) r2 dr cosé dodr
R¥z, (8.25)
. [ 2% o R+zT
= 2
<€>S N / f ET DT r‘ dr +
s 0 -n/2 R
£, P, r? dr casd ddr (8.26)
R+ZT
. 2m /2 R+ZT
= = 2
<E> N f / f ET Py T dr +
o -n/2 R
2
f E, P, I° dr| cos¢ dodx (8.27)
R+2T

From these expressions, it follows that <§>n Nmn represents the total

number of molecules of the trace gas in question, in the northern rro-



210

posphere, stratosphere, and beyond. Similar comments apply to <€>S
Nws and <£€> N (which is the total number of molecules of the trace
gas in the whole atmosphere). R is the radius of the earth.

iT (r,d,h,t) is the mixing ratic of the trace gas at ¢, r, A, and ¢,

in the troposphere., p. is the space-~time density of air in the tropo-

T
sphere. Similarly, iu {(¢,r,),t) is the mixing ratio of the trace gas
in the stratosphere (upper atmosphere) and o, the density of air in
the stratosphere.

In order to determine the true values of <€>n, <€>S, and <£> one
must have measured values of the mixing ratio at a large number of
points within the troposphere and the stratosphere. Since there are
severe practical limitations to obtaining a large number of measure-
ments within a small interval of time, we have to resort to filling
the gaps in our (observational) knowledge of the mixing ratio with the-
oretical ideas which have been deduced from the ohservations of the at-
mosphere in general. For example, it can sometimes be assumed that
(a/ax)gT and (B/BX)EU are zero; i.e., the gases are zonally well mixed.
Similarly, based on other observations it can also be assumed that go
is constant with height up tof = R + zT(¢). (These assumptions should
be verified experimentally, at least once. Generally one would expect
them to hold for relatively long-lived species.)

The stratosphere extends from R + zT(¢) to some height r = R +

z,» where z_ is the height of the stratopause. Beyond z_ there are
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very few molecules of air in the atmosphere, and even fewer molecules
of the trace gases with ground level sources. Therefore, the upper
limit of * in the integrations with respect to r, in equations (8.25)
- (8.27) can be safely replaced by R + 2. Now, z_ is also a function
of time and latitude, just like zT(¢) (Reiter, 1975). But, to a good
approximation z  can be assumed constant at 50 km. This bheight is so
high that small changes in it do not affect the <E>n, <£>S, and <&> to
any significant degree. On the average, it is also appropriate to as-
sume that an = X”s =% N_. This implies that the total number of mol-
ecules of air in the northern and southern tropospheres and strato-
spheres are the same and equal to half the total number of molecules
of air in the atmosphere.

Lastly, it 1s reasonable to assume that:

R+zT ZT
r? p £ dr ~ R? U/P p(z) Z(z) dz (8.28)
R 0

With all these approximations equations (8.25) - (8.27) become:

/2 zp(9)
crs ~ 4mRZ
£ n= N, Op £T dz cos¢ d¢
o )

ﬂ/z z
+ f f Py E’u dz cosd dé¢ (8.29)
0 25, (¢)
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zp (¢)

<E> ~ lmR2 / f Oy ET dz cos¢ d¢
-n/y J o
+ f f E dz cos¢ d¢ (8.30)
‘IT/2

Nm OT ET dz + pu iu dz { cosd dé

(8.31)

These three equations may be used in the two-box and global theories.
In order to look at the effects of the stratospheric content of

trace gases, some more simplifying assumptions can be made. Let us go

back to the simplifying assumption that 2 can be represented by some

average tropopause height. Furthermore, it may be assumed that

_ -a(z - z.)
EU = 5T e T (8.32)

TR I A (8.33)

©
J

where a and h, are constants; h, is the appropriate density scale

height of air in the stratosphere. The value of o > 0 in eqn. (8.32)

signifies the departure of the stratospheric mixing ratio from a con-

stant value; it also shows that the density of the trace gas scales
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with a faster decline with height than the density of air. Eqns.

(8.29 - (8.31) become:

NT [ 1 Ns_
R T R Y (8.34)
® | u T J
N ~ N
T 1 s
< ~ — —
T %P5 1 1433551 7 (8.35)
oo B u T 4
N N
~ T 1 =
SIS ST {1 Fye+1 N } (8.36)
@ u T
where <€>nT, <E> and <E>_ are the tropospheric averages defined in

sT’ T

the previous section. and NS are the total numbers of molecules of

NT
air in the troposphere and the stratosphere respectively. 1If a = 0,
implying that there is no change of the mixing ratio with beight, then

. -1
(Ng/N) [ 1+ (ho+ 1)

(NS/NT)] becomes 1, and thus there is no dif-
ference between the global and hemispherical averages computed in the
troposphere and with the inclusion of the stratosphere. This conclu-
sion remains valid even when several of the approximations made to de-
rive (8.34) - (8.36) are relaxed. In the other limit, if o =+ «, the
effect of the stratosphere is most severe for the calculation of glo-

bal and hemispherical averages. This is to be expected because « » «

implies a zero lifetime for the trace gas in the stratosphere.
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There are several, seemingly equivalent, ways in which one can
look at the effects of the stratosphere. Here, only very simple for-
mulations will be considered to clarify some of the questions regard-
ing tbhe calculations of lifetimes by budget methods. Consider first
a two-box hypothesis where one box is the troposphere and the other
box the stratosphere. The complete mass conservation equatiom can

then be written as:

2

d _ s

ac Bp T 5 by o0y N (<E>p = <€2) (8.37)
4 s = no<E> + . (<E>_ - <E> ) (8.38)
dt u u T T u

The brackets < > will be dropped from here on for the sake of notation-
al convenience. These two equations account for the total number of

molecules of the trace gas. Where n, = 1/1.. and 1, here is the aver-

T T T

age stratospheric-tropospheric transport time. These equations are de-

rived as follows: Multiply (8.37) by NT and (8.38) by Ns to get:

N
d -3 - S -
Fry CT =3 n CT nT[ NT CT Cu} (8.39)
N
4o =G o+ S ¢ (8.40)
dt Tu L Np IITT'u ’

where CT and Cu are the total number of molecules of the trace gas in
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the troposphere and the stratosphere. Adding these equations gives:

_C=g,nc_ﬁc (8.41)

Here S = S NT which is the total number of molecules released per unit
time. Equation (8.41) says that the change in C - the total number of
molecules of a trace gas in the entire atmosphere is equal to the
source per unit time, less the numbers of molecules destroyed in the
troposphere and the stratosphere per unit time. Consider eqns. (8.39)

and (8.40)when 7., is the time for complete exchange of mass be-

T

tween the boxes, then the total number of molecules of air that go into
the stratosphere in time Tpis Ns’ thus carrying NSET/IT = %i Cr /TT
molecules of the trace gas per unit time. During the same time NS
molecules of stratospheric air are returned to the troposphere, which
bring NSEU/TT = CU/TT molecules of the trace gas per uvnit time. Equa-
tion (8.37) follows by dividing CT by NT to obtain T and Cu by NS to
obtain Eu. Eqn. (8.38) follows gimilarly, from eqn. (8.40).

Let us Teturn to eqns. (8.37) and (8.38). These equations can
be solved explicitly for all times. It is much easier to consider

their solutions in the asymptotic time limit when ET/iu is almost con-

stant with time. In that case the tropospheric equation becomes:

A

d _ S
3t & T S -n by =N 2 -1 Er (8.42)

—



216

where T = Eu/€T = constant. ET will be

Z

-1
= aebt [b+n+n = (1 - 1)

TN (8.43)

™y
ar
3

z depends on Ny and n and is [ 1 + (b + n) TT]_], where it has been
bt
assumed that the source is rising exponentially as ae
If a simple ‘tropospheric box theorv has been used, the eguation

would have been (d/dt) £T =S - Nyp gT with the (asymptotic) solution

aebt
E = ———— (8.44)
T b+ Ny
so that the sink strength found by using only the tropospheric box

would be approximately given by:

Z

*T rn. - (8.45)

o

The lifetime found by considering only the troposphere would be Txr

which is a combination of the tropospbheric lifetime, T, and the strat-
ospheric term given by Ny (NS/NT) (1 =z). The true global lifetime

is neither T nor 1 but T = 1/n:

*T?

Cr

;:C—n-l- (846)

(‘)|‘:O
!
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where C = CT + Cn = total number of molecules of the trace gas in the
entire atmosphere. There are some special cases in which Dyt and ;
are equal, i.e., when the lifetime determined by considering only the
troposphere is the same as the true global lifetime. 1f n > , imply-
ing very rapid destruction in the stratosphere so that none of the

molecules of the trace gas that enter the stratosphere ever return,

Cn
then it is easy to check that Y. = I NS/NT; (CT > C) z = 0 so that
~ C
Ngp > 0 according to eqns. (8.45) and (8.46).

In real situations

T2 T2 T*T (8.47)

(recall that n = 1/1, n = 1/1 and Nep = 1/7,0). Ean. (8.47) is based
on the assumption that 5 > n or that 1 (stratospheric lifetime) ja <.7
(tropospheric lifetime). In case n < n , then P T

Similar conclusions can be drawn from eqn. (8.34) - (8.46). First
by comparing eqn. (8.36) to f one can deduce the value of a, in terms
of the mean (effective) stratospheric-tropospheric transport time T

T

and the stratospheric lifetime 7. The result is:

= Ki M+ 7)1, (8.48)

Alternatively, the T in this expression can be determined from the
knowledge of &, b and n. This is the effective stratospheric-tropo-

spheric transport time. If most of the stratospheric air, which is ex-
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changed yearly with the troposphere, comes from the lower stratosphere,
then this air will bring back a lot of molecules of the trace gas. T
should be adjusted to simulate this situation.

By using eqn. (8.36), one can also determine the effect of ignor-
ing the stratospheric sink in global budget methods: Let us rewrite
(8.36) as <g> = <g>y (NT/Nm)e: The tropospheric budget is formulated

by solving

(d/de) <g>. = S/NT - Mep B

T
If S = 2e°%, then
aebt/NT
<g> = —
T T g, (8.49)

after a long time of release at the exponential rate. When the entire

global budget is considered, the following equation is valid:
(d/de) <€> = S/N_ - n <£>

with the analogous solution

bt
ae” /N_ ae”t/y N
<g> = ———  or — = s
b+ 1 b+ 7 ry_®
bt
ae  /N_¢
<£>T = —~—T (8‘50)
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Comparing eqns. (8.49) and (8.50) yields

~ n
n-ﬂ.&.b[L__E] (8.51)

Equations (8.49) and (8.50) imply that e(b + n) = (b + nep)- Since e

~

21, b+n<hb+ Ngp> ©F N < Nyr SO that T 2 1 In either case it

*T°
turns out that the true global lifetime is bigger than the lifetime de-

termined by considering just the troposphere. € - 1 when n > ® and

only then does n - NyT-

It is true that much of the discussion above has been based on
averages over very large spatial domains, but it is obvious that similar
results would also hold for models with many boxes.

The results of these calculations show that for long-lived species

whose mixing ratio is constant with height in the troposphere, the

stratospheric burden may have a significant effect on the lifetimes ob-
tained by budget methods. The magnitude of the effect depends on the
ratio NB/Nm where Ns and Nm are the numbers of molecules in the strato-
sphere and the whole atmosphere. The magnitude of the effect also de-
pends on the lifetime of the compound in the stratosphere. The shorter
the stratospheric lifetime, the bigger the effect on the total lifetime
and the discrepancy between the true tropospheric sink strength and

that estimated by neglecting the stratospheric burden zaltogether. Thus,

for a proper budget calculation, it is not only necessary to know the
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burden in the troposphere, but one also needs to know the burden in the
stratosphere.

For particular applications, such as those of CH3CCl3 in deter-

mining the average atmospheric HO concentrations'it seems that the HO
concentration must be even lower, because the loss of molecules of
CH3CCl3 in the stratosphere is dominated by a different mechanism,
namely solar ultraviolet fluxes, for which CH3CClj has a large inter-
action cross-section.

It is of interest to calculate Ns and NT as accurately as pos~
sible for the estimation of the magnitude of the stratospheric sink.
It may also be necessary to incorporate the latitudinal variation of

the tropopause height in numerical calculatiomns.

(e) Numbers of Molecules of Air in the Stratosphere and Troposphere

It is of considerable importance to have good estimates of the
number of molecules of air in the troposphere and the stratosphere, as
well as in smaller cells of the atmosphere. These quantities are nec-
essary ingredients in the theoretical formulations of theories with
global or hemispherical averages. For continuocus transport and chemi-
cal theories the same problem persists in terms of p(r, ¢, X, t) which
enters the partial differential equations. Specifically, for theories
which employ global or smaller scale averages, the estimates of the

global "(or smaller scale) burdens, deduced from atmospheric measure-
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ments, depend on these numbers. In addition to uncertainties in the
measured mixing ratios, the uncertainties in the number of molecules in
the troposphere and the stratosphere can introduce significant errors
in the calculation of lifetimes. The longer-lived the species is, and
the faster the sources have been increasing, the more important these
numbers become to the calculations of lifetimes.

In principle, the problem is almost trivial. If NS and N are

T

the numbers of molecules of air in the stratosphere and the troposphere,

N, = / pav (8.52)

then:

Vg
Ns = f oadv (8.53)
v
S
V(D
N = N+ N dV = r2 dr d\ cosé dé (8.55)

The ranges of integration over V VS and V are as follows: 0 < )X <

T’
2n, -1/, < ¢ € 7/, in all cases but the limits of integration for r

i z <
(height) vary. For VT’ R + z, (3) T <R+ - (¢), for VS, R + 2

Sr <R+ z (¢), and for V., R+ z () S r <o, R+ z (¢) = R. 1In

(¢)

these equations p = p (X, ¢, r) is the appropriately time averaged den-
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sity of air molecules at %, ¢ and r. Because of the atmospheric tem-
perature structure, the earth's rotation, and the gravitational fileld,
p changes in a complex manner, particularly with r. In these equations
zT(¢) is the tropopause height at latitude ¢. ZT(¢) is also a function
of time of year. R is the mean radius of the earth. zo(¢) describes
the height of the land above sea level. Since the pressure above the
earth's surface declines rapidly with heigiht due to the gravitational
field of the earth, the height zo(¢) is important only in evaluating
the mean global surface level pressure EE‘ zo(¢) makes no significant
contribution in the integrals when it comes with R. The inexact knowl-
edge of o, Eo(¢), and zT(¢) are the main obstacles to evaluating NT’
Ns and Nm.

In the present analysis zT(¢) will be assumed to be described by

the following function (Reiter, 1975):

h o] < /g
zT(¢) = (8.56)
hy - od /e < o] </

hO = 16 lm, hy = 14 km, a = 3.82 km/per degree radian. zs(¢) is
assumed to be constant at 50 km (Reiter, 1975). zo(¢) is assumed to be

represented by a mean effective elevation of 0.236 km = EO (Verniani,

1966) .
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Verniani (1966) has carried out a very careful study of the prob-
lem of determining N_, where the height integration goes up to 100 km
above R. Verniani's procedure and results will be adopted in this sec-—
tion to calculate Ns and NT‘ There are several methods available for
thege calculations and a variety of atmospheric data can be used. Some
of the altermate methods may be more exact, but it is expected that the
numbers obtalned here will be adequate for most applications to the

budgets of long-lived trace gases.

In Verniani's method, eqn. (8.54) is expressed as:

g dma = pE ds (8.57)
tDa s
N
- S s -3 1
O 121 (pi 5i 7 Pin Si+1) g4 (8.58)

In equations (8.58) and (8.59) the symbols are defined as follows: Ei
is the mean pressure at height hi (h; = h), Si is the surface area of
a sphere with radius R + hy and gi ig the average grativational field

strength in the shell between spheres with radii h, + R and R + hi+

i 1
In eqn. (8.59) only two surfaces are used; where h = h; and h + &h =
hy, and é(a) is the average grativational field between h and h + &h.

ﬁ(a) is the mass of the atmosphere between heights h and h + &h above

the earth. Eqn. (8.59) differs negligibly from (8.58) because g does
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not change much within the heights considered here, i.e., up to the

stratopause (zs).

The gravitational field strength varies with latitude and height.

g, (¢) = al +b sin2¢ - ¢ sin? 2¢)
_ T/
g, =J; go(¢>) cosé do

- - R2
g(z) = By R+ 22 202 2z (1 - %)

&) _!; g(z) odv/{ pdv
(a) (o)

In these eqns. g0(¢) is the surface level gravitational field at lati-
tude ¢ (b and c are small). éo is ground level, latitudinally averaged
gravitational field strength and é(z) is the latitudinally averaged

field strength as a function of‘height. » is the angular velocity of

the earth.

The main results of Vermiani that are used here are his estimates
of EE’ §0 and eqn. (8.59). Taking into account the average elevation
of the land, Verniani estimates BE to be 984.0 mb. éo is derived to be
979.76 cm/sec?,

One fast and easy way to calculate N_ is the assume that there is

only one shell between radii R + z, to R + 100 km, and that P100 Sloo

<< Pg Sp» g(z) = g , so that
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p. S
- - PP
m, * Bg sE/ 85N g Y (8.60)

where 1 is the mean molecular weight of the molecules that make up the
air and NO is Avagadro's number. Egn. (8.60) gives m_ = 5.123 x 102}
gm and N_ = 1.065 x 10"* molecules of air. Eqn. (8.60) is the most
common way in which m_ and N _ are usually calculated (see for example
Walker, 1977). The differences arise from the assumptions of BE and
to a lesser extent g(a)‘ Verniani's final numbers are m, = 5.136 x
1021 gm and N_ = 1.068 x 10" molecules. In applications these num-
bers may also have to be corrected for the water vapour content of the
atmosphere.

