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PREFACE

My studies in Environmental Science began a little over two years

ago. In this dissertation I have collected my ~nitial 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. Anyone reader is likely to find many parts

which can be skipped without losing sight of the reasoning leading to

the conclusions. It 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-

pIe and expressed in detail, but I have not been able to arrive at any

firm conclusions about who would benefit most from reading it. In this

regard I quote Melville: "worth the consideration of those to whom it

may prove ~-lorth considering. 11

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

Hi



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 questioning 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 in 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. I thank him for all his efforts on my behalf. I

thank Dr. John Cooper and Dr. James Huntzicker. I have learned 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-



tique and several discussions.

I have benefitted from discussions with many other colleagues

and friends -- most notably Dr. John G. Watson, Jitendra Shah, Lome

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-

te1ligence, 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
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ABSTRACT

TOPICS IN THE BEHAVIOUR OF

ATMOSPHERIC TRACE GASES

Mohammad As1am Khan K..1-ta1i1,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 (CH3CC13) 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 CHC1F2

(F-22) in the atmosphere.

The results of a budget analysis of CH3CC13 imply a total global

lifetime of between 7 and 10 years. The lifetime of 9 years is most

consistent with the data. Similar analyses of CFC13 (F-11) and CC12F2

(F-12) indicate that the lifetimes of these gases are greater than 20

years. The lifetime of CH3CC13 due to HO radical interactions is con-

sistent with average ground level HO densities of approximately 6-7x10S

mo1ecu1es/cm3. These are used to calculate tbe lifetimes of many other

trace gases which are, or may become, important in understanding the

global atmospheric environment. Most notably, the lifetimes of CH4,

xi



F-2l, and F-22 turn out to be approximately 14, 3 and 23 years respec-

tively. The long CH~ lifetime has a variety of implications for CO

production in the atmosphere as well as the budget of CH~. 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 CH3CC13 shows

cyclic fluctuations superimposed on the exponential growth. Including

such fluctuations into the theory brought the observed growth of

CH3CC13 concentrations in the atmosphere in coincidence with the theo-

retically predicted growth rate. The observation that the ratio (R )o

of CH3CC13 (concentration).in the northern and southern 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 CH3CC13 in the northern hem-

isphere (compared to the southern hemisphere) than there is at this

time. Other possible explanations of the changing ratio did not agree

with observations. The theory used to study this ratio (R ) was ex-o

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), C2H6' C2H~, CO, cas, and several other relatively

short-lived trace gases have southern sources.

xii



In Part II one of the studies centered around the global analy-

sis of CHClF2 (F-22). Current global concentration of about 47 ppt

was greater than could be explained by the accepted 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.

xiii
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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." (Frank Herbert) .

Today, environmental pollution linked to human activities mani-

fests itself in more places, more forms and with a greater magnitude

than 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 environment and its 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, including man. Global environmental pollution

is just one aspect of the general problem, but it is particularly insid-

ious. The studies I will report in this dissertation are directed

towards some particular aspects. of global environmental pollution.

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-



2

spheric ozone layer. This depletion could be caused by continuing

emissions of man-made fluorocarbons 11 and 12 (CFC13 and CF2C12), as

well as other chlorine-containing gaseous emissions (e.g., CH3CC13).

The ozone layer is also threatened by growing use of nitrate fertili-

zers which add to the natural N20 burden of the troposphere, which in

turn yields NO and N02 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 dis5ertation is one of these. The increases in the tropospheric

burdens of C02 as well as F-ll, F-12 and N20, from anthropogenic activ-

ities have also received considerable attention due to the concern that

thes~ gases 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 its components. These are many feedbacks

and synergistic effects even in the stratospheric ozone problem (see

for example: Groves et al., 1978; Groves and Tuck, 1979; Boughner,

1978; 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-
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gerous emissions have to be identified. 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 environmental 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-il and F-12 are used

along with information from (1) to tell us how much ozone depletion to

expect in the future. (3) Lastly, the expected alterations of atmos-

pheric composition are translated into ecological effects. For exam-

pIe, 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 (~) 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 (CH3CC13). Based
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on current knowledge, it appears that CH3CC13 is entirely man-made. It

has been emitted into the atmosphere in ever-increasing amounts for

nearly thirty years (about 1.1 billion lbs. were emitted in 1978).

CH3CC13 is an industrial degreasing solvent and is generally released

to the atmosphere within a short time after production. The possible

dangers of CH3CC13 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 atmosphere. As such, it is just another straw on the camel's

back. From a different scientific point of view, study of CH3CC13 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 other trace gases about which our knowledge is incomplete.

There are several reasons why CH3CC13 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 finer 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 can 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-
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time of CH3CC13 and its implications for the lifetimes of several

other trace gases which are9 or threaten to become, important in the

study of the global atmospheric environment. Chapters 4 and 5 consider

the effects of cyclic fluctuations in toe emissions of gases to the at-

mosphere. The information which can be obtained by studying the inter-

hemispheric differences in the abundances of trace gases is 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 CH3CC13 not only plays the role of an example9 but the stud-

ies also reveal new information on the behaviour of CH3CC13 itself. In

the last chapter of Part I, attention is directed towards the possible

future concentrations of CH3CC13' The studies provide information on

sources 9 sinks and lifetimes of CH3CC139 which are all necessary ingre-

dients in evaluating the future of CH3CC13. The theory which is devel-

oped i~ tailored to fit9 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 making sizeable errors in such analyses is

always large. Generally 9 there are two major sources which contribute

to this risk. First9 there are uncertainties in the observational ba-

sese This includes uncertainties in reaction rate constants, global

measurements of ambient concentrations9 and estimates of the global
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sources. The second contributor to the risk of making errors is 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. In 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-
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vironment. This will be discussed where appropriate. Review and dis-

cussions of the greenhouse effect and other climatic changes due to an-

thropogenic activities may be found in Gribbin (1978), Ramanathan

(1975) and Wang et a1. (1976). The theory is discussed elegantly in

Houghton (1977). Reviews of stratospheric ozone depletion can be found

in Gutowsky (1976: NRC Report), Hudson (1977) and Johnston (1975).

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

niques and information available before 1975.
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PART I:

A STUDY OF METHYL CHLOROFORM

AND ITS IMPLICATIONS
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CHAPTER 2. LIFETIHE CALCULATIONS:

GLOBAL BUDGETS

(a) Introduction

There are two 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, ~, T) 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

CFC13 (F-ll), CC12F2 (F-12) and CH3CC13' Similar methods can be ap-

plied to other trace gases as well. The major emphasis of the work

discussed here is on CH3CC13' For F-ll and F-12 the data required

have to be much more detailec in order to properly apply the budget

methods. Still, the data available are analyzed and conservative con-
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clusions are drawn (T > 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-

pIe, 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 =

- -1 -
{K [HO]} (K is the reaction rate constant at the average tropospheric

temperature, and [HO] 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 CH3CC13, CFC13

(F-ll) 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:

S - T}~ (2.1)

where ~ is the average mixing ratio, S the source strength in pptv per

year and n is 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. Eqn. (2.1)

is first rewritten as d~ = Sdt - n~dt, then integrated, giving:

(2.2)

(2.3)

= (T) - (o) = S* - n*

n = lIT

T T
S* = f S(t)dt ; * = f (t)dt

0 0
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Therefore,

(2.4)

Note that 5* is the total release of the compound under consideration,

between time 0 and time T. ~~ is the difference of the mixing ratio

between measurements at time 0 and time T. ~* does not have a clear-

cut intuitive meaning. In this analysis ~ is deduced from the meas-

urements by:

~T is the average tropospheric mean mixing ratio of the trace gas. It

is assumed to be given by 1.2 (~.. + ~") where ~.. are the measured mixingn s n

ratio at the high northern latitude location (here - 45°N) and ~.. thes

high s~uthern latitude mixing ratio (here - 90°5). In Chapter 8 this

equation is justified in detail. a transforms the tropospheric aver-

age mixing ratio, ~T' to the total global mixing ratio,~. ~ is the

ratio of the total global burden (number of molecules) of a trace gas

to N (total no. of molecules. of air in tbe troposphere. and the strato-00

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

ecules of air in the troposphere, N the number of molecules of air ins

= aT ; = 1. (.. + ") (2.5)T 2 n s

'1 i
'-T -5

aN[l+N] (2.6)
00 T

r; = /T (2.7)
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the stratosphere, and ~ is the mean concentration of the trace gas inu

the stratosphere. a is often very difficult to evaluate because it

requires stratospheric measurements of the trace gases. Fortunately,

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 is the case for CH3CC13' (See Appendix I for a and ~.)