To calculate Ns and NT the following procedure is adopted: The
atmosphere is divided into three shells: the first covering R + Zo to
height R + Eo + H;; the second covering heights R + EO + H, to R + ZO

+ Hy; and the third covering heights from R + z_+ H, to R + z_ + Hj3.
(o] (o]

H, is taken to be 8 km, Hy is 16 km, and Hy is 50 km. All the mass in
the first shell belongs to the troposphere. Most of the mass in the
second shell is also tropospheric, and all the mass of the third shell
lies in the stratosphere. The distribution of the mass in the second

shell between the troposphere and the stratosphere is calculated below:
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/5 R+ZT(4>)
f J‘ p(r) r? dr cosd dé

. -n/s R+H, (8.61)
T T/, R+H,

f f o(r) r? ar cosd do

-1/> R+H,

f(2) is the fraction of molecules in the second shell that belongs in

the troposphere. It is easy to show that approximately f(2) is given
by:

L (ho=H1) (h1-B1) [ H2 ]
f(2)=?l’3e"p TR TP LT TR %P

(By-Hy) )
e (1, 3 sl e - —2 2
eXPow \2 7 Zn | **P &n P H
(8.62)

With these approximations the masses of the troposphere and the strato-

sphere are:

I = _L (_ S - = S ) + i(}_ (- S _ y S
T &, PE"E " Pn w7 Puy %n; 7 PHy CHp) (8.63)
(1) g
(2)
mo= 1 (p_S. - P S.) (8. 64
s = PEE " Py "y’ ~ % +64)
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m N
= —Ezj——i (8.65)

In eqn. (8.62), H is the average scale height in the region from r =

R + ZO +H tor =R+ EO + Hy. The results of the numerical calcula-
tions are summarized in Table (8.2) below. Additional information on
the data used is given in Appendix I. These numbers are based on the
model atmosphere given by Houghton (1977). The pressures at each
height (H,, H, or Hj3) are first averaged over the seasons of the year,

then weighted as:

W/z
E. = / <pi> cosé d¢ (8.66)

1
(]

where <pi> is the time average over the year of pressure at height Hi
(i =1, 2, 3). 1t is assumed that the two hemispheres are symmetric.
If the U. S. Standard Atmosphere (1962) is used, the results may be
slightly different (see, for example, Neiburger et al., 1973). 1In
these calculations é(i) is taken to be éo and partially compensated by
taking Si at the geopotential heights. The value of §(i) is not very
different from g within the region of the atmosphere: 0 < z < H,

(see also Verniani, 1966). It is possible to do more exact calcula-

tions, avoiding some of the simplifications made here.
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Table (8.2): Mass and the Number of Molecules

of Air in Various Compartments of the Atmosphere

Mass: (x 10 2lg)

~

- M
MT s MnT Mns MnTa MnTb Mnsa Mnsb Mm

4.180 0.939 2.090 0.470 1.141 0.949 0.139 0.331 5.119

Number of Molecules (x 10~%3)

N A N A
T Ns NnT an NnTa Nn’Ib ana anb N

8.680 1.951 4.343 0.976 2.372 1,973 0.288 0.688 10.641

In Table (8.2) the subscript refers to the region of the tropo-

nTa

sphere between the latitudes 0° and 30°, and refers to the region

nTh
between 30° and 90°. ana is the number of molecules of air im the
stratosphere between 0° and 30° (north or south) and anb the number in
the stratosphere between 30° and 90° (latitude). It is assumed that

the southern hemisphere is symmetric with respect to the northern hem-
isphere, so rhat NnT - NsT’ an - Nss’ NnTa - NsTa’ NnTb = NsTb’ ana
Nssa’ anb = Nssb’ where the first subscript stands for northern (n) or
southern (s) hemisphere, the second subscript stands for the tropo-
sphere (T) or the stratosphere (s), and when there is a third subscript,
it represents the regions from 0-30° (a) and 30°-90° (b). Between H,

and Hy a mean density scale height of 8 km was used in the ratio f(g)

(egn. 8.61). The average densities computed at H) and Hp from the
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model atmosphere, and the direct calculation of the number of molecules
R""Hz ’ﬂ/z

in the shell between R” + H; and R” + Hy, by Zﬂf J o(r)r? dr
R{+B| -7/2

cosd do are both consistent with this scale height (R* = R + z = R).

[o]

The relatively large value of Ns/NT = 0.22 can make a consider-

able contribution to the global average lifetime.

(f) Summary and Conclusions

Thlis chapter deals with the methods of taking into account all
the regions of the atmosphere where trace gases abound. The main ideas
are illustrated by simplified theoretical models which show the magni-
tude of the effects of trace gases in various parts of the atmosphere.

It was shown that a couple of high latitude tropospheric meas-
urements of a trace gas can be used to obtain approximate hemispheri-
cal average mixing ratios or burdens, and are particularly suited to
global averages. These facts are a consequence of the latitudinal and
vertical structure of the earth's atmosphere. As an example, measure-
ments of CH3CClz with complete global coverage were used to compute
the hemigpherical and globally averaged mixing ratios of this trace
gas. Next all the latitudinal data were discarded, except those for

a few degrees around 45°N and 90°S. Using the equations developed
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here, the hemispherical and global averages of CH3CCly were calculated
using this much reduced data set and found to be Indistinguishably
close to the results obtained from the full data set. Thus, reasonably
accurate assessments of the atmospheric properties and global distri-
bution of relatively long-lived trace gases can be made using measure-—
ments at only a couple of remote high latitude regions of the earth.
This should not be construed to mean that detailed global measurements
coverage is not important. It is usually very difficult to obtain ac-
curate global data covering all latitudes over a relatively short time.
It is also difficult to build up a data base with compatible measure-
ments year after year. With current capabilities it is more realistic
to conduct careful measurements at fixed points on the earth, and
these can provide accurate information about the trace gases under
study, when used in conjunction with any type of theoretical model.
Detailed latitudinal measurements have many unique applications, which
can add significantly to our understanding of atmospheric transport
and chemistry.

The contribution of the stratosphere to the budgets and lifetimes
of trace gases was considered in section (8.d). The lifetimes deter-
mined without including the stratosphere are not representative of
physical total or tropospheric lifetimes even if the molecules are not
destroyed in the stratosphere. The effect of the stratosphere on the

global lifetime calculations depends on the ratio Ns/NT -- the ratio
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of molecules of air in the stratosphere and the troposphere. This ra-
tio was calculated using the model atmosphere given by Houghton (1977)
and found to be about 0.22. The approximate numbers of molecules of

air in various compartments of the atmosphere were also calculated.
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CHAPTER 8. SOURCE FUNCTIONS: SMOOTHING AND SPECTRAL ANALYSIS

(a) General Ideas

The source strength of most anthropogenic trace gases is speci-
fied by a time serles of numbers giving the total estimated release
within each year. Tor trace gases that have natural sources, estimates
of release are made in an analogous manner. The species conservation
equation, in principle, treats the concentration and the source func-
tions as continuous functions of time, though many types of spatial
averages are often used. 1t is, therefore, necessary to transform the
discrete yearly emissions data into a continuous function. There are
several ways of accomplishing this, but systematic errors may be intro-
duced by the method chosen. Suppose that F(t) is the true continuous
source function describing the emissions (in mass per unit time).
Though F(t) is unknown, it can be approximated from the knowledge of

the yearly emissions data S(t), where S(t) is given by:

S(t) = / F(t)de” (9.1)
t

Of ten §(t) is approximated by an exponential as in the case of CH3CClg,
F-11, F-12 and F-22. 1In other words, the discrete data §(ti) (emis-
sions over the entire year ti) is fitted (by least squares methods) to

. bt , .
a funcrion ae . f(x) is not equal to aebt but can be approximated
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by f{t) = 5(t) = a’ebt. The transformation a - a” reflects the

smoothing transformation where the absolute rate (dS/dt) of the in-
creasing source is smaller at the beginning of each year than at the
end (even though actual emissions data g(t) does not resolve the emis-—
sions behaviour within the span of a year). In general, the transfor-
mation of any function on which S(t”) lies, to an approximate version
of f(t), defines the method by which time is treated in the species
conservation equation.

When the lifetime of the trace gas T is >> 1 yr, the exact be-
haviour of f(t) within a year does not have much effect on the life-
times calculated by using the mass conservation equation. It is, how-
ever, important that the total emissions between times 0 and T satisfy

T

N
/ S(e)de” = Y S(e)) (9.2)
0 i=1
where £, = 0, ty =T, and S(t”) is the approximated version of f(t7).

The purposes of this chapter are (1) to formulate one method for
obtaining S(t) from discrete emissions data g(t). This methed draws
particular attention to the constraint (9.2) on small and large time
scales. (2) As found in Chapters 4 and 5, a source function S(t) may

have complicated "spectral' properties (non-exponential sources).

These are discussed here in more detail, including methods of solving
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the mass conservation equation when cyclic terms are present, and ob-

taining smoothed versions from S(t) for these more complicated source

functions.

(b) Smoothing of Source Functions Described by Simple Exponentials

The main idea is very simple. The true source function f(t) is
approximated by a smooth source function which has the same shape as
the function on which S(t) lies. 1In the case when S(t) lies on a sim-

ple exponential function, it is simply assumed that f(t) = a’eb t

t+8 b

~ g t
S(t) =f a’eb U gt = ae (9.3)

t
or _%’ (eb 6_ 1) eb t - aebt (9.4)
Thus b —/8> b =b (9.5a)
a — > a° =b"% (9.5b)
(e -1

where (9.5a) and (9.5b) are to be considered as transformations of 'a"
and "b" necessary to convert the discrete S(t) to a smoothed S(t) for

use in the mass conservation equations. Therefore

£(t) = §+ et = 5(r) 9.6)
(e "-1)
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a and b are the same as those necessary to find the exponential func-
tion on which the discrete §(t) lies. If time is assumed to be given
in years, 6 is the time in years over which the discrete source emis-
sions are reported. Thus, § = 1 1s applicable ﬁo all emissions data
which are reported in terms of yearly emissions.

The simpler, often used method (for & = 1) is to take the func-

tion on which §(ti) lie, let's call it g(t), and approximate f(t) by:

~ 1
fle)y  s(e) =8(t - %) (9.7)
~ _
so that if S(t) = aebt; S(t) = ae b ebt which is the same as trans-
forming a > a” where
a” = ae /2 (9.8)

In this method the annual rate of emissions implied by g(ti) is ad-
justed to hold at the middle of the year. This general idea can be
further refined if desired.

Equations (9.8) and (9.6) are approximately equal if b is small
(2" = a/1 + %b). For more complicated source functions, the methods
of eqn. (9.7) and (9.3) may yield different results.

The use of egn. (9.3) can easily be extended to the time scale
§ = T to impose the constraint (9.2).

It is always a good idea to check whenther the constraint (9.2)

is satisfied by whatever smooth function one has chosen for the source
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(S{t)). 1If not, a different source function must be chosen to avoid

introducing unnecessary systematic biases in the results.

(¢) Complex Source Functions

Let us suppose now that the source function has some steady form,
but superimposed on this are cyclic fluctuvations. To express a simple
example of such behaviour, one may write the source function S(t) as:

S(t) ~ So(t) {1 + a cos (wt + &)] (9.9)

and Se(t) ~ So(t) = aebt

where the symbol ™~ is used to indicate that the discrete source data

lie on the function on the right hand side of ~.

A = E(tl - Se(t) . a cos (Wt + 9¢) (9.10)
S (t)

A shows that the deviation of the “true’ source function, from a simple
steady source function Eo(t)’ is a cyclic function given by o cos (wt
+ ¢).

Examples of such behaviour were considered.for the case of CH3CCly
in Chapters 4 and 5.

The discrete yearly release data E(t) are used to find the param-
eters a, b, ¢, w, and ¢, and determine the function aebt[l + o cos (wt
+ ¢)] on which g(t) lies. How should a, b, o, w, and & be transformed

to get the correct source function S(t) such that



t
b

= ae’t [L + a cos (wt + ¢)]) 7

+38
JF a’ebt (1 + e cos (wt + ¢7)]dt

241

(9-11)

Note that w is not altered. Egn. (9.11) can be divided into two pieces

sc that the solution of the previous section applies to the first piece

s0 a” = ——%%——— and bB" = b
(e”-1)
This leaves:
t+68 bt

a’e  a” cos (wt + ¢7)dt

= aebt a cos (wt + ¢)

(9.12)

After some tedious algebra (sketched in Appendix 1), one finds that

.o (b? + wz)(ebg—l)
bw (A% + B%)%

Q
)

a

A cos ¢ + B sin ¢}

= 1
Tan ! { B cos ¢ - Asin ¢

©-
)
)

A= eb6 cos w8 — % sin wé - 1

b
B = eb6 sin wé + E—cos wd - Z

(9.13)

(9.14)

(9.15)
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The transformation of ¢—— ¢~ can be substantial. The ambiguity in
the angle in eqn. (9.15) is resolved by considering the signs of the
numerator and the denominator of the term inside the parentheses { }
since they are proportional to the sin ¢~ and cos ¢~ respectively. Al-

ternatively ¢~ is determined as the angle which satisfies:

sin ¢’=1— (A cos ¢ + B sin &)
v AZ + B2
. 1 ,
cos ¢ = ————— (B cos ¢ - A sin &)
vV A% + B2

Again one may use a + a”, as in Eqn. (9.8), and so ¢ > ¢~ = ¢ -
w/5. This corresponds to (9.7), and here @ is not modified. The re-
sults of this section are different from those based on (9.7), however,
in the calculations of the particular case of CH3CCl3z (Chapters 4 and

5), the results were not significantly altered by using (9.7).

(d) Complex Source Functions: Fourier Analysis

The true source function can have more complex behaviour than
discussed in section (9.c) as, for example, in the case of CO (Rust et
al., 1979). Most cyclic features of the source term can be described
by a Fourier spectrum, thus A defined by eqn. (9.10) can be general-
ized to:

A=c¢+ Z a  cos (wn + ¢n)
n=0
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The ¢ term can be absorbed into the S, term and rewriting & as [1 + <:]_1

I a cos(w
n

n % + ¢n), so it will not be treated further. In case the

bt

|4

go(t), then

So(t) is as before, i.e., ae

S(t) ~ S.(t) [L+ 7 a cos (uw,
n=0

Lt )]

The generalization of eqns (9.13) and (9.14) can be expressed as:

(b2 + wé)(ebé - 1)

a >aq = (0.16)

" b bw [AZ + B2)%

n n n

¢n > ¢n where ¢n satisfies: (2.17)

. . 1 .
sin ¢n = — (An cos ¢n + B sin ¢ )

VAZ + B2 n "
n n
- 1 ,
cos ¢n = ——— (B cos ¢n - A sin ¢n)
VaZ + 82 " n
n n

A = eb\)S cos w & - b sin w 6 - 1

n n w n

n

B = ebé sin w_6 + 5 cos w 6§ - b

n n w n w

n n
so that
s(t) = a’ebt [L+ X 07 cos (wt+ $7)] %.18)
n n n n

One of the good features of such source functions is that they allow

exact solutions of the species conservation eguation averaged over any
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spatial scale. For the global conservation equations, df/dt = S(t) -
ng, with the source given by eqn.

(9.18), the solution can be derived
as follows:

The primes on a“, a; and ¢; are dropped for notational convenience.
Eqn. ( 9.2) becomes:

t .
E(L) = Eoe_nt + e‘nt JL aebt (1 + Znu cos (wnt’

-

nt” dt”
+ ¢n) e
= Tl + T2 (6.19)
The first term is simply the usual one:
-nt a bt -nt, _
B e e e T (9.20)
The second term is T2
t
-nt bt~ . nt’. .
T2 e .f ae zn a_ cos (wnt + ¢n) e dt
o}
or N
t - A(wpt” + 0
_ -nt (b + n)t “n nto.
T, =e = a) o Re J; e e dr” (9.21)
where Re[f(z)] = real part of the complex function f(z) = £ (2) +
o
if£y(2)
i¢n
a_ e ,
'I2 = a Re z L [e(Hlmn)t

_ TNt 9
n (b+m)He_ e ] (9.22)
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iég
a e
¢ n a (b+n)t
I Re ?5137_1_35;'<< e © (9.23)
ei¢n
. n bt diwpt
then T2 ~ a Re Zn o) + iwn e e (9.24)
T = btz ey R [<b+)+im]i(unt+¢n)=
ox 2 %2 Ly Gz oz Re (Lo + o)
- aePt Y %5 “n [sin (w_t + ¢)
n (b+n) %+ mﬁ
b+n
+ w =~ Cos (wnt + ¢n)} (5.25)
and
E(t) = Tl (eqn. ¢ .20) + T2 (eqn. 9 ,25) (9.26)

For the special case there there is only one term (as discussed in Sec-

tion (9.¢)
. _a bt a w (b+ ) .
EPem e {l T o) e [sin (ot + ¢)
+ 20 o5 (ut + ¢)]} 9.27)

Eqn. (9.27) was used in Chapters 4 and 5, and applied to CHzCCls.

For fluctuations that are very rapid so that @ >>(b+n) in eqn.
(9 .26), then such components are damped out as long as @ is not very
large. So fluctuations with periods much less than the lifetime (actu~
ally period T << 2wt/(bt+l)) are not significant in modifying the global
concentrations as long as their amplitudes are not excessive. This
statement is independent of the practical limitations of finding cycles
in the discrete data E(t). In other words, if there were real cycles of

high frequency w, their effects would be very small as long as their am-
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plitudes are not large (egqn. 9.26).

For the practical case of amalyzing source data which are given
only in terms of total emissions over a period 8, cycles with periods
T £ & are not resolved. Therefore, the only frequencies that appear in
yearly (or 8) emissions data are w < 21/8 (or £ ~ 6/yr).

Rapid cycles below the time resolution § can still give apparent
slow cycles (of much lower ©) in the yearly emissions data. The rapid
cycles can, therefore, be a2 mechanism by which slow ¢ycles appear in
the discrete data E(t). In such a case the 'amplitude of the fast cy-
cles is large so as to produce slow cycles of non-vanishing magnitude.
Figure (9.1) illustrates a hypothetical case (b = 9).

This is by nc means the only mechanism, or even the most likely
one, to produce the slow cycles in the yearly emissions data. The only
point here is that if fast cycles of high amplitude exist for the
sources of long-lived species, then they can be approximated by slower
cycles of low amplitude. When slow cycles exist, their amplitude can
be used to determine whether i1t is probable that they are created by
faster cycles. If the slow cycles are have appreciable amplitudes,
then it requires a very large amplitude for the fast cycles 1f they are
to generate the slow cycles. The physical situation at hand has to be
analyzed to decide if it is possible to have such large amplitude fast
cycles.

When the lifetime of the trace gas in question is short, the be-
haviour of the true source function f£(t) can make a big difference in
agsessing the global budget, and yearly release estimates can become

virtually useless.
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Most of the preceding statements apply only to globally averaged
concentrations, whereas in environments near the sources a variety of
fluctuations are observed over periods of days to months. It is diffi-
cult to separate the effects of changing source terms from meteorolog-
ically controlled transport of air containing high concentrations of
the trace gas in question.

Although only globally averaged mass conservation equation has
been considered in detail here, the results are valid for smaller spa-
tial averagings. The use of the globally averaged equation should only
be taken as an example rather than as the domain of applicability of
the results presented here. For example, the solutions for hemispher-
ically averaged conservation equation follow easily from the discussion

in Chapter 10.

(e) Conclusions
The main calculations in this chapter are designed to approximate
the discrete yearly averaged source data by a continuous function that
can be used in any form of the global species conservation equation.
t+3S

The general idea, expressed by the equation f S(t7)dt” = S(tr),
t

where S(t”7) is the smoothed source function and S(t) the discrete emis-
sions data, was applied to several special cases. These cases cover a
wide range of possible source functions. For most practical cases the

time over which the source emissions are reported is a year, thus & =
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1. Even is a source function is not covered by the cases studied, the
same procedure can be applied to obtain S(t) from the discrete values
E(t).

It was also shown that the smoothing transformations derived for
a simple fluctuating source function is easily generalizeable to the
Fourier spectrum of the source function. Furthermore, the spatially
averaged mass conservation equation can still be solved exactly regard-
less of the complicated nature of the source spectrum as long as one
can write the source function in terms of a Fourier series. When the
mass conservation equation is averaged over smaller spatial domains,
the methods discussed here can be easily generalized to a system of
differential equations (in place of (9.1)) by the techniques discussed

in Chapter 10.
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CHAPTER 10: GLOBAL BOX MODELS:

FORMULATION AND SOLUTIONS.

(a) General Ideas

The changes in the global environment caused by increasing anthro-
pogenic emissions into the atmosphere are controlled by the motions of
the atmosphere and the chemistry in the atmosphere. Various aspects of
these general ideas have been discussed in the ma2in chapters of this
work.

A powerful tool in the theoretical analysis of the dispersal and
fate of atmospheric trace gases is the species conservation (or mass
conservation) equation. It is based on a balance between the distribu-
tion and magnitude of the sources, the dispersal of the trace gases
(transport), and the sinks of these gases. The purpose of this chapter
is not to discuss the theory in detail, but to formulate simplified
equations that can be applied to a large number of trace gases. The
applicability of a particular version of the mass conservation equation
to a given trace gas depends on more detailed knowledge of the behaviour
of the trace gas. Here, a simple catalog is developed which gives ad-
ditional details for the theoretical wmodels used in the main text of
this work. The graphical catalog of section (i) is a quick reference

for the type of theories described here.
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(b) Many Box Theory

The many box theory is a discrete version of the continuous mass

conservation equation!

v .CV (10.1)

(1/n)aitc=s~L—

=R

C is the number density of the trace gas, n the local number density of
air and V the mean velocity vector. S and L represent the sources and
sinks (losses). When losses are by first order processes L = nC, n =

% n, where n,

indexed by k. Equation (10.1) is simplified by various averaging pro-

are the sink strengths of the various loss processes

cedures and other assumptions, finally leading to K-theory versions
which may incorporate motions in 1, 2 or 3 dimensions (depending on
which coordinate variables are allowed to vary continuously). The many
box theory simply forms discrete averages over any number of divisions
of the atmosphere.

Suppose the atmosphere (troposphere and the stratosphere) is di-
vided into N boxes, indexed by i. Losses are assumed to be of the first
order, and the transport term has to be specified by a time-?ij repre-

senting transport between boxes i and j. The mass conservation equation

can be written as:

at S S8-nAl -0 -C (10.2)

QA9j=mQ (10.3)
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T (§? is the transpose of a vector x},

C is a column vector [C1 e CV]
where Ci is the number of molecules of a given trace gas in box i. §
is the column vector [Sl e S‘q]T where Si is the source strength

(molecules emitted per unit time) in box i and n 1s the column vector

T A . .
[nl A YT I 7 is a matrix (N x N) which describes the transport
-\ N
of molecules of the trace gas into and out of box i ( ) Qij Cj)' To
i=1
sinmplify the discussion, K5l is defined as follows:
W ec=nAc+R - (19.4)
so that eqn. (12.2) becomes:
d _ “—>
i C=s5-%.¢ (19.5)
Equation (10.2) can be solved as:
C=exp [ - Q t] C +
~ t -~ ” .
exp [ - T el v f e (@) -5 (27 at (10.6)
o

The arrows <> will be dropped from here on, but it is understood that

0 is a matrix.

n n
exp (0] = 2 &t (10.7)
n=o

A new matrix, P, has to be defined to obtain a useable version of eqn.

(10.6). P 1s defined by the relationship:
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PP’ = A (10.8)
Xy 0
A=l (10.9)
0 AN
where Xk (k =1, ..., N) are the eigenvalues of Q. 1t is assumed that

the Jordan Canonical form of  is given by eqn. (10.9). Some Ak may
appear more than once and some An may even be zero, but the roots of
the polynomials det[Q — A} = 0 are simple. (Roots being simple means
that there are no solutions of the minimal polynomial of (0-AI) of the

type (/\—X)n = 0 with n > 1.) With egns. (10.8) and (10.9), eqn. (10.6)

can be written as:

»

t
= -1 _A,t -1 -At At i
C= (P " e P) Qo + P e J‘ e P § dt (10.10)
o
Note that eqns. (10.7) and (10.8) imply that:

0 . e‘)\Nt

Eqn. (10.10) is the general solution. It gives the total number of

molecules of a trace gas in each box. If necessary, the Ci can be di-
vided by Vi (volume of box i) to get the mean density of the trace gas
in box i; and Ci can be divided Ni (number of molecules of air in box

1) to get Ei’ the mean mixing ratio of the trace gas in box 1i.
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If S is constant in time, the solution of (10.10) is:

At -1

' YA i P S (10.112)

-1 -At

= + P - e
c=@te e +P (-

bt

-At -1
- e ] (A + 31) P §0 (10.11b)
I is the N x N identity matrix. After a long time the asymtotic limits

of (10.11a) and (10.11lb) are:

=qts (10.12)

L%

c_ =Pl (h+bpD7 P s,

Pt (10.13)

In eqn. (10.13) the concentration in every box rises at the same expo-
nential rate; thus the ratio of the burdens in any two boxes becomes

constant.

(c) Simple Global Model

The simplest of all spatially averaged forms of the mass conser-
vation equation is the complete global average. This makes N = 1 and
the spatial integration of egqn. (10.1) is carried out over the whole

troposphere and the stratosphere. Eqn. (10.10) becomes
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=5 e M+ [ s et de- (10.14)

N_ is the total number of molecules in the troposphere and the strato-

sphere; n = 1/1 where T is the global lifetime of the trace gas.

(d) Two-Box Theories

There are two kinds of two-box theories: (i) One box is the en-
tire troposphere and the other one is the entire stratosphere. (ii)
one box is the morthern hemisphere troposphere and the stratosphere and
the second box is the southern hemisphere troposphere and the strato-
sphere.

(i) Troposphere - stratosphere

N

4. 3% - S _

ac br =S¢ T nép 7 nqg Ny [Er = &4 (10.15a)
4 g =% -mg 4+, (.- E ] (10.15b)
dt °u u R N T ;u :

T = 1/n is the tropospheric lifetime of the trace gas; T = 1/n is the

stratospheric lifetime; N_ and NT are the number of molecules of air in

S
the troposphere and the stratosphere. gT and Zu are the mean mixing
ratios of the trace gas in the troposphere and the stratosphere (upper

atmosphere) respectively. Often there are no sources in the strato-

sphere, so that S = 0.
n
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N NS
(h+n.7=) P
T NT T NT
q = (10.16)
“Np (n + nT)

= 1/, where 1

N T T

is the stratospheric-tropospheric transport time.

It is easy to show that:

9
M =3 (d+a)+3 [(a-d)?+ 4 be]? (10.17a)
As = l i 2 %
2=3 (@+a) -5 [@-d)2+ 4 be) (10.17b)
Ng Ng _
a =n+ngg s b = "t W d=(n+ nT), ¢ =g (10.17¢)
T T
P = [c“a—vb) 1) (10.18)
¢/ (a - )\2) 1J
(2 - M) (a - Ap) 1 1
C()‘l - )\2)
| -c/(a - X3) c/(a - Xy)
-Mt ]
£ . 0 Ero
=P P +
—th
g"1_1 0 — gLlC)
Mt I IS L §.(67)
p~} f P dr”
0 TRt | Yy o 2t S (1)
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(ii) Northern - southern hemispheres.

d _~

3t on " Sa T My En g 5 7 &) (10.212)
L =% —n & +n.lE -E ] (10.21b)
ac s s s °s T "*n s :

én, ES are the northern and southern hemisphere mean mixing ratios. ny

and ns are the northern and southern hemisphere mean lifetimes (includ-

ing the stratosphere). TT = llnT is the interhemispheric transport
time.
(n + np) Ny
a0 = (10.22)
-Np (nS + ng)
_ 1 1 2 21
X E—(a + 4) + 3 ((d - a)2 + b“4] (10.23a)
1
p=3 @+ d) -2 [@- a)2 + b2 (10.23b)
= + = = .
a=n +m., b=n,, d (ns + nT) (10.24)

P and P_1 are the same as eqns. (10.18) and (10.19) with a, b, 4 as in
eqn. (10.24) and b = ¢. The solution of gn, 55 is given by eqgn.

(10.20).

(e) Three-Box Theory

There is only one, never before used, theory in this category.

The three boxes are the northern hemisphere troposphere, southern hem-
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isphere troposphere and the entire stratosphere. The mass conserva-

tion equation assumes the following form:

g _ - N

e S R S (10-232)
dg _ - N

T - Se o ngEg tng (B - B - ong ﬁ;’(&s - £ (10.25b)
a€, L _

gt - Sy T Bt rng (BT ED -ngEy (10-25¢)

an is the northern troposphere mixing ratio, ES the southern troposphere
mixing ratio, 5u the stratospheric mean mixing ratio. ng and n, are
the southern and northern hemisphere tropospheric lifetimes and N, is

the mean stratospheric lifetime. n

T is the interhemispheric transport

time and ;5 is the stratospheric-tropospheric exchange time (time for

the exchange of the whole stratosphere with the troposphere).

- N N ]

- .- s — — s
(n_+n.+n_ 7)) -n -n_. -

n T s T T s NT

— — - Ny - Ng

Q= Ny (nS toap oo ) N W (10.26)

T T

1- 1 - —

-5 g -5 N (n +n)

The eigenvalue equation for Q gives a2 cubic polynomial which may be

solved by the availlable mathematical techniques (see for example Mastow
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et al., 1963, p. 159). The solutions for gn, gs and gu are described
by the appropriate restriction of eqn. (10.9) to this case. The ma-
trix P can also be deduced in a manner analogous to the case of the
previous section, and the four-box theories considered in the next

section.

(f) Four-Box Theories

There are many ways to divide the atmosphere into four pieces.
Two methods stand out as the physically more appropriate divisions.

(i) Latitudinal theory.

The first method is to consider the atmosphere from ground level
to the top of the stratosphere and take all four boxes to separate the
atmosphere latitudinally. The first division 1is along the equator,
then each hemisphere is divided once again at about 7/6 radians. To an
extent this is an appropriate division along the main latitudinal bar-
riers to transport from north to south (or south to morth). It is also
a division in which the number of molecules of air in the atmosphere
are approximately equally divided among the four boxes. The resulting

theory is:

ac &1 = 8 - m&) - ;i (€1 - £9) - Hz (E1 - E3)

It Er = Sy — nyky + ;1 (B - &£5) - Mo (E; - Ey)
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3¢ 53 = 83 - m3f3 +ny (5) - €3)
é% £y, = Sy = nuly + np (Es - Ey) (10.27)

The picture given below illustrates the divisions and the numbering:

The explanations of the symbols Ek’ nk k=1-4), ;&, ;2 and Sk are

obvious from the figure and the discussion in Chapter 5.

B - = — — T
(n1+n1+n2) -, -n, 0
-ny (n2+n 1+n2) 0 -n,
0= (10.28)
-1, 0 (n3+;2) 0
| 0 -n, 0 (nh+n2)_

The eigenvalue equation for © can again be solved by standard mathemat-
ical techniques (see Mastow et al., (1963) p. 160-161). P and P_1 are

given as follows:
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[ A(h ) B(Xp) D(A)) 1]
A(Np) B(l)  D(Ap) 1
P = (10.29)
‘AQ) B(A3) D(A3) 1
| A0 B(Xy) D(Ay) 1
A = [ - X)) (- - c?]/be (10.30a)
B = (g - N)/e (10. 30b)
DOV = [(g = X)) (f - 3) - c2)/b(d - 2)) (10.30c)
k=1, . .., 4

a=0p,b="ny, c=ny, d=n3+ny, £=0, = (np+ny +
n2), 8= Qi =y + N
P! can be deduced from the standard technique, namely:

-1 P

- det P

P (10.31)

where P+ igs the adjoint of P (any standard text may be consulted for
evaluating eqn. (10.31); for example, Smiley, 1965).

The algebra of such a theory is considerably simpler when ny = nj
and nz = ny. This means that the sink strengths (or lifetimes) are
symmetrical in latitude, so that the total lifetime of the trace gas is
the same in the northernm and southern hemispheres. The detdils of this
theory are given in Chapter 5 and its section in Appendix I. This is a
nice approximation and gives elegant symmetric equations, but it is

likely that the approximation is not comwpletely appropria:e for those
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trace gases which have dominant tropospheric sinks with respect to HO
interaction. Current evidence suggests that there is a lot more (fac-
tor of two) CO in the northern hemisphere than in the southern hemis-
phere. This is due to both natural land processés and anthropogenic
emissions. In addition, other gases -— terpenes and isoprene, etc. —-—
are probably more abundant in the northern hemisphere boundary layer.
These gases are believed to control (especially CO due to its high con-
centrations) the tropospheric HO densities, because they are the major
sink of HO. So, it is probable that HO densities are significantly
higber in the southern hemisphere, thus making 77 > 15 and T3 > 7y (of
course T3 > 11 and Ty > T, because of reduced HO densities at high lat-
itudes). It 1is, therefore, recommended that in such conditions Ny
should all be assumed as different from each other. T would like to
add that this consideration was left out of the theecry in Chapter 5
since the main problem in that chapter was to show that the form and
"depth" of the changing CH3CCly gradient were dependent primarily on
the fluctuating source. The conclusions of the assessment would not
be changed by assuming shorter southern hemisphere lifetimes.

(ii) Troposphere-stratosphere theory:

Another useful four-box theory is to divide the atmosphere into

the northern and southern tropospheres and the northern and southern

stratospheres. The equations are:
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dt

e,
dt

dé3
dt

d&y
dt

The division
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N
Sy - n1&y - n1(E1 - &2) - 02 N—S (£y - &€3)
T
—_ —_ NS -
Sz - maEx + m(&y - E3) - n2 T (€2 = &u)
T

(10.32)

-n3f3 - n2 (83 - £1) - n3 (E3 - %u)
-ny&y -ny  (Ey - £) + ny (E3 — &)

of the atmosphere is illustrated in the figure below:

.

«——— stratosphere

"_r troposphere

earth

_ N . Ng -
(n1+n1+§— n2)  -n) M2 Ny 0
T T
_ X _ NG
-ny (n2tni+ns 3 ) 0 N2 o
T T
(10.33)
-ns 0 (n3+natng) -n3
| 0 N2 -n3 (ny+na+n3) |

When 53 + 0 the wmatrix P is the same as eqns. (10.29) and (10.30), but
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where a, b, ¢, 4, £ and g are defined as follows:

_ e _ _ _ g
a=(np+np tgns b=y c = onp
T T
d= (ng+tng), £=(n2+n +ny" ) (10.34)
T
g = (ny + nz)

n3 +» 0 is a reasonable approximation (see Reiter, 1975). 1If n3 # 0,

then P can be evaluated from egn. (19.8).