~~ is determined in the same way as ~, and S is the source in

number of molecules emitted per year divided by N (= NT + N). Chap-= s

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 0 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 ~~).

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 ~(t) as ~(t) = ~o

eBt, ~ and B are deduced from least squares fits of ln~ as a functiono

of time, where the ~ are known from measurements at January of each

year since 1975. In this way the measurements of a trace gas at spe-

cific times during 0 - T are converted to a continuous function for

integration in eqn. (2.3).

For CH3CC13 the lifetime according to eqn. (2.4) is 8.5 years.

The following table describes the results of the calculations:

The first three conditions are related to the stratospheric burden of

CH3CC13. Condition 3 is not possible because it implies that the

CH3CC13 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. In condition 4, it is assumed that

the measured numbers are consistently high by 10% (see Rasmussen, 1978),

Table (2.1): Lifetime of CH3CC13'

Conditions Lifetime (Yrs.)

1. 1;;= 0.2 8.5

2. r;= 0.25 8.7

3. r; = 1.0 12

4. r; = 0.2, 1 = 0.9 7

5. = 0.2, 51 = 1.15 7

6. = 0.2, 1 = 0.9 and 51 = 1.15 6
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and that the true ~ is 10% less than that derived from the data. In

condition 5, it is assumed that the estimates of emissions are too low

by 10%, and lastly, in condition 6, it is assumed that conditions 4

and 5 are present simultaneously.

From this analysis it appears that the lifetime of CH3CC13 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 CFC13 (F-ll) 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 CC12F2 (F-12) it turned out that S* -

6; < 0, implying that there was more F-12 around 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 data. If the source term assumed here is in-

creased by 10% and the measurements reduced by 10%, the lifetime turns

out to be 70 years; so one may say that LF-12 ~ 70 years according to

Rasmussen's time series of measurements and the source data.

The data for the emissions of CH3CC13 is taken from Neely and

Plonka (1978) and Neely and Farber (1979). The emissions data for

CFC13 and CC12F2 are taken from McCarthy 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:

~ -~t + a
( bt -~t)'" e _.. e - eo b + ~ (2.8)

The interpretations of S, nand S remain the same as before. s iso

the mean mixing ratio (including troposphere and stratosphere) at t =

o 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 In S

as a function of time. The (a) is corrected slightly to derive a con-

tinuous version of S from discrete yearly estimates. The correction

factors are derived and discussed in Chapter 9. For CH3CC13' (a, b)

turned out to be (14.7 pptv/yr, O.lOS/yr). Once again the source has

to be known only for the period during which measurements were made,

as long as there is no desire to theoretically determine S. In thiso

method several values of ~ are tried to see which one reproduces meas-

ured values the best. The results of the calculations for CH3CCl3 are

given in Appendix I. These results (CH3CC13) are plotted in Figure

yrs and T = 9 years is in best agreement with the measurements. The

lO-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. t~en the same calculations were repeated

assuming that the measured mixing ratios are too high by 10%, the best

lifetime predicted by eqn. (2.8) turned out to be 8 years.

F-l1 and F-12 were not treated by this technique, because their

lifetimes are long, and the predicted graphs bunch up 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 Hethod 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):

~ n
dt

(2.9)

d-~
dt s

-n ~ + n (~ - ~ )s s T n s (2.10)
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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 T (= lln ) and in the southern hem-n n

isphere it is T (= 1/n). S are the emissions per unit time divideds s n

by ~ Noo (rather than Noo)' TT ( = linT) is the mean interhemispheric

transport time. ~ and ~ , analogous to ~ of the last section, aren s

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 5, 8 and 10.