(g) Five-Box Theory

Though five-box theories are not used, they can be formulated.
An appropriate five-box theory is one with four boxes in the troposphere
divided along latitudes just like the four-box theory of the preceding
section (f.i). The fifth box is the entire stratosphere. This allows
for good latitudinal resolution and still separates the stratosphere

and the troposphere. The equations become:

£y =81 - mf; -0y (8 - &2) - ny () - E3)

_ Ns
- ng 5o (81 - €s) (10.35)
T
£y = Sy - npEy + ny (€1 - Ep) - na (&5 - &)
N
- S
- ne 7 (5 = Eg)
5 N
. —_ —_ NS
E3 = 83 - n3f3 + np (&1 - €3) - ng 7 (83 = &5)
T
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N

éq=54—m+54+7_72 (Ez—éu)—asﬁ-s-(iq—is)
T
és=_n555+ﬁs%(51"'52"'53"‘&;)-hsis

Ng is the time during which the entire stratosphere is exchanged with

the troposphere (not with each smaller box, n.~ 0.5 - 0.6/yr, Reiter,

S
1975). The divisions of the atmosphere are described by the figure

below:

stratosphere

The appropriate matrices P and p ! may be constructed by the same
metnods as used before. The eigenvalue equation for Q may no longer be
algebraically solvable. This is due to the well-known theorem of Abel
and Galois. For certain assumptions regarding the symmetries of life-
times in the northern and socuthern hemispheres, it may be possible to
sclve the eligenvalue equation. The more pragmatic reader will certain-

ly not be dismaved by the insolvability of fifth, or higher, order pol-
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ynomials since approximation techniques are available and well knouwm.

(h) Six—, Seven-, and Eight-Box Theories

The group of theories with six, seven, and eight boxes are also
possible for the same type of problem discussed in the preceding sec-
tions. Within the context of the present chapter an appropriate six~
box theory is one which is the same as the five-box theory discussed
in the last section, except that the stratosphere is also divided into
the northern and southern pieces. Seven-box theories are not conveni-
ent in this context, and would not contribute anything more than the
six-~ and eight-box theories. Therefore, the possible seven-box the-
ories will not be discussed further. An appropriate eight-box theory
is one with four tropospheric boxes and attached to each tropospheric
box is its own adjacent stratospheric box. For the type of value such
box theories have, it is unlikely that any more then eight boxes would
ever be necessary.

The equations for the six-box theory are:

(10.36)
. _ _ _ Ng
81 = 5y - m&y -y (63-8)) = my (E1-E3) =~ ng T (E1-E¢)
T
. - —_ — NS
€2 = S - m2&y + ) (E1-83) - np (E2-Ey) - Ng T (E> E5)
T
i _ W
€3 = S3 - n3&3 + np (£1-&3) - N N (E3-Eg)
T
[l — —_ NS
Ey = Sy ~ nuEy + np (E2-8y) - N W (E4-E5)

-3
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. 1l - - -
£5 = - ngEsg + 2 Ng (Ep*Ey) - QSES - ny (E5-&p)
és = - ngbg T % ES (Ey+E3) - BSEG + E“ (E5-&6)

The figure below illustrates the divisions of the atmosphere:

troposphere

stratosphere

earth

The eight-box theory is described by the following equations:

(@]
Vs
]

53 = mCy - n1(C1=C2) - n2(Cy1-C3) - n3 N N €1+ n3ce

- - Ng
Cz2 = S2 = maCy + n1(C1-C3) = Ny (Cy-Cy) - n3 N, Cp + n3Cy

C3 = S3 - n3Cs + ns(C;-C3) - ny N3 =3 03 + nyCs (10.37)

L[] -— N —
Cy = Sy = nyCy + mp(Cy-Cy) ﬂq‘ﬁi Cy + nuCg

. -~ - R
Cs = -nsCg + T’m —2 C3 — nuCs - 05('},\1_?' Cs - Cg)

. — N —
Ce = —ngCg + n3 gf C) - n3Cg + s N No Cs - nsCe = Ng (Cg=C7)

Cy7 = -n7Cy + n3 —5‘C2 - E3C7 + ng (Cg=-C7)

. - - - N
Cg = -ngCg + ny nyCsy ns (ﬁ?‘Cg—Cﬁ)
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To demonstrate the equations more clearly the eight-box theory is for-

nulated in terms of the total burdens Ck (k =1, . . ., 8) instead of

the mixing ratio §. It is easy to convert Ck > £k (Ck = Eka where
Nk are the number of molecules of air in the k-th box. Nk were derived

in the last chapter). The following figure illustrates the regions:

stratosphere

troposphere

33 here is the reciprocal of the time it takes for the contents of box
6 to be exchanged with box 1 and 55 1s the reciprocal of the time it
takes for the contents of box 6 to be exchanged with box 5. In terms
of number of molecules of air in each box it is assumed that the two
hemispheres are symmetric. In all the theories discussed, it is as-
sumed that Sk’ the source term, is the emissions in the k-th box in
molecules per unit time, divided by the number of molecules of air in
the kth box. This holds for all theories expressed in terms of the
mixing ratios. For the 8-box theory given above the source is not di-

vided by Nk.
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(i) Graphical Summary

Graph theory can be used as a descriptive tool to catalog the
various theories discussed in this chapter. A vertex is a box and an
edge (line) joining two vertices represents exchange between the joined
boxes. The designations t or u mean the boxes are entirely composed of
the troposphere or the stratosphere respectively; whereas t + u means
that the box contains both tropospheric and stratospheric aix. The

subscripts n and s refer to northern and southern hemispheres.

t +u

. (sec. c¢)

® -

+ .
(i1) (t;u)n (t Ll)s (sec. 4)
u
(sec. e)
t t
(t+u)n1 _ (!:+1_\)Sl n = s
n 1
1
n3
t+u +
( )nz (t u)SZ u ug
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(sec. g)

52

(sec. h)

(sec. h)
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The nine theories represented above have been discussed in this chapter.
(3) Conclusions

In this chapter various theories were constructed to analyze the
distribution and lifetimes of relatively inert trace gases in the at-
mosphere. The atmosphere was divided into discrete units of varying
sizes. Specifically, theories with ope to eight boxes were considered.

The final solutions of the equations have not been considered
here because the behaviour of the source function in time 1s different
for gifferent trace gases. It is a rather simple matter to evaluate
the gk or Ck for any theory discussed here when the gsource function is
known. Many of the possible source functions were discussed in Chapter
4. With the ald of the results of Chapter 4 eqn. (10.9) can be easily
evaluated.

It is also possible to include the oceans into such theories as
discussed here. This can become necessary for the theoretical evalua-
tion of highly soluble trace gases. The methods outlined here are gen-
eralizeable to the inclusion of oceanic boxes with some additional ef-
fort.

In many cases of interest such theories are powerful tools in

explaining the behaviour of trace gases.
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CHAPTER 11. CONCLUSIONS

(a) Review

The purposes of this chapter are to review and discuss the main
results of this dissertation, as well as to address some broader envi-
ronmental issues. The first aim is designed to present a compact ver-
sion of this work, which will better serve those readers who know the
techniques used in the calculations or are interested only in a review
of the results.

In general the lifetime is an important variable characterizing
a trace gas. The lifetime, along with the mecharisms by which a trace
gas is destroyed, are the main variables which control the environmental
effects of the trace gas. Longer-lived trace gases have the undesirable
property of accumulating rapidly if they are due to recent anthropogenic
activity, thus making them potentially harmful in the future. Chapters
2 and 3 were devoted to calculations of lifetimes of several trace
gases.

There are two independent ways of calculating lifetimes of trace
gases when the loss processes are of the first order, i.e., the loss of
the trace gas dC/dt is proportional to the concentration C (dC/dt =
~nC). This is assumed to be the case for the trace gases considered in
this work. The first method considers the balance between the amounts
of the gas emitted per unit time and the measured ambient concentra-

tions. This procedure essentially contains three ingredients: the
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source strength, the lifetimes and the ambient concentrations (speci-
fied by S, 1 and C). Knowing any two of these variables, the third can
be deduced. Usually the lifetime is regarded as the unknown and chosen
to bring the known source strength in agreement with measured ambient
concentrations. Generally there is no one lifetime which prevails over
the whole atmosphere or at all times, and the single pumber, 1, is a
weighted mean of various lifetimes in the different regions of the at-
mosphere. In Chapter 2 this budget procedure was applied to three im—
portant trace gases: CFCly (F-11),CCl,F, (F-12)and CH3CCl3. The
source strength was taken to be given by estimates of F-11 and F-12 by
McCarthy et al. (1977) and updated by reports from Alexander Grant and
Co. (1979). The measured concentrations were those obtained by R. A.
Rasmussen (personal communication) over five years at two high latitude
sites —— the U.S. Pacific northwest (~45°N) and the south pole (-90°S).
The results of the analysis suggest that a lifetime for F-11 or F-12 of

less than 20 years is extremely unlikely. was estimated to be

Tr-11

~ 50 yrs and 1 was estimated to be > 70 yrs. These long lifetimes

F-12
are expected on the basls of the stratospheric sinks for these com—
pounds, thus implying that the data of Rasmussen show an absence of any
significant tropospheric sinks for these compounds. This conclusion is
in agreement with most other analyses using other data. There are, how-
ever, grave difficulties in pinning down the lifetimes of F-11 and F-12

based on the available data. The lifetime of methylchloroform (CH3CCly)

using the same techniques is more exact. Again Rasmussen's (personal
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communication) measurements over the past five years were used and the
source was assumed to be that given by Neely and Plonka (1978) and up-
dated by Neely and Farber (1979). It appears that a total lifetime of
8.5 years 1s most appropriate. It is possible that the lifetime of
CH3CCly is as low as & years or as high as 11 years, but these limits
are unlikely. The lifetime of CH3CCls is most probably between § and
10 years. It is also likely that there is a2 significant difference be-
tween the lifetime of CH3CCly in the northern and southern hemispheres
due to the probable uneven distribution of HO radicals in the two hem-
ispheres. HO radicals are the main tropospheric sink for CH3CClz. The
behaviour of CH3CCly is discussed in several later chapters. All three
trace gases, F-11, F-12 and CH3CClji, are, because of their relatively
long lifetimes and high, increasing ambient concentrations, a threat to
the stratospheric ozone layer and the enhancement of the atmospheric
greenhouse effect.

The second method of calculating lifetimes does not depend on
either the source strengths or the ambient concentrations. It starts
with delineating the actual sink mechanisms. Next, the global
strengths of these sinks are estimated as they affect particular trace
gases. For example, when the main sink of a trace gas is reaction with
HO radicals, the lifetime of a trace gas is often estimated by T ~
{K[EB]}~1 (K is the rate constant of the reaction of the trace gas with

HO radicals at the average global tropospheric temperature, and [HO) is
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the average density of hydroxyl radicals in the troposphere). Obvious-
ly, the two methods of calculating lifetimes must agree, otherwise

there 1is something wrong with our understanding of the sink mechanisms
(e.g., HO densities), source strength of the trace gas, ambient concen-
trations, rate constants of reactions or other sink strengths. In Chap-
ter 3, trace gases (particularly those containing hydrogen atoms),

which have a significantly fast reaction rate with atmospheric hydroxyl
radicals, were considered. Furthermore, the mechanisms and atmospheric
gases which control the atmospheric HO radical densities were also con-
sidered. These theoretically expected densities were reviewed in the
light of the currently available measured densities of HO radicals. Tt
appears that there are large uncertainties in the estimation of globally
yearly averaged HO demsities. The final conclusion was that the global
ground level average HO densities should be between 5 - 10 x 10° mole-
cules/cm®. These estimates were based on forcing the lifetimes of
CH3CCly, deduced by the two methods discussed above, to agree. The cur-
rent data on reaction rates indicate that CHy has a longer lifetime than

CH3CCly, thus giving t ~ 14 yrs. This lifetime is significantly

CHy
longer than most budget estimates (see, for example, Seinfeld, 1977)
which range from 2 yrs. to 6 yrs. The current understanding of the CHy
budget is, therefore, questionable. It appears that the true global

emissions of CHy should be lower than previously estimated. The longer

CHy lifetime also has an effect on the global CO budget since CHy even-
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tually vyields CO after its reaction with HC. If the CHy lifetime is
long, then less CO is produced by this mechanism than previously
thought. There are other hydrocarbons emitted in large quantities to
the atmosphere that can also produce CO in the a&mosphere (such as iso-
prene). These were also mentioned.

Other findings of Chapter 3 showed that the lifetimes of F-21 and
F-22 should be about 3 and 23 yrs respectively. The lifetimes of
CH3CF,C1 and CHFCI1CFj3 were found to be abeout 25 and 10 yrs respectively.
These chlorine-contalning compounds are propellents, and may come into
greater use as F-11 and F-12 are removed from this application. Their
long lifetimes indicate the need for a more careful study of these com—
pounds.

The physical bases for two equations commonly used for estimating
lifetimes by this second method were discussed in considerable detail.
A new simple equation was recommended. The new equation differs most
significantly from the usual equations when the rate constant is
strongly temperature-dependent. The new equation takes into account the
rarefication of the atmosphere with height, and the temperature lapse
rate with height. It also involves the commonly observed latitudinal
profile of trace gases. Generally, it seems that the greatest uncer-
tainty in calculating lifetimes is the highly variable (and unknown)

HO density distribution with respect to season, latitude, longitude,
and height and in particular the effective (time) averaged magnitude
of hydroxyl radicals in the troposphere.

There is also a significanﬁ question regarding other sinks of
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CH3CCly. When budget methods are used to estimate the global lifetime,
it does not separate the various mechanisms by which CH3CCl; is re-
moved from the atmosphere, but gives a composite number. There are at
least two other possible sinks, namely the heterogeneous destruction of
CH3CCl3 on sandy surfaces or in dust storms and the stratospheric sink.
These two sinks should be subtracted from the total lifetime before ar-
riving at the lifetime duve to HO reactions. Such a consideration re-
quires a lowering of the mean HO levels to make the global lifetime of
CH3CCl3 deduced by budget methods agree with that resulting from HO re-
action. In order to prevent the theoretically deduced global HO den-
sities from becoming too small, these other two sinks have to be re-
garded as weak (compared to HO reaction) on the global scale.

The emissions of trace gases over the years past are controlled
by many factors and not subject to any generally acceptable theoretical
function describing the time-release history. If there is one common
function which appears to be most generally applicable, it is the expo-
nential; so that the source is written as S=aebt where (a) and (b) are
constants and S the emissions at time t (measured from some suitable
point). There are reasons why such a form should hold but the ideéa that
the emissions function can have residual structure was introduced in
Chapter 4. 1If S (true) are the best estimates of the yearly emissions
emigsions of a trace gas, then the residual structure is defined by A
= S (true) - aebt (where 2 and b are determined by least squares meth-

ods applied
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to ln 8 (true). A would be zero if the source was really exponential.
Moreover, if 'Ai is small compared to S, then the residual function A
really doesn't have any observable effect on global concentrations of
the trace gas. For CH3CCl; it turmed out that A was not only quite
large, but also had an interesting structure —-- it was cyclic, describ-
able by a cosine function with a period of about 7 years. A kind of
Fourjer analysis of the function A was carried out, revealing some
lesser cycles as well. The effects of the cyclic variations of the
source were studied in Chapter 4, and a general theory was constructed.
It is no surprise that a time-varying source will produce time-varying
ambient global concentrations, but it was found that the amplitude of
the variations of ambient global concentrations is damped and in fact
the magnitudes of the rises and declines of the ambient concentrations
depend in a complex way on the lifetime of the trace gas, the frequency
and amplitude of the source cycle and other variables. These effects
are discussed in detail in Chapter 5.

The situation, which led to the consideration of the effects of
such complex source behaviour as described above, was the apparent fail-
ure of the idea of taking S = aebt, in describing the observed increase
of CH3CCl;y in the atmosphere based on five years of self-consistent
measurements. The observed rate of increase was found to be faster
than the rate of increase of methylchroroform emissions over the last
5-6 yrs, but the observed rate was significantly slower than the aver-

age rate of increase of CH3CCly emissions over the last 20 years. When
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the cyclic terms were added to the exponential source function, the ob-
served rate of increase of CH3CCly over the last five years, and the
theoretically expected rate of iIncrease coincided. Statistical calcu-
lations were also carried out, which supported the gemeral idea that
addition of A was necessar§ in order to explain the observed growth of
CH3CCl3 in the atmosphere. This success in explaining the growth rate
of CH3CCl,y was satisfying in its own right, but it also lent support to
the consistency of the measurements carried out over several years.
Consideration of the measured ratio of northern hemisphere to
southern hemisphere concentrations of CH3CClz, called RO, revealed more
structure. The ratio was large in early 1975 and declined significantly
until early 1978 and began to rise again since then. I tried several
possible explanations, but the only one which was successful was the
inclusion of the A cycle in the emissions history. This work is re-
ported in Chapter 5. The most sophisticated theories considered in
Chapter 5 developed subtle delays and balances but based on the best
source data available, all the effects conspired to make the theory co-
incide with observations. A series of statistical tests were performed
which supported the contention that there was, indeed, a true trend in
the gradient R0 not only for CH3CCl3 but also for F-11. Thus, it ap~
pears likely that the gradieot Ro’ of CH3CCly (and also F-11) was lar-
ger in earlier times (particularly 1975) and has since declined. This

resolves some of the experimental variance between earlier measurements
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of other groups and current measurements. Furthermore, the analysis
indicates that the measured gradient at any time is subject to complex
influences of the long-term behaviour of the emissions history.

In Chapter 5, a simple criterion was also developed to decide if
a trace gas has southern hemisphere sources. The idea was based on the
measured north-south gradient (ratio) R. Since the variable R is a
(dimensionless) ratio of measured concentrations, it is not very sus-
ceptible to absolute accuracy of the measurements, and thus becomes
more appropriate for drawing conclusions. The method developed implied
that CH = CH (acetylene),CpHg, CyH,, CO, COS, CH3Cl and CH, all have
significant sources io the southern hemisphere. This analysis is most

easily applicable to relatively short-lived trace gases (1 < ~ 2 yrs).

In Chapter 6, various possible scenarios for the future emission
of CH3CClz were considered, leading to the conclusion that CH3CCly con~
centrations in the atmosphere can become 2-4 times as high as the cur-

rent levels. This would make CH3CCly more prominent in endangering the

ozone layer.

In Chapter 7, CHCIF; (F-22) was studied in the light of recent
global measurements made by Rasmussen. The global average of ~47 pptv
was deduced. This turned out to be significantly higher than could be
accounted for by the emissions history given by McCarthy et al. (1977)
and Alexander Grant & Co. (1979). In order to explain the apparent ex-

cess of F-22 several possibilities were studied. A natural source of
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12-20 million kg per year would be sufficient to explain the difference.
The extra source need not be natural, but due to some other industrial
emissions which end up as the relatively stable F-22 in the atmosphere
(Rasmussen has detected F-22 in plumes of aluminum plants). Another
possibility is the conversion of F-12 to F-22. 1t turned out that a

slow conversion (T ~ 100 yrs or more) would be sufficient to ac-

F-12
count for the excess, so that there will be little effect on the at~
mospheric concentration of F-12. The more mundane possibilities are
that the measurements are biased towards the high side or that the re-
lease estimates are too low. The production data indicate that more
than enough F-22 has been produced to account for the global burden
based on Rasmussen's measurements, but the release estimates show that
a sizeable portion of the produced F-22 is unreleased. Current kinet-
ics data imply a longer lifetime for F-22 in the troposphere than
CH4CCly (by more than a factor of 2). Thus, F-22 cau also contribute to
the stratospheric chlorine budget, especially if it is being emitted in
increasing quantities. F-22 will probably become more and more promi-
nent in future considerations of the effects of anthropogenic activity
on our environment.

Chapter 4, 8 and 10 are not reviewed here. The interested reader

may read these chapters or the last sections of these chapters which

contain the main conclusions.
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(b) Environmental Action

"In the middle of the gentlemen's cabin burned a solar lamp,
swung from the ceiling . . .

“Here and there, true to theilr place, but not their function,

swung other lamps, barren planets, which had either gone out

from exhaustion, or been extinguished by such occupants of

berths as the light annoyed, or who wanted to sleep, not see."

(Herman Melville — The Confidence Man, 1857).

The work I have reported in this dissertation is directed towards
putting a logical framework around some observed effects of anthropo-
genic activity on our enviromment, and to establish certain properties
(such as liferimes) of atmospheric trace gases. It is a tiny part of
the development of theory to understand the presence of man-made and
natural gases in the atmosphere. The nature of the work is such that it
lends itself neither to forecasts of doom, nor to hope for the future
environment. What is apparent is that there are now relatively large
quantities of trace gases in the atmosphere, some of which are com-
pletely man-made while others are being increased due to human activi-
ties. The 18th-22nd most zbundant gases in our present atmosphere are
entirely man-made except for ome (CCl;3F, CCl,F,, CH3CCli, and CCly).
Not only will these gases not go away in the future, but there is every
indication that their concentrations will continue to rise. Human ac-
tivities have also added significant amounts to existing gases such as

€0,, CO, CH,, CH3Cl, SO,. Anthropogenic contribution to chlorine in

the stratosphere is now estimated to exceed the natural.
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It is necessary to think about the extent to which it is possible
to protect the environment as we understand it today. In this regard
it is not possible to offer much hope. The very real socio-political
problems will take precedence over uncertain influences of human activi-
ties on our future global environment. As the population rises, and
political awareness grows in the so-called third world countries. many
environmental efforts will fail while others become stopgap measures
quickly offset by the growth of mneeds and population. Aside from this
problem, there is an inherent weakness in the science itself. It is
not possible to predict with satisfactory accuracy how the changes in
the environment will affect our future world and the overall ecology of
this planet earth. This weakness is exploited to no end by those who
stand to lose from particular precautionary environmental action. The
ozone debate is a simple example of this much wider issue. It is
likely that the release of the fluorocarbons 1l and 12 will continue
because of the impasse that now exists. If nothing happens in the fu-
ture, the environmentalists of today will be ridiculed, and the issue
will be cited to undermine their credibility on whatever new environ-
mental issues that may be present at the time. If the proof comes by
the depletion of the ozone layer causing widespread human misery, what
solace will there be in saying 'we told you so"? Besides, those re-
sponsible will accuse their predecessors and assure the public that it

can never happen in their time. There is an absence of scientific cer-
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tainty in al} predicticns of the future deterioration of the global en-
vironment, leaving the environmentalist 1little choice but to use his
heart and conscience as much as he uses his science.

There is also the question whether there will be an acceptable
future for which the environment can be saved. It is very difficult to
draw a single image from history which would offer hope. If the world
does end up forming a society ruled by egalitarian principles and so-
cial justice, at peace with itself and its environmment and having given
up by choice the power to kill, plunder and torture each other, it
would not have happened because of man's past but in spite of it. There
are many conceivable futures in which the problem of global environmen-
tal pollution can become the least of our worries. Obviously a more
specific discussion of this subject will lead me tco far from the topic
of this chapter, so this seems to be a reasonable place to end this

dissertation.
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Chapter 2.
1. MEASUREMENTS OF CFCljz, CCl,F5, CH3CCljz, CCly AND N,0
Pacific Northwest Antarctica
Concentration Concentration Ratio
pptv pptv N/S
January 1975
F-11 125 90 1.39
CC1, 130 120 1.08
CH3CCl4 90 54 1.67
January 1976
F-12 228 195 1.17
F-11 138 113 (109)* 1.22
CCl, 133 121 1.10
CH3CCl14 98 57 1.72
January 1977
F-12 251 216 1.16
F-11 154 127 (128)% 1.21
CCl, 144 128 1.13
CH3CCl13 107 70 1.53
N»0 330 ppbv 330 ppbv 1.00
January 1978
F-12 280 244 1.15
F-11 166 145 (149)* 1.14
CCly 154 123 1.25
CH3CCl, 117 85 1.38
N,0 332 ppbv 331 ppbv 1.90
January 1979
F-12 300 260 1.15
F-11 173 154 1.12
CCl, 140 135 1.04
CH3CCl; 135 95 1.42
N,0 332 ppbv 332 ppbv 1.00

*Tasmania Data
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2. o and £ from eqns. (2.6) and (2.7):
4 0.15 0.20 0.25 0.5 1.0

o 0.844 0.853 0.862 0.91 1.00

3. Lifetimes, eqn. (2.4)

(a) CH3CCljz, global average theory

gr(pptv) in ET t
72 4.277 0 1/1975
77.5 4,350 11/1976
88.5 4.483 2 1/1977
101 4.615 31/1978
115 4, 745 4 1/1979
ET _ 70.37e0.1201r.
£, = 308 pptv
(b) time release (millions of 1bs)
1/1975-1/1976 804
1/1976-1/1977 914
1/1977-1/1978 980
1/1978-1/1979 11090

S, = 3801 x 10° 1bs = 73 ppptv (10® 1bs = 0.0192 pptv)

Choosing Z and using the eqns. (2.1) - (2.7), the results of
Table (2.1) follow.

(c) F-11 global average theory.

_ 0.1053¢
€T 110.95 e T

bt T
For£T=ae 5*=a/aebtdt=ﬁ(eb—l)



295

Source: 341 x 10° kg/yr = 19.3 pptv/yr.
N = 10.641 x 103 molecules (see Chapter 8)
10% kg = 0.04118 pptv.

Taking £ = 0.2 gives 1 = 56 and assuming E1x = o_qg* gives T =

32 yrs,
(i.e., measurements are too high by 10%).

(d) F-12 global average theory.
£p = 212.53 x 00957t

Source: 413 x 10° kg/yr = 19.3 pptv/yr

108 kg = 0.0468 pptv

S, = 58 pptv (3 yrs.)

Take S; = 1.1 S,, £, = 0.9¢,, A£” = 0.94g, £ = 0.25 => 1 >70 yrs.

4. Simulation method (eqn. 2.8)
0.1047¢

S = 765.5 e in millions of 1lbs per yr.
t+l
Cumulative release for the year is f S dt”,
t
£ = Eoe_nt + 0‘18£;+n (60.1047t - e "y (4n pptv)
time él(pptv) E(t) (pptv) for specified 1
T(yrs) = 6 8 9 10 12
1/1975 64.3 64 63.5 63.0 62.5 62.5
1/1976 69.2 68.5 70.6 71.1 71.3 72.4
1/1977 79.0 73.8 78.5 79.9 80.9 83.1
1/1978 90.2 80.1 87.3 89.6 91.4 84.8
1/1979 102.7 87.4 97.0 100.3 102.9 107.6
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Figure (2.1) is based on this table.
£l based on measured concentrations, f = 0.25.
Calculations, assuming that the measured values (5]) are too

high by 10%:

time £l (pptv) T =6 8
1/1975 57.9 58 56
1/1976 62.3 63.4 64
1/1977 71.1 69.5 72.7
1/1978 81.2 76.5 82.1
1/1979 92.4 84.3 92.5

5. Hemispherically averaged theory:

(a) CH;CCly, eqns. (2.15) and (2.16)

time EnT lnEnT EsT ln€ST
1/1975 85.4 4.447 58.6 4.071
1/1976 92.8 4.530 62.2 4.130
1/1977 102.3 4.628 74.7 4.310
1/1978 112.9 4.727 89.1 4.490
1/1979 129.9 4.867 100.1 4,606
gnT - 841 e0.1037t : EsT = 56.6 e0.1431:

The subscript T refers to tropospheric values. To get gn and £, mul-
tiply by ¢, which is taken to be 0.862 in this study corresponding to

I = 0.25. This gives the results of Table (2.2).
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(b) CH3CCly simulation method

gno and Eso are corrected for latitudinal variation and smaller

stratospheric concentrations (£ = 0.25). In all cases Sn =

0.1047¢
e

28.4 (pptv/yr)

(i) T T 1.2 yrs, T 12 yrs, T T 6 yrs, {1 = 8.5 yrs)

Eno = 72 pptv, éso = 46.5 pptv (based on measurements)
En = 3.6 e—1.792t  6.79 e0.123t + 75,954 eO.lOA?:
Es = _4.604 e—1.792t - 6.583 e0.123t +57.733 eO.lOA?t

Predicted values of in and is:

time En 55

1/1975 72 46.5
1/1976 78.2 57.5
1/1977 87.6 65.9
1/1978 98.3 74.5
1/1979 110.2 83.7

(1i) Ty T 1.2 yrs, L 16 yrs, T, = 8 yrs, (1 = 11 yrs)

Eop = 72 PPV, £ = 46.5 pptv
g = 3.87 ;L7610 -0.0933c L o, o 0.1047¢
£ o= _ 4 o L-761t _ 45 gy 70.0933c o, 0.1047c

S



Predicted values of En and £

time gn gs
1/1975 72 . 46.5
1/1976 79.7 58.6
1/1977 90.8 68.6
1/1978 103.5 78.9
1/1979 117.3 90.0
(iiid) 7t =1.2 yrs, TS 8 yrs, T, < 4 yrs (1 = 5 yrs),
Eon = 72 pptv, EOS = 46.5 pptv.
5n = 3.19 e—l.856t + 7.381 e-O.lBSt + 61.647 e0.1047t
£ = -3.42 & 1 P05 4 g p oTOIBIE 4 43y SO0 1O0TE
Predicted values of En and és
time £, £
1/1975 72 46.5
1/1976 75.1 53.1
1/1977 81.2 57.9
1/1978 88.6 63.0
1/197% 101.1 68.9

Figure (2.2) is based on the three tables in this section.

(¢) Simulation methed for F-11
Sn = 28 pptv/yr, Eon = 103 pptv, gon =
Tp = 1.3 yrs, AO = 184 pptv, BO

81 pptv,

= 22 pptv and ¢ = 0.2

298
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t = 10 vrs 20 yrs
——— ———
Time E"l‘l g5 5l‘l g ] EI‘I aS
1/1975 102.8 80.6 103 81 103 81
1/1976 115.1 57.3 105.6 87.3 110.4 91.9
1/1977 128.4 111.3 109.3 92.1 118.8 101.0
1/1978 139.6 127.4 113.0 95.9 127.0 109.4
1/1979 145.5 133.4 116.4 99.2 134.9 117.3
———
T = 30 yrs 50 vrs @
R e —— .
Time gn gs % gs gn €s
1/1975 103 81 103 81 103 81
1/1976 112.1 93.4 113.4 04.6 115.5 96.5
1/1977 122.2 104.2 124.9 106.8 129.2 110.8
1/1978 132.1 114.3 136.4 118.4 143.1 124.9
1/1979 141.9 124.0 147.7 129.8 157.1 138.9

Based on measured values with 7 = 0.2.

Apparently © = 30-50 years 1is in agreement with the data.
If it is assumed that the true source is 20% bigger than that as-
sumed earlier, then the following results:

(5 = 33.6 pptv/yr = 408 million kg/yr)
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Predicted concentrations:

T =10 yrs T = 20 yrs
Time SRS SR
1/1975 103 81 103 81
1/1976 109.6 88.8 114.6 93.2
1/1977 116.1 95.5 125.8 104.6
1/1978 122.0 101.4 136.6 115.4
1/1979 127.3 106.8 146.8 125.7

Figure (2.3) is based on the two tables given in this section, 5 c¢.)
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Chapter 3.

(1) Calculations of THO

The numbers in the tables are values of Tun (yrs) for selected

values of T (yrs), Ts (yrs), and 1 (yrs)

T, < 30 yrs
Ty, 10 20 30 50 70 100 o
.
6 30 12.0 10.0 8.8 8.4 8.1 7.5
7 105 16.7 13.1 11.2 10.5 10.0 0.1
8 - 24.0 17.1 154.0 12.9 12.2 10.9
S - 36.0 22.5 17.3 15.7 14.38 12.9
10 - 60.0 30.0 21.4 19.1 17.%6 15.0
11 - 41.3 26.6 23.1 21.0 17.4
12 - 60.0 33.3 28.0 25.0 20.0
LN 40 yrs
T 10 20 30 50 70 190 L
T
6 24 10.9 9.2 8.2 7.9 7.6 .1
7 56 14,7 11.8 10.2 9.7 2.3 8.5
8 -- 20.0 15.0 12.5 11.7 11.1 10.0
9 - 27.7 18.9 15.1 13.9 13.0 11.6
10 - 40.0 24,0 18.2 16.5 15.4 13.3
11 — -— - 21.8 19.4 17.9 15.2
12 - -— - 26.1 22.7 20.7 17.1
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T T 50 yrs
T 10 20 30 50 70 100 o
T
6 21.4 10.3 8.8 7.9 7.5 7.3 6.8
7 - 13.7 11.1 9.7 9.2 8.9 8.1
8 - 18.2 13.¢9 11.8 11.0 10.5 9.5
9 - 24 17.2 14.1 13.0 12.3 11.0
10 - - 21.3 16.7 15.2 14.3 12.5
11 — - 26.3 19.6 17.6 16.4 14.1
12 - - 33.0 23.1 20.4 18.8 15.8

(2) Calculations of {HO]
The numbers in the tables are values of [HO] in molecules per

cm’ for selected values of T, . Ts and 1

h
Ts = 30 yrs
Th 10 20 30 50 70 100 @
-
6 0.9 2.2 2.7 3.1 3.2 3.3 3.6
7 0.2 1.61 2.1 2.4 2.6 2.7 3.0
8 —_ 1.11 1.6 1.9 2.1 2.2 2.5
g — - 1.6 1.7 1.8 2.1
10 —_ —_ —_ 1.3 1.4 1.5 1.8
11 - - - 1.0 1.2 1.3 1.6
12 - - —_ - - - 1.4
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T 40 yrs
L 20 30 50 70 100 ©
T
6 2.5 2.9 3.3 3.4 3.6 3.8
7 1.8 2.3 2.7 2.8 2.9 3.2
8 1.8 2.2 2.3 2.4 2.7
9 1.4 1.8 2.0 2.1 2.3
10 - 1.1 1.5 1.6 1.8 2.0
11 - — 1.2 1.4 1.5 1.8
12 —- —-— - 1.2 1.3 1.6
T 50 yrs
T 20 30 50 70 100 e
T
6 2.6 3.1 3.4 3.6 3.7 4.0
7 2.0 2.4 2.8 2.9 3.0 3.3
8 2.3 2.5 2.6 2.9
9 1.1 1.6 1.9 2.1 2.2 2.5
10 _ 1.6 1.8 1.9 2.2
11 - —— 1.4 1.5 1.7 1.9
12 - -— 1.2 1.3 1.4 1.7
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(3) Relative strengths of HO sinks.
X

HO + x —_— products
The strength of species x as a sink for HO is given by:

o, = Kx[x]

under steady state conditions. Let R be defined as:

K_[x]
R= —2
KCO[CO]
where R gives the approximate strength of the sink of HO by reactions
with species x relative to CO. The bigger R is, the more important

species x is in determining HO densities. The table given below re-

views the strengths of some atmospheric gases.