The formulation of the theory by eqns. (2.9) and (2.10) has the

following technical problem (as opposed to the many philosophical prob-

1ems): The measurements are at high latitudes and thus ~ (meas. 45°N)

* ~ and ~ (meas. - 900S) * ~. In other words, the measured mixingn s

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 ~. Its

is a typical features of all trace gases released in the high ( > 300N)

northern latitudes that their mixing ratio declines with distance from

about 300N to 300S before leveling off to a reasonably constant value

(close to that observed at the south pole). More detailed independent

latitudinal measurements of CH3CC13' CFC13 and CC12F2 all suggest a

simple latitudinalmodel which is discussedin detail in Chapter 8.
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The result o£ this model is that the measured mixing ratios at remote

high latitudes can be converted to hemispherical averages by the £01-

lowing equation:

(b - a)
b - 2~ (1 - cos ~o)o

(b - a)
~s = a + 2~ (1 - cos ~o)o

~n (2.11)

(2.12)

~ ::: Tf/6 radianso

b = ~ (measured at 45°N), a = ~ (measured at -900S).

With these assumptions in mind, 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 solution is analogous to eqns. (2.2) - (2.4) and

gives:

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

n = Sn* - nnn* - nT (n* - s*)

=
- nss* + nT (n* - s*)s

or:

n*
T =
n

Sn*- n - nTo*

s*
T =
s

nTo* - s

o = -* n* s*
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T '"

~n* + ~s*

nnE,;n*+ ns~s*

(2.18)

The meanings of the symbols are obvious, but they are reiterated in

Appendix II. T in eqn. (2.18) is a composite total lifetime and is a

weighted average of T and T .n s

A new variable, TT' has been introduced. Its value is not known

precisely, but its main effect on the lifetime of CH3CC13 is to distTib-

ute the sink strength over the hemispheres, rather than affect the to-

tal lifetime T. Calculations for CH3CC13' based on equations (2.15) -

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

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 whichn s

Table 2: CH3CC13 Lifetimes in a Hemispherical1y

Averaged Theory

*

TT (yrs)
1 1.2 1.4

T (yrs) 8.5 8.5 8.5

T (yrs) 27 12.3 8.9n

T (yrs) 4.4 6 8
s
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cannot be explained by current knowledge. TT = 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 T
T is taken to be 1.4 yrs, then the T and T are about then s

same. If TT is taken to be 1.2 yrs. then the lifetime of CH3CC13 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 TT = 1.2 yrs.

There is 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 HO 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 CH3CC13, it is possible that T > T forn s

this compound (as well as others which react with HO). There has also

been a discrepancy in the TT deduced from CH3CC13 measurements and that

estimated from meteorological considerations. The TT based on CH3CC13

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

meteorological considerations has been small (TT = 1 yr: Newell et al.,

1969). If one believes the meteorological estimate more, then the re-
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suIts of eqn. (2.15) and (2.16) for CH3CC13 can be considered to be in

favour of T > T. This isn't a strong case for this issue because ofn s

the many uncertainties involved and the sensitivity of T and T onn s

TT; 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

.Ii = (P-' e-At P) ~ + p-'e-At! eAt' P ~(t') dt'
Q

(2.19)

(2.20)

.Ii- [::]
(2.21)

Al and A2 are eigenvalues of~. All these equations will be discussed

in greater detail in Chapters 6 and 10, so I will not go into the de-

tails here.

Taking into account ~, eqns. (2.11) and (2.12) and several values

for Tn and 's' but keeping 'T = 1.2 years produced the results shown

in Figure (2.2) for CH3CC13. The details of the calculations are given



23

in Appendix I. The figure shows that 'T = 1.2~, = l2~, = 6 (av-n s

erage lifetime, = 8.5 yrs) gave the best agreement with observations.

The upper curves were based on 'T = 1.2~, = l6~, = 8 (all in yearsn s

with the average lifetime, = 11 yrs); and the lower curves are for

'T = 1.2~ 'n = 8 and 'T = 4 (average lifetime, = 5 yrs). (~ote that

the theoretical lines in best agreement with data are those from Table

2 with ('T~ , ~ , ) = (1.2~ l2~ 6)~ whereas the upper and lower liness s

are not based on the lifetimes discussed in Table 2 because those other

T ) = (1.4, 9~ 8) will also be in good agreement. Regardless of theses

possibilities the total lifetime of , = 8.5 years would still have to

be maintained.