Boundary Layer Calculations:

cm3
Species x % molec—sec [%x](ppDb) RX
co ~1.0x10 ~ 120 1
CH, ~6.3x10 ~ 1400 0.5
NO, 4-6 x 10:12 ~1 0.3
HNO4 8.5 x 10 ~ 10 0.05
H, 5.8 x 10 ~ 500 0.17
CH4CL b2 %10 ~ 0.6 0.001
NH, 1.5 x 10 ~ 6 0.05
CsHg 5-6 x 10 ~ 0.5 1.5-2

The ratios RX cannot be simply extrapolated to global scales. The con-

centrations assumed in the bolumn [x] are ambient levels reported in
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the references (Giddings, 1973; Heicklen, 1976; and Walker, 1977).
The rate constants are from DeMore et al. (1979), Atkinson et al.
(1978) and Graedel (1978).

This table 1is constructed as a heuristic aid and should not be

taken as a statement of the global HO sink.

(4) Equations for <t1>

One refinement of eqn. (3.16) is to divide the troposphere into
three pieces by latitude: (1) - #/2 < ¢ < -7w/6; (2) - /6 < ¢ < 7/6;
and (3) 1/6 < ¢ < w/2. Assume that the regions (1) and (3) have the

same atmospheric characteristics (same density, scale heilght, tropo-

pause height, etc.). Regions (1) and (3) are specified by: 2010 Hl’
Py TOl and Zz. Region (2) is specified by Zr,s HZ, Py’ T02 and £2.
In this case eqn. (3.6) becomes:
20/ P -z
H (1-e 2 Hoy +L1H1(1-e Ty /My
02
T o= -T.z o) ~T.z
25T —— ol 1°Ty ——=
(Koz/Tz)(l—e 2) [HO]02 + E;; (Kol/r1>(l_e )[HO]()1
where
-1 .1 o
i "w, *tn tE i=1,2
i i

w
Il
| m
o >
s ' N
~
U
ot
N
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It is assumed that 2 1s the average tropopause height in the regions

from -7/2 < ¢ < -1/6 and /6 < ¢ < 7/2. The tropopause height between

-n1/6 < ¢ < m/6 is fairly constant {(at about 16 km) (Reiter, 1975).

[HO]02 and [HO o1 are the mean hydroxyl radical concentrations in re-

gions (2) and (1) respectively. [HO]02 is much smaller than [HO]OI

([HO]02 / [Ho]ol ~ 0.2 - 0.5), thus making the lower half of the tro-
posphere between ¢ < [ﬂ/6| the region where most of the destruction of
trace gases, with HO sinks, takes place.

The lifetime within smaller regions of the troposphere can be

written as:

:{ pEdv

<T>

J % [H0]pedv

v

where v is the appropriate volume in the troposphere.



Chapter 4.

(a)

Analysis of the global CHB3CCly emissions:

Table 1:

Year

1963
1964
1965
1966
1967
1968
1969
1970
1971
1572
1973
1974
1975
1976
1977
1978

Source analysis for CH3CCl,

Time

W o N O B~ NP O

e
SN W N O

15

1ns (D@

N OO OO D0 L&D

.718
.828
.081
.481
.663
.768
. 780
.832
-908
.230
.629
.685
. 690
.821
. 888
.003

8, 0) P g

.157
.178
.100
.147
.176
.128
.003
.114
.191
.022
.215
.127
.021
.043
.129
.167

307

cos(wt+¢)(4) As (t)

-0.152
-0.207
-0.092
+0.100
+0.208
+0.147
-0.035
-0.188
-0.187
-0.033
+0.148
+0.208
+0.086
-0.093
-0.207
-0.150

S = discrete source in millions of lbs/yr.

InS = 1In a + bt; least squares values for 1ln a, b are 4.

0.153/yr respectively.

A] = 1nS
a = 0.21,

~

w:

Ay = Ay - o cos(wt+d).

- {In a + bt); a,

0.94 rad/yr, = 2.38 rad.

-0.
+0.
-0.
+N.
.032
.019
.032
.074
.004
.011
.067
.081
.117
. 050
.078
.017

(see table 2).

005
n29
008
047

85 and



(b) Determination of w and ¢ in Aj.

Table (2)

10
11
12

13

15

cos”

2.

3.

10.

12.

13.

14.

14,

14.

16.

5

42

70

.22

.21

.71

.20

.87

.43

.00

89

57

49

24

34

80

36

Ay

|

a = 0.21

308

Least squares values of w and ¢ are

w = 0.94 rad/yr, ¢ =

2.38 rad
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(c¢) 4, (t) for CHyCCly; (1972-1977)

Table (3)
)
t Yr A3 = -0.01+0.11 cos(1.57t+5.1) A3 = A5 — 4,
0 1972 +0.011 +0.032 -0.021
1 1973 +0.092 +0.092 0.000
2 1974 -0.072 -0.051 -0.021
31975 -0.117 -0.112 -0.005
4 1976 +0.051 +0.031 +0.020
5 1977 +0.086 +0.092 -0.006
<|az]> = 0.072 <|a3l> = 0.012

b5 (t) is defined by:

-1 - o cos (wttd) = A,(t)

a = ae (see table 1)

The A, defined as above compensates for the error in making the approx-

imation exp [a cos(wttd)] = 1 + & cos (wt+¢)

Comments on tables (1) and (2)

N
1 ~ =
po ; Ay (ti) 0.12 = &4

N
1 Y
N+l ig;) A2 (tl) 0.0ll— = Az

These are the average deviations of the emissions data from 1ln S = 1n a

+bt and In S = 1In a + bt + o, + o cos (wt+d), respectively. If the
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. . bt .
theoretical expression for the source is Sy = ae , then the relative

error between this function and the emissions data is

&)

58]551—3 1-e )

) Sy

14

- [81(0) + 3 23(6)]

n

- Ay (1)

This holds since the source data are S = aebt eAl; by the definition of

Ay. Similarly, if the theoretical source expression is § =

bt ao+ a cos (wt+d) ] Ay

ae e then § = §,e ” go that the error is
8s S, - 82
YT e =y

2 2

or
68y . A 8SoH1 .
S8 = Jal 1521 = sy

2. Comparison of time series data for CH3CClz with the prediction of

steady and fluctuating source theories.

(a) Source term given by § = aebt

-

a

Eo * 9 ppt , bn - 10.401 pptv
- .2 nt o _ -nt
To (EO ot rl) e 1.4 e
£=T +-—2 Y (Table 4)



Table (4): Concentrations predicted by simple source

observations:

T =12.8 yrs
Year £ Predicted £ Meas.
1/75 65 pptv 72
1/76 76 77%
1/77 88 88%
1/78 103 101
1/79 120 115

Mean deviation = 0.04 ( = 0.024 for the last four yrs)

(b) Source term with 4,

S = a’ebt (1 +a” cos (wtt+p”)]
e =g, - 2 ey @] e
o  btn  w(b#n) To
1672%%%%37 f0(¢’+wt) + bi; ] ebt
=ae "y alebt
for v = 11.8 yrs: a, = - 1.9 pptv,

3

SE/E

-0.094
-0.018
+0.003
+0.026
+0.048

=+

theory and

Time

12
13
14
15
16

[10.43 + 0.546 fo(¢’+wt)]

311

(yrs)
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Table (5): Concentrations predicted by fluctuating source theory with

Ay included.

Yr. £ Predicted £ Meas. SEJE Time (yrs)
1/75 67.4 pptv 72 0.064 12
1/76 79.6 77% 0.027 13
1/77 80.1 88 0.018 14
1/78 100.1 101 0.00% 15
1/79 113.6 115 0.012 16

Mean deviation = 0.026 ( = 0.016 for the last four yrs).

(¢) Source term with A} and Ay

8 = a’ebt {1+ a” cos (wt+$”) + Ay H (£-T)]

Ay = a, + a, cos (w*t+¢*) (from 1972-1977)

Ao w Ag
_ - * bt -t x5 % { bt .
E=EF+ o (e e )+ Bglzglgyz e Jo(w*t+¢*)

g+ T2

- &5 e | )

0 t <T

H(t—T)={l s o

ae (T = 9 yrs)

b
]

£ = predicted concentrations when only Ay is taken into account.

T, = +0.52, -1.29, -0.57, +1.42, +1.30 pptv

t =1/75, 1/76, 1/77, 1/78, 1/79 yr
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Table (6): Concentrations predicted by fluctuating source theory with

Ay and Ay included

Yr. E Predicted E Meas. S§t/E Time (yrs)
1/75 67.9 pptv 72 0.057 12
1/76 78.3 77% N.010 13
1/77 89.5 88's 0.011 14
1/78 101.5 101 0.005 15
1/79 114.9 115 0.001 16

Mean deviation = 0.016 ( = 0.007 for the last four years)
(d) Corrections of a, w, w,, ¢, ¢,: discrete to continuous source
approximations (CH3CClgz):

S = aebt [1+ Ay + As)

SO [T+ a7 + 23],

Table (4):
So(Al, Ay = 0) S (with Ay) S (with Ay and 45)
a = 127.7 a=131.0 a’=121.2 ©,=0.11; @=0.12
a” = 118.2 0=0.21  1"=0.22 8,=5.25  $1=4.3

$=2.38 $"=1.91

millions of lbs; [a] = [g*] = dimensionless

Units: [a]

()

(¢,) = radians
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3. (Comment on Lifetimes.

The lifetimes that fit the global averages are higher than the
true l1ifetimes of CH3CCly. The reason is that the source is divided
by the total number of molecules in the total atmosphere, but the
decline of the mixing ratio of CH3CCly in the strato-
sphere is not taken into account. These complications were avoided so
that the observed mixing ratios could be used with a minimum of addi-
tional assumptions. 1t is assumed that the time varying stratospheric
content is proporticnal to the tropospheric content as can be expected
after a2 long time of almost exponpntial release, then the true average
mixing ratio is smaller than that assumed here, but its rate of in-
crease 1s the same as that which the observed time series gives (~0.12
-0.13 per yr). For this reason, the increase of the concentration is
the appropriate variable to compare. Since the true global wixing ra-
tio is smaller than that adopted here, the true lifetimes are also
smaller than those obtained here. 1In Chapter 8 these questions are
discussed in greater detail.

If the true measured global mixing ratios are reduced by the same
fraction every year to take the lower mixing ratio of the stratosphere
into account (Chapter 8), the slope predicted by the simple source the-
ory will remain the same (0.153/yr) as already discussed, though the
lifetime in the global equation will go down. The fractional devia-

tions of the observed and predicted concentrations will also remain the
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same, If the source fluctuations are introduced, the magnitude of the
fluctuations will increase due to a smaller lifetime. Since the fluc-
tuating theory predicts maximum concentrations in 1/75-1/76 and mini-
pum around 1/79, the maximum will be a little higher than before and
the minimum a little lower. Therefore, the slope predicted by the
fluctvating source theory (with the A; cycle) will become a little
smaller if the lifetimes are shortened. This will bring it even closer
to the slope of the time series measurements than found in this chapter.
Summary: If the lifetimes are reduced, as they should be to
bring them closer to the true lifetimes, then the slope of the meas-
ured values and that predicted by the simple source theory will remain
the same, but that for the fluctuating source theory will be in even

better agreement with observations than before.

4. Statistical analysis for the slope of CH3CClsz time series data:
(a) Tests of Slope

Di = lngi - Boti

SO=O.15 Bo=0.14 BO=0.13
t Di Di Di
1 4.13 4.14 4.15
2 4.05 4.07 4.09
3 4.03 4.06 4.09
4 4.02 4.06 4.10
5 3.99 4.04 4.09
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8, = 0.15/yr. B, = 0.1l4/yr. B, = 0.13/yr.

(i, i) 6(Dj - Di) d(Dj - Di) 6(Dj - Di)

(1, 2) - - _
(1, 3) - - -
a, 4 - - - -
(1, 5) - - -
(2, 3) - - 0
(2, 4) - - +
2, 5) - - 0
(3, 4) - 0 +
(3, 5) - - 0
(4, 5) - - -

=]
™
W

0.15/yr.
reject at 0.008 level.

ju o]
w
A

0.15/yr.

ju=
w
I

0.14/yr.
reject at 0.04 level.
H: B < 0.l4/yr.

(b) Confidence intervals and estimates of slope based on the Theil test.

3)

Procedure: 1. evaluate the N sample slopes

Sij = (Yj - Yi)/(tj - ti); 1<3
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< S(N)

N is odd and N 2k + 1

sy if 0 = even and N = 2k,
3 4 5
4.483 4.615 4.745
0.117, 0.133, 5.133, 0.117, 0.132,

< 0.117 < 0.130 < 0.131 < 0.132

2. Order the S, .:
1]
<
S(l) . .
3. B = estimate of slope
8 = median {S,.)}:
ij
g = glktl) Lo
o1 (R
t, 1 2
i
Yi 4.277 4.350
{Sij} = {p.073, 0.103, 0.113,
0.131, 0.130}
0.073 < 0.103 < 0.113 < 0.117
< 0.133 < 0.133
8 = 0.124/yr.
91.67Z confidence interval.
Procedure: (1 - o) specifies

Kendall k-statistic.

C
o

= K(3, n) - 2

P {- C, <Cc< ca} = (1 - o).
Define:

N -cC)

o= N

N + Ca)

so that

the confidence coefficient with the
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\
The (1 - o) confidence interval (8 , 8 ) is: B8 = S(A1),

- (2 + 1) (1

8 where S

" are the ordered values of Sij obtained for

the estimate of slope.

We choose o = 0.084 which gives Ca = 6, so that M = 2, My, = 8,
thus
B, = 0.103/yr and Bu = 0.133/yr.

L
PS {BL < B < Bu} = 0.916

5. Fluctuations in the source strengths of CFCls (F-11), CF,Ci, (F-12)
and CHC1F, (F-22).
Ay is computed and plotted for F-11, F-12, and F-22 from the re-

lease estimated by McCarthy et al. (1977).
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F-11 (CFCls) F-12 (CCl,F5) F-22 (CHCLF,)
Time Year In R 1n R~(atbt) 1n R 1ln R-(atbt) 1n X 1n R-(a+bt)

0 1949 1.31 -0.690 3.19 0.068 -2.30

1 1950 1.69 -0.472 3.30 0.057 -2.30

2 19851 2.01 -0.312 3.41 0.046 -1.61

3 1952 2.38 -0.106 3.45 -0.035 -1.20

4 1953 2,69  0.042 3.57 -0.03%6 -0.82

5 1954 2.91 0.100 3.70 -0.027 -0.51

6 1955 3.12 0.148 3.82 -0.028 -0.22

7 1956 3.34  0.206 3.97 0.001 0.18 -0.040
8 1957 3.46 0.164 4.10 ©€.01 0.10 -0.328

9 1958 3.40 -0.058 4.14 -0.071 0.34 -0.296
10 1959 3.42 -0.200 4.25 -0.082 0.99 0.146
11 1960 3.69 -0.092 4.43 -0.023 1.19 0.138
12 1962 3.94 -~0.004 4.55 -0.024 1.28 0.020
13 1962 4.17 0.064 4.6% -0.005 1.53 0.062
14 1963 4.37 0.102 4.86 0.044 1.72 0.044
15 1964 4.54 0.110 5.01 0.073 1.92 0.038
16 1965 4.68 0.088 5:14 0.082 2.09 -0.002
17 1966 4.78  0.026 5.26 0.081 2.28 -0.020
18 1967 4.93 0.014 5.40 0.100 2.51 0.002
19 1968 5.06 -0.018 5.49 0.069 2.79 0.074
20 1969 5.21 -0.030 5.61 0.068 3.01 0.086
21 1970 5.34 ~0.062 5.69 0.027 3.14 0,008
22 1971 5.45 -0.114 5.76 -0.024 3.27 -0.070
23 1972 5.57 -0.156 5.86 -0.045 3.43 -0.278
24 1973 5.71 -0.178 5.95 -0.076 3.58 -0.176
25 1974 5.83 -0.220 6.05 -0.097 3.73 -0.234
26 1975 5.83 6.02 3.85 -0.322
27 1976 5.85 6.06



28 1977
29 1978
a

b

mean

deviation

5.79
5.73

2.0
0.162/yrx

0.12

6.02
5.85
2.88
0.121/yr

0.05

0.22
0.208

0.12
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Figure (A4.1): Global emissions of CC13F (F-11) from

1949-1978.
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Figure (A4.2): Global emissions of CCl,F, (F-12) from
1947-1978.
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In R (Rin 102 gm/year)
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Figure (A4.3): Global emissions of CHC1F, (F-22) from
1950-1976.
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Figure (A4.5): Ay function for the glohal emissions of CCl,TF, (F-12).
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1. Statistical tests for trends of the gradient RO.

(a) Theil test

§ (Dj - Di)
(i, 3) CCly CC1,yF CCl,F»
a, 2) +1 -1 -1
(1, 3) +1 -1 -1
(1, &) +1 -1 -1
1, 5 -1 -1 -1
(2, 3) +1 ~1 -1
(2, 4) +1 -1 0
(3, 4) +1 -1
(39 5) _l -]_
(4, 5) -1 -1
S (D,—Di) = +2 -10 -5
i<j
H: B =0 accept for CCly, CCl,y¥,

reject for CCIlsF

(b) t-test - trend and parallelism
Definition of symbols (see Edwards, 1976).
1. Variables Ro’ T (time).

2. Least squares slope: b,

327
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i 2@ -RD(T-T)

by Z(T _ T)Z
N

where fa is used to indicate I ai and a is the mean of ai.
i=1

R Ty 2
Y @® R ) (1-T)

. R -R7)2 = ~R ;2-
3 (R -R7) :E:(RO R, EY
2. (R -R%)?
4. 82 =—=—2 ° - residual variance
R,T N -2

where N is the number of observations

and N-2 are the degrees of freedom.

X

s2 .\ %
T .
5. Sb =<S§*7> = standard error of the regression

coefficient where X, = (Ti -T).

6. t = 8 to test the hypothesis HO: b = B versus
b

alterpatives Hy: b > B or b < B, as the case may be.

H0 is rejected if the calculated value of t is outsigde
the critical values of t from the t-distribution for N -
2 degrees of freedom. Thus, the critical values of t for
N =5 are t 2 3.182, t € -3.182. 1In this analysis the
level of significance for rejecting the null hypothesis

was fixed at a = (.025.
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(1) CH3CCly H: B = 0, B: B<0O

b, = -0.084

2 =
SR,T 0.0063
Sb = 0.0251
df = 3

-0.084 _

t="5.0251 0 ¥

Reject Ho

(ii) CClsF (F-11) H: £=0, H: 8<0

by, = -0.062

2 =

SR,T 0.0023
Sb = 0.0151
af = 3
t = -4.1
Reject H0

(1ii) CCly H B=0, H: B#0 «a=0.05

bl = +0.007

2 =
SR,T 0.0086
Sb = 0.0294%
daf = 3
t =0.24

Accept HO.
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Test of parallelism for lnin and,lnES as functions of time:

1. Common residual variance

(Txy,)? , (B’
TR T T TR

82(1n£n|lnﬁs) =

Ny + N, - 4

1 (lnt',rl - lnin), y2 = (lni5 - lnES)

X; = x = xp= (T - T)

df Ny + Ny - 4
2. Standarxd error of the difference between the two regres-

sion coefficients.

L
_ 2 1 1
Sbn - bS S (lngnllngs> Zx% + ng

(b, = b)) - (B - 8)
3. t = S

b _-b
n s

The test of parallelism is HO: Bn - BS = 0 versus the

alternative B - 8 < 0.
n s

For CH3CCl3; a = 0.01

bn = (0.099; bS = 0.153 (per year)

b - b_ = -0.054
n s

52(1n5n|1ngs) = 0.00125

S, _, = 0.0158
n

s
af = 6
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t = - 3.42
Reject Ho' {critical t = - 3.143).
(d) Confidence interval for CH3CCl, gradient.
b*L =Db, - Sbt

b, + Sbt

b*u

For the 90% confidence interval t = 2.353 (af = 3)

o
E
I

L= 0.154

o
I

kg = - 0-025

2. Theoretical investigations of RO as a function of time.

(a) VUse of eqn. (5.5):

w=90.94, o = 0.22, ¢~ = 1.91
o = 0.053
£, = 2yrs (R, = 1.56) £, = 2.5 yrs (R = 1.53)
time R /R R R /R R
O 0 (o] o o0 (o]

1/1975 1.093 1.71 1.102 1.69
1/1976 1.056 1.65 1.083 1.66
1/1977 0.979 1.53 0.999 1.53
1/1978 0.922 1.44 0.922 1.41

1/1979 0.926 1.44 0.508 1.39



(b) Two-box theory.

T =11 yrs, w = 0.9/yr., ¢~ = 1.94

-0.014

-0.013

T, a, a, bo
1.7 0.062 0.036 0.046
1.5 0.061 0.035 0.048
time T, = 1.7

R . R
1/1975 1.49 1.72 1.434
1/1976 1.47 1.69 1.411
1/1977 1.41 1.59 1.357
1/1978 1.35 1.50 1.309
1/1979 1.34 1.49 1.301

R N = =

1.415

1.366

o}

.63
.60
.51
44
A

w was taken as 0.9 rad/yr instead of 0.94 rad/yr to get a slightly bet-

ter agreement between the source data and the source function during

the past few years.

(¢) Four-box theory.
Details of figures (5.4) and (5.5)
Fig. (5.4): A1

n = 0.12/yr; n

cycle only

= 0.08/yr; ng = 1.14/yr

(mean lifetime <1>

10 yrs).
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n a a b b R

0 [ 1 o) ] 0
5 0.067 0.048 0.036 -0.023 1.524 (curve 1)
4 0.068 0.05 0.035 -0.025 1.57 (curve 2)
3.5 0.069 0.051 0.034 -0.025 1.604 (curve 3)
R
o
time Curve 1 Curve 2 Curve 3
1/1975 1.64 1.70 1.74
1/1976 1.57 1.62 1.66
1/1977 1.47 1.51 1.60
1/1978 1.41 1.44 1.47
1/1979 1.44 1.48 1.51

Fig. (5.5): Aj and Ap cycles
Figure (5.5) is based on the same assumptions as Figure (5.4) except
that the Ay cycle is added. The coefficients aj;, a3, by, and by are
based on w, = 1.57, ¢, = 4.3, ;* = 0.12 as found in the previous chap-

ter. The time t in the sine and cosine of w,t + ¢, is 0 in 1975. The

effects of this cycle are computed for the years from 1976 - 1979.

n=0.12/yr; n = 0.08/yr; ng = 1.14/yr.

n a, as by bjy

5 0.028 0.015 0.005 -0.011 curve 1

4 0.028 0.017 0.005 -0.01 curve 2
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R
e}
time Curve 1 Curve 2
1/1975 1.64 1.70
1/1976 1.59 1.65
1/1977 1.514 1.56
1/1978 1.39 1.42
1/1979 1.39 1.43

(d) Further details of the theory and calculation procedures:

The matrix P:

Xy 0 0 0
. 0 X 0 9
P satisfies PP = A= 3 A3 0
0 0 0] Ay
j=1,2, 3,4
= _ _ _ n2
le [(a Xj)(d Xj) c¢]/be (L)
sz = (d - Aj)/c (2)
-1
P,, = - X)(d -2y - c? - X,
i3 [(a J)( J) c”]{b (d J)] (3)
= P3 TPy 7l
P33 = P43 = +1 follows
from the eigenvalue equation of M
Pju = 1 for all j. (4)
a=(n+ng+n) (5)
b= ny (6)

c=n (7)
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(n + n) (8)
1 .-
-1+ 50 - n)/ng = -1 ®)
1.-
1+35(n - m)/n = +1 (10)
0
1 1 - 1, -
T [ () A ) on - 2(n—n)] = -1 (11)
°oT
1 (12)
- Py follows from the eigenvalue
- Poy equation

]

equations for the eigenvalues are:

1 -1 - )
= (n+ +n) + = 2n,.—n)2 n2}*
> ( 2nT+2nO n) [(n+~nT ny< + 4n0)

2

1 - _ 1 T2 24%%
> (n+2nT+1no+n) 5 [(n+2nT n)< + 4n0]

l _
3 (ntn) + 2n0

for Ang >> (n - n)?

% (nn)

4ﬂ§ is not much bigger than (n-n)?2

]

1 e SRR 244
) (n+2no+n) + 3 [(n-n)< + Ano]

1 -1 o
5 (wIn tn) - = [(n=n)? + 4n2]°

2

Therefore P 1is:
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P -p -1 1
q q -1 1
P = (13)
-1 -1 1 1
| 1 1 1 1 ]
p=-(d-2i)/e (14)
q= (&~ xy)/e (15)
 J— (16)
-2} -4q -4p  2(ptq) 2(ptq)
4q 4p  2(p+tq) 2(pt+q)
[|P]| is the determinant of P and HPll = -8(p+q)
Let the source vector be:
S1
S2
2 s, » Sz >> 53, 8§ (17)



t
1 —llt klt’ ;
E3 —”ﬁTT - 4qe S)B(1 e at
(o)
t
—th kzt‘
- 4pe 5*2 e de”
o
t

-h3t th'
+ 2(p +q) e S’k1 e dc”

o
T
—X“t Xht’
+ 2(p + q) e S*“ e at”
o
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(18)

Ey, = same as E3 except that the signs of the first two terms are posi-

tive instead of negative.

S*1 = pS1 - pSz - S

w
I

-qS, + q8, - 8

Sxg = -5y - S, + S,

= S, + 5, + S,

The gradient RO is:

At ot At”
1P| | cancels and the integrals e 3 j‘ S*j ed dt’
)

(19)

(20)
(21)

(22)

(23)

can be solved by



the techniques discussed in Chapters

z31

Q

if 415

t
S, = Ezaeb » S3

agsin A + ajcos

9 and 10.

(1—el—e2)aebt

[a1+47])

bysin A + bjcos

wt + 9 (Al

B = tw,t + ¢* (Az

al [0}
O 4+ %1 4+ %2 4+ O3

—ao - a7 +ay +oag

_~4q

(b+Xq) [pley -

_~4p
(b+Xxs7)

2L g b

(642 )

L2+
3

(b+X3)

a cos (Wt + 6)

[_Q(El - 52) - (- €,

A + a-sin B + ajcos B
A + bysin B + b3cos B

cycle)
cyele)

€,) - (L -ey - ey}

- e,))

)]

4p

[§ ol am[ T

+ (b+2q)° *

w? + (bthy)?

1 1

+ 2 (p + q) (

w? + (btrgn? T

w2 + (b+lq)2

)
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(24)

(25)

(26)

(27)

(28)

(29)

(30)
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~4q _ 4p
wZ + (b2 T wZ + (btay)?

-1
b0 = (- ag = ay + a, + a3) oW [

1
+2 (p+q) (mz +1(b“3)2 Y TE eon? >] (31)

a, and bo are rewritten as:

21
a, = (ao + o, + o, + as) aw v+ x+ vy + z] (32)
— — —1 — —
bo = ( o + oy + °, + u3) aw [-w X + v+ z] (33)
Then
1 '
a, = (ao + a, + a2 + aa) a[(b+k1)w + (b+k2)x

-+ (b+X3)y + (b+A4)z] (34)

-1
by = (uao -y +a, + a3) a [- (b+k1)w - (b+k2)x

+ (btry)y + (b+A )z) (35)

If there is a A, cycle: Ap = a, cos (w,t + ¢.)
a; and a3 are the same as a, and a; respectively, except w is replaced
by w, and o by a,. Similarly b, and bj are the same as b, and b; ex-

>
cept w W, @ > 0o,.
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(e) Summary of Additional Calculations.

(1) Selected values of §0 for various conditions.

n 0.1 0.09 0.09 0.1 0.12 0.1 Q.1 0.1
n 0.07 0.07 0.07 0.07 0.1 0.08 0.08 0.08
g 0.8 1.14 1.00 0.8 1.14 0.7 0.8 1.14
€y 0.3 0 0 0.2 0.1 0.1 0.1 0.1
€, 0 0 0 0 0.1 0.1 0.1 0.1
ng 1.7 8 8 3 4 6 6 6
Calcu-

lated 1.89 1.55 1.61 1.93 1.59 1.66 1.61 1.47
R

o

(ii) Ay cycle with w = 0.9 radians/yr.

Since the source function in later years is somewhat better repre-
sented by a shorter w, figure (A5.1)illustrates the results of the four-
box theory for w = 0.9. Curves (1) and (2) in figure (A5.1) are based
on the same assumptions as figure (5.4) except w = 0.9/yr. In curve(l)

n = 0.12/yxr, n_ = 4/yr, n = 0.08/yr and n. = 1l.34/yr. Curve (2) is

T

based on the same assumptions as curve (1) except that n, is taken to be

S5/yr. For curve (2), a = 0.072, a, = 0.054, b0 = 0.039 and by = 0.025.
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(iii) Additional data on the changing CH3CCljz gradient.

Some independent data on the changing CH3CClz gradient are also
available, and support the contentions of Chaptér 5. These data were
obtained by the Washington State University (Pullman, Washington) group
and are indicated on figure (AS5.1) by squares ({J). These were taken
at times slightly different from those of Rasmussen's data after 1/1977.

Otherwise the figure is exactly the same as figure

(iv) Rasmussen’'s data for F-11, F-12, CH3CCls, CCl, and N0
from 1975 - 1979, for various trace gases are taken from the Concorde
air sampling program, and for C,- hydrocarbons from MCA, NSF, and NASA

supported projects.
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Fizure (A5.1): Observed CH3CCljy gradient and the
four box theory. (Same as figure
5.4, except v = 0.9)
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It [ ! [
&~-4A Observed
(Rasmussen)
a Observed
7 /"ﬁ\ (W.S.U.)

b3

Theory

r | |
1975 ‘976 4977

Figure (A5.2):

TIME (ye

| 1
1978 71979
ars)

Observed CH3CCl; gradient and the
four box theory with the A, cycle
(same as figure 5.5 with additional

observations).
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Chapter 6.

Calculations of expected CH3CCl3 concentrations:

(i) n

T = 1.2 yrs, T, = 12 yrs, TS = 6 yrs. Calculations of En’ Es

(northern, southern hemispheres) using eqns. (2.10) and (9.11)

Xy = 1.792, )y = 0.124
~1.792¢ ~0.124¢

£ = -e -77.1 e + 190.1

£, - g1 7928 9q 5 70-1240 ) 155,

5 = 42.2 pptv/yr = 1.1 x 109 1bs/yr.

S =0

S

pptV

t gn gs gnT gsT

0 112 86 130 100

1 121.8 93.8 141.3 108.8
2 129.9 111.2 150.7 117.4
3 137.0 107.9 158.9 125.1
4 143.1 113.8 166.1 132.0
5 148.6 119.0 172.4 138.0
10 167.8 137.2 194.7 159.2
15 178.1 147.0 206.6 170.5
20 183.6 152.3 213.0 176.6
@ 190.1 158.4 220 184
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0.0St; s =90

(ii) Sn = 42,2 pptv/yr. e s

Other variables are the same as before.

g _ _ 1 e—l.792t _ 7e—0.l24t + 119_4(30.081:
n 2
ES =_% e-l.792t _ 6.6e_0'124t + 92.2e0'08t
pptv
En gs EnT és’l‘
T
0 112 86 130 100
1 123.1 94.1 142.8 109.2
2 134.7 103.0 156.2 119.5
3 147.0 112.7 170.5 130.7
4 160.2 123.0 185.8 142.6
5 174.4 134.0 202.3 155.5
10 263.7 203.3 3065.9 235.8
15 3985.3 305.1 458.6 353.9
20 590.8 456.1 685.4 529.1

(iii) Calculations using longer and shorter lifetimes were carried out
in the same way as those shown above. These are plotted in Figures

(9.2) and (9.2).



346

Chapter 7:

(a) Release of F-22

in 108 gn  in pptv
yr trop./yr

1/1950 - 1/1960: Sp, = 218 b; = 0.320 ay = 0.12 0.00%6
1/1960 - 1/1968: st = azebzt by = 0.187 a, = 2.92 0.234
1/1968 - 5/1979: S = 23”3 by = 0.158 a; = 15.05 1.206

Coaulative release:

The cumulative releases based on the values of ay and bi shown
above were calculated. The values of 3y have been adjusted accord-
ing to the results of Chapter 9. These calculations of cumulative

releases were made to make sure that the functions adopted for S(t)

reproduce the total amount of F-22 emitted.

t,
Sc(ti’tj) =f J S(t) dt

t.

i
time Sc(x 1072 Kg) SM (x 107° Xg)
1/1950 - 1/1960 8.82 8.9
1/1960 - 1/1968 54.1 54.1
1/1968 - 1/1976 242.0 241.5
S = Cumulative release based on a,,b, given above. S = sum of
c i’ M

yearly releases, during the periods shown at the left hand side, as

estimated by McCarthy et al. (1977)
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(b) Solution of conservation equation (7.11)

b T =y (B2 - 0D
To=—t[(a-y) 9 + Oy - a) 0,)
T Xy = s
N
S
a=n+n,—
T NT
-2t ~t At
Qi=elf8e1dt i=1,2
[
o _ al I:ebltl e)\i(tl - t) _ e—)\it:l
i by + Ai
a, b)_(tz - tl) R,(tz - t) —)\.(t - tl)
4+ — |e e = - & -
b, + Ai
as [b3(t -~ tz) X,(tz - t)}
+ ——— |e e’
by + }1
t; = 10 yrs (1/1960) t = 0 at 1/1950
t, = 18 (1/1968)
ts = 29.4 (5/1979)
as b3(t - t2>
Ql = b3 + )\1 ¢