CFC13 and CC12F2 were also considered by this technique. Here it
..

was assumed that, =" which simplifies the theory considerably andn s

and yields:

lifetimes were not derived with '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 T ) = (1.2, l2 6) curve. For example ('T 'nn s

= 1 [ A e-t + B e-( + 2nT)t] +n 2 0 0

l a a (1- e-(n + 2nT)t)]
1 0 -nt 0

(2.22)
2 (1 - e ) +(n + 2nT)
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[ Ao e-l1t

(2.23)

A
o (2.24)

The source S is assumed to be constant as implied by the release datan

(see references mentioned earlier).

In the analysis of F-II 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-II and F-12 be and still

agree with the data? The results of the calculations suggested that a

lifetime of F-II or F-12 below 20 years could not be supported by our

present knowledge of source strengths and the five years of measure-

CCl2F2 (F-l2) is essentially the same (in fact more emphatic). The

dashed lines represent the mean northern and southern hemisphere mixing

ratios of F-ll. The lower cross-hatched regions represent the expected

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 CFCl3 (F-lI), but the behaviour of
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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 20%

higher than the initial estimate. It is apparent that even if there

were sizeable 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 o~/~ + oS/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-ll 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-ll and F-12

(Cunno1d et a1., 1978).

(d) Conclusions

In this chapter a set of self-consistent data,col1ected by Ras-

mussen over five years, was analyzed to determine the budget lifetimes

of CH3CC13, CFC13 (F-ll) and CC12F2 (F-12). Several related methods

were used to accomplish this, and they all agreed. It was found that

the lifetime of CH3CC13 is 8 years (between 7 and 9 years). For CFC13
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and CC12F2 the results show that their lifetimes are greater than 20

years. The single numbers which can be considered most consistent

with the data are T(CFC13) ~ 50 yrs and T(CC12F2) ~ 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-ll

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-ll and F-12

are long-lived trace gases. Both these fluorocarbons have been, and

still are being, released in 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-ll and

F-12 (and perhaps CH3CC13) will eventually have to be stopped or se-

vere1y curtailed.
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CHAPTER3. LIFETIME CALCULATIONS: CHEMISTRY

(a) Introduction.

Many anthropogenic and natural gases released into the atmos-

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 one 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 this problem, the calculated glo-

bal lifetimes of many important 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. In section (3.d), the general ideas which

govern the HO density in the troposphere are reviewed and the budget,

sources and sinks of CH3CC13 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 HO radicals in the troposphere. If re-

action with HO radicals is 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:

d
dt C (~, t) = S (~, t) - n (~, t) C (~, t) + T (3.1)

where C (~, 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 (~, t) is t~e

sink strength in this region.

---1
- T(X)

(3.2)

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

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

(or perhaps even possible) to take into account the time behaviour of

n, n(~, t) is replaced by n(~) which represents a yearly averaged

value. Replacing n(~,t) by n(~), the time averaged value, may intro-

duce considerable errors because the HO density is so variable in time.

At present, however, there is little choice but to make th;s approxi-

mation, since it will take many years of measurements before n(~,t) can

be defined. T is the transport contribution to the contents of the 10-

cal region and S (~, t) is the source within the region (molecules/unit

vol. emitted per unit time). Eqn. (3.1) can be integrated over any g10-



33

bal (as opposed to local) region. For simplicity, let us integrate eqn.

(3.1) over the whole troposphere:

de (t) = S - fdt n(~) e(~, t) dVT + f
VT

(3.3)

where Iv T dVT is the effect of the stratospheric-tropospheric trans-
T _

port on the tropospheric burden, e(t). The goal is to write eqn.

(3.3) as follows:

d -- e(t) = S - n edt (3.4)

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

-
the troposphere. Thus, <T> = l/n which is given by

Eqn. (3.5) follows