[(d - a)2 + 4bc)/2

>
—
'_l
]
N
N
o.
+
»
S
~~
1
AN
ol
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Z

a=n++n —S—,b=n NS
TNy Ty
T
C = Ny d=n+ Nr
_=_ T J
£ (Eu NS + ET NT)/I\on

Table (I) shows the numerical values of Xy, Xy, 9y, 95, £ E&

and E for various values of n and ;
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Table (I)

al

T o1 X Xy o 2, £ £

5 7 0.900 0.153 6.904 22.810 12.35 20.3 18.8

5 9 0.895 0.126 6.937 25.485 14.0 22.7 21.1
5 12 0.891 0.102 6.963  27.740 15.2 24.8 23.1
5 15 0.889% 0.088 6.977 29.238 16.1 26,2  24.4
5 20 0.887 0.073 6.990 31.024 17.1 27.9  25.9
5 25 0.8855 0.0645 7.000 32.128 17.8 28.9  26.9
5 30 0.8847 0.0586  7.0006 32.940 18.2 29.7 27.6
5 ® 0.8806 0.029 7.033  37.659 20.9 3.0 31.6
7 7 0.852 0.143 7.232 24,090 13.8 21.0 19.7
7 10 0.846 0.107 7.276  27.238 15.7 23.9 22.4
7 15 0.840 0.079 7.319  30.284 17.5 26.7 25.0
7 20 0.838 0.065 7.334 32.128 18.6 28.4  26.6
7 30 0.835 0.051 7.356 34.043 18.7 30.2 28.3
7 ® 0.831 0.022 7.386  38.962 22.6 34.7 32.5
10 7 0.818 0.135 7.484 24,728 14.6 21.2  20.0
10 10 0.810 0,100 7.546  27.940 16.7 24,2 22.8
10 15 0.804 0.072 7.593  31.026 18.6 27.0 25.5
10 20 0.801 0.0585 7.617 32.940 19.8 28.8 27.1
10 30 0.799 0.0445 7.633  35.043 21.1 30.8 29.0

10 = 0,794 0.0163 7.673  40.646 24.6 35.8 33.8
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Table (I) continued:

T X Ay Q, 2, £, & £

15 7 0.792  0.1275 7.689  25.400  15.5 21.5  20.4
15 10 0.783  0.0935 7.763 28.631  17.6 24.5  23.2
15 15 0.777  0.0665 7.813 31.878  19.6 27.5  26.0
15 20 0.774  0.053  7.838 34,053  21.1 29.4  27.9
15 30 0.771  0.039  7.863 35.931  22.2 31.2  29.5
15 =  0.766  0.0112 7.906 41.139  25.5 35.9  34.0
20 7 0.779  0.124  7.796  25.600  15.8 - 21.5  20.5
20 10 0.770  0.090  7.871 29.200  18.2 24.8  23.6
20 15 0.763  0.0634 7.931 32.130  20.1 27.5  26.2
20 20 0.760  0.0499  7.957  34.209 2.4 29.4  27.9
20 30 0.757  0.0362 7.983 36.400  22.9 3.4 29.8
20 = 0.751  0.0085 8.036 41.718  26.3 36.2  34.4
© 7 0.741  0.112  8.125 26.755  17.2 22,0 21.1
« 10 0.731  0.079  8.217 30.284  19.6 25.2  24.2
© 20 0.720  0.040  8.320 35.767  23.4 30.1  28.9

o 30 0.716 0.027 8.358  38.022 25.0 32.2  30.9

o «© 0.710 0.000 8.416  43.640 28.8 37.2  35.7
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(¢) Natural Sources:
Table (I1) contains the values of the natural source strength,
S,, as a function of 1 and 7; based on equation (7.18). E&(h,q) in

*

Eqn. (7.18) is taken from Table (I).

Table (II)
Tt S, s, T S, S,
(pptv trop/yr) (10° gr/yr) (pptv trop/yr) (102 gr/yr)

5 7 4,646 58 15 7 3.930 49
12 2.54¢4 32 10 2.506 32
20 1.563 20 20 1.084 14
30 1.119 14 30 0.712 )
© 0.411 5 o 0.138 1.8

7 7 4.324 53 20 7 3.853 48
10 2.855 36 10 2.471 31
20 1.371 17 20 1.031 13
30 0.961 12 30 0.656 8
o 0.297 4 o 0.104 1.3

10 7 4.122 51 o 7 3.520 44
10 2.668 33 10 2.139 27
20 1.223 15 20 0.818 10
30 0.820 11 30 0.473 6

© 0.199 2.5
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{(d) Conversion of F-12

F-12 Source function:

(1947)0 < t < 27 yrs (1974):8, = 0.786e0'121t = aleblt
(1974) 27< t < 32.4 yrs (5/1879): S, = 19.5 = a,
S in ppt v/yr in the whole atmosphere.
Solution of Eqn. (7.22):
_ - a 1 < (by + ;)t] ) 1
Ex(ty) = n, by + 1, [bl L e -1) - ?ﬁ_j_;;;

- (n_ - ‘T:f-)tl ~ ~ a) 1
(E ° - 1) E_nt* +n —m [e(bl + no)tl -1 1—

LS + N, s M= global lifetime of F-22, n, = global lifetime of

F-12, ty -~ 27 yrs, t, = 32.4 yrs.
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Table (III) contains the results of numerical calculations based

on the solution of eqn. (7.22) shown ahavers

Table (IIT)

T T £,(t,) pptv
80 10 14.2
20 18.6
30 21.2
100 10 11.5
20 14.7
30 16.2
® 19.1
133 10 8.8
20 11.2
30 12.4
o 15.1
200 10 6.0
20 7.7
30 8.5
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Chapter 8:

Global and Hemispherical Averages.

1. Polynomials (¢ in radians)

CH3CC13

G.O 011 a2 0-3
1976 95.97 -24.12 0.135 3.83
1977 99.59 -20.76 -2.64 6.21
1978 104.50 -27.46 4,77 6.17

2. Model Atmosphere.

Assumptions: Model atmosphere (Houghton, 1977). (1) For the
region between 0°-30°, the values of p and T at 10° are assumed to hold.
Similarly for the region between 30°-60°, the values of p and T at 40°
are used; and for 60°-90°, the values at 70°. (2) Northern and south-
ern hemispheres are assumed symmetrical. (3) At each of these lati-

tudes a seasonal average is first formed. (<ph>)

<ph>*
(a) [ cospdé h = 8 km 16 km 50 km 100 km
0-30° 0.5 377.6 110.1 0.812 0.3x10 >
30°-60° 0.37 361.8 105.2 0.770 0.264x107°
60°-90° 0.13 336.9 98.5 0.724 0.238x10™°
5 = 366.5 106.8 0.785 0.279x10-°

* A1l pressures are in mb.

_ n/2
Py, = <py> cos¢dd



(b) Mass and Number of Molecules.

Mass x 10_2]

0-8 km
8-16
16-50
0-50

{(¢) Density Scale Height for 8-16 km.

3.210
1.354
0.555
5.119

gm : N x 10

6.673
2.815
1.153
10.641

355
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N, = number of molecules in the region between 8-16 km. (H; =

8 km, Hy = 16 km)

/2 R+EO+H

(1)

Ny = 27 d/ﬁ p(R7) e_(r_R )/H r? cos¢drde
~1/2 R4z +H.=R”
o 1
m/9 HZ_H
= -z/H
= 20R°2 g (R”) f f e 217 4z cos¢do
-n/2 o
= 4R72 R (1 - e HT)/H
1 - =
3 [p,S; = P,5,]
0
p(RY)
p(R7) = \T(R7)/ = seasonal average of density

/2

p(R7) = f o (R”) cos¢dé

Q



From the same model atmosphere
p(R”) = 1.085 x 10'° molecules/cm3
Putting in the numbers, egn. (1) implies:

-8/
e

H(1 - By - 5.078

or H = 8 km. This scale height is also consistent with

R = 8[ln(5H1/532)]_1derived from the same model atmosphere.

356
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Tigures 8.2, 8.3, and 8.4 polynomials

_ 2 3
= +
Z ao + a]¢ az¢ + aa¢

0 1 2 3

1976  CH3CCl, 96.0 0.421 4.10 x 107°  -2.03 x 1073
F-11 130.8 0.102 4.31 x 107" -3,26 x 10-8
F-12 221.0 0.223 1.28 x 1073 -7.49 x 1076

1977  CH3CCl; 99.6 0.362  -8.04 x 10°° -3.30 x 1073
F-11 149.1 0.145 3.30 x 10~° -1.38 x 10°5
F-12 249.0 0.200 5.94 x 10~" 7.46 x 10-6

1978  CH3CCly  104.5 0.479 -1.45 % 10-3 -3.28 x 1075
F-11 155.9 0.304 6.21 x 1074 -3.37 x 10™°
F-12 261.6 0.343 1.14 x 1073 ~4.40 x 1073

Note that ¢ is in degrees. For integration a; should be converted to

the appropriate units in radians.
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Chapter 9:

Transformations for smoothing fluctuating source terms:

t+d
f a’ o ebt cos (wt + ¢7)dt = aaebt cos {(wt + ¢) (9.1)
t
x = wt + ¢7 , dx = wdt
t=(x=-9¢)/w w>0
t+5 wt+d +ws
f ebt cos ( £t + ¢7)dt = f e‘b¢‘ /o eb/‘” ¥ cos x djx
T St+¢”
1 _b/w o b/u x b wt+o +wd
=5 e e (Sinx+acosx)
(8.2)

1+ b2/,2 wtt+d

Using the trigonometric identities for cos (x + w) and sin (x + o) eqgn.

(4.2) reduces to:

IS

t+6
37—2—52 ebt {A sin x + B cos x} =_,P ebt cos {(wt + $7)dt
t (9.3)

where

A= eb(S cos wé - E'sin wé - 1 (9.4)



. b
e sin wd + " cos wd -

Egn. (4.1) becomes:

a‘a’w ,
s [ A sin x + B cos x ]

Let ) = St
(b“+w?) an

so that eqn. (4.6) can be written

359

(9.5)

a o cos (ot + ) (9.6)

(2.7)

as.:

AJ{A cos ¢° - B sin ¢7] sin wt + AA sin ¢° + B cos ¢°] cos wt

or

A[A cos ¢ - B sin ¢7)

A[A sin 97 + B cos ¢7)

[cos ) [A B] [sin

sin 6|~ " lB  -a cos
. - 1

8in ¢~ = mz_’_—BZT (A cos
. 1

cos ¢~ = m (B cos

sin? ¢~ + cos? ¢°

- -,

_a ol w
a a (btw?)

1
v AZ+B2

A

cos wt cos ¢ - sin wt sin ¢

= 1= 37asT?

(9.8)
sin ¢ (9.9
cos o (9.10)
6
6° (9.11)
¢ + B sin ¢) (9.12a)
¢ — A sin ¢) (9.12b)
1 2,02
[A%+B“] (9.13)
(9.14)



1

ba’ w

(A +B ]lﬂ

o = (0%H?) (e*°-1)

(ebé—l) a (b2+w?)

a
bm[A2+BZ]Li
from eqn. (4.12a):
. _ -1 VA cos ¢ + B sin ¢
¢° = Tan B cos ¢ - A sin ¢
For 8§ = 1.

o

A

B

. 2?) (eP-1)

e

b
e

L a
bw[AZ+B2] *

b .
cos w — B‘Sln w -1

. b b
gin w + — cos w - —
W w
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(9.15)

(5.16)

(9.17)

(9.18)

(9.19)

(9.20)



APPENDIX I1:

Chapter 2.
Symbol

T
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SUMMARY OF COMMONLY USED MATHEMATICAL SYMBOLS

Description
Global lifetime of a trace gas.
Global lifetime of trace gas x.
Global mixing ratio.

Global mixing ratio in the troposphere - total num-
ber of molecules of the trace gas/‘.\lT

Global mixing ratio in the stratosphere.

Number of molecules of air in the troposphere.
Wumber of molecules of air in the stratosphere.
Total number of molecules of air in the atmosphere.
Ratio of stratospheric-~tropospheric mixing ratios.

Total global source strength of a trace gas = num-
ber of molecules of the trace gas released/NT.

Reciprocal of lifetime.

Total mixing ratio of a trace gas in the northern
hemisphere (includes both stratosphere and tropo-
sphere).

Total mixing ratio of a trace gas in the southern
hemisphere.

Indicates fz x(t)dt, where x is S, Sn’ En, ES, etc.

Numher of molecules of a trace gas released/number
of molecules of air in one hemisphere —— Sn =
25/ (3 4N)

Interhemispheric transport time
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Symbol Description

nT=l/TT Reciprocal of the tramsport time.

3
n
£ Vector: (ES )
Vector: (:n )
s

Q A matrix, described in the text. It represents the
gink strengths and interhemispheric transport.

v

T, 1 Mean lifetimes of a trace gas in the mnorthern (n)
and southern (s) hemispheres.

Chapter 3.

C Concentration in molecules per unit volume.

THOT lobally, yearly averaged hydroxyl radical density
in the troposphere

TEBTO Globally, yearly averaged hydroxyl radical density
at ground levelf

o Density of air

<T>y ;, T Various types of globally averaged lifetimes.

6 Latitude in radians with -1/2 as the south pole and
+7/2 as the north pole.

A Longitude (0 - 27m).

2 Height above ground level.

t Time

z Mean tropopause height above ground level.
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Symbol Description
-E/T . .

=Ae Rate constant for the reaction ¢of a trace gas with
hydroxyl radicals.

T, Mean global ground level temperature.

L Mean temperature lapse rate in the troposphere.

h Density scale height of hydroxyl radicals in the
troposphere.

3 Density scale height of air in the troposphere.

E
R = Eg + % (see K above for E)
0
1

I = 8 + B (see B and H above)

§, 87, &°° The ratios of lifetimes predicted by various the-
ories.

n(x) Nensity of atmospheric pas x.

N X = h, 0, or s - reciprocal of global lifetimes of
a trace gas due to various sink mechanisms.

n, T, S, & These symbols have the same meanings as in Chapter 2.

Chapter 4.

f(t) True continuous source term in emissions per unit
time.

) A (small) increment of time.

w Frequency in radians per year.

A Relative deviation of one source funcrion from

another.



Symbol

n, T, &,

Chapter 5

fO(X)

Ry

Ay ()

Ao (t)
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Description

Amplitude of a §ine function.

Phase in a sine function. The con-
text is the guide for distinguishing this ¢ from
lat{itude.

These symbols have the same meanings as in Chapter 2.
S has several variations but it 1s always a source
term.

= sin x + bgﬂ-cos X. The b is the exponential rate

of increase of the source, S = aebt,

t
Total release = [ S(r7)dt”
0
Dimensionless ratio: £(t)
RT(t)

The first difference or relative difference between
the true source function and a theoretical model
source function.

When a theoretical model is assumed for Ay, £, rep-
resents the difference between the true source func-
tion and the theoretical model of the source includ-
ing Al‘

Null hypothésis and alternative

Kendall's K - statistic

Statistical level of significance. Other uses of
in this chapter have to be distinguished from the

context.

Slope of a line.



Symbol
n, T, S, §
a! w! ¢
Chapter 6.
R, R
o
5
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Description

These symbols have the same meanings as in Chapter 2.
Some variations of these symbols also occur, the
exact meanings of which are explained in the test.

Same as in Chapter 4.

These are called 'gradients' in this work anéd else-
where. The term gradient is simply chosen for con-
venience and intuitive meaning. It is possible that
this term may be confused with (£ -£ ) or V X. It
shouldn't be. R 1is the ratio of the total number of
molecules of a trace gas in the northern hemisphere
to the total number of molecules of the same trace
gas in the southern hemisphere. R, is simply the
ratio of the concentration of a trace gas at ¢ 2

/4 radians to the concentration of the same trace
gas at ¢ < -7n/4.

= Ro(max) - Ro(min) where the max and min are with
respect to time.

Ligenvalues of a matrix.
Tt transport time within a hemisphere.

Same as in Chapter 2.

Same as in Chapter 5. ¢ is used for more than one
variable in this chapter.

Subscript , in this chapter does not have the same
meaning as in Chapter 2.
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Symbol Description
Chapter 7

<f>p Density (of air) weighted stratospheric average of
a function f(z).

M A matrix: same as  in Chapter 2.

Xys Ap Eigenvalues of M.

Tr (=1/nT) Stratospheric-tropospheric transport time. This is
not the same use of T as in all other chapters.

E) _g_) §’ n, T,

. S, N N i .

TT, S g Ny Same as in Chapter 2

* Subscript * does not have the same meaning as in
Chapter 2.

Chapter 8

fle,t) A function (antisymmetric) of latitude and time
describing the distribution of a trace gas.

a Constant mixing ratio of a trace gas beyond some
southern latitude ¢ < —¢O.

b Constant mixing ratio of a trace gas above some
northerm Jatitude ¢ > ¢0.

zT(¢) Tropopause height (time averaged) as a function of
latitude.

r Spatial radial coordinate - "height' measured from
the center of the earth.

hu Average density scale height of air in the strato-
sphere.

P Atmospheric pressure.

g Acceleration of gravity.

z Radial coordinate, measured from the surface of the

earth.
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Symbol Description
m Mass (of air).
U Molecular weight.
H; and H, Fixed heights above ground le&el.
H Density scale height of air in the troposphere.
R Radius of the earth.

£, NT’ N , 7, Z These symbols and their variations have the same
general meaning as in Chapter 2.

C, p These symbols and variations have the same general
meaning as in Chapter 3.

R, Ry Same as in Chapter 6. Conflict of symbels is re-
solved by context.

f, a, b Same as in Chapter 8.

Other common symbols are also used in this chapter, usually with the

same meaning as in other chapters.

Chapter 9.
a Constant source function: emissions/unit time
5 y T )
£ €n Es’ T’ Same as in Chapter 2.
T, S, 8
s n -

X1, As Same as in Chapter 7.



Symbol

Chapter 10.

c

1%2)

det X

368

Description

Column vector of n dimensions representing concen-—
trations in molecules per unit volume.

Column vector of n dimemsions: source strength.

n X n matrix composed of transport times and life-
times.

An n X n transformation matrix which takes Q to its
Jordan cancnical form.

i=1, . . ., n, eigenvalues of 0.

NDiagonal matrix of eigenvalues

A.. = 8..X no sum).
ij ij ) ( )

Determinant of matrix X.

Reciprocal of lifetime in region specified by index
i.

Transport time from one compartment to another.
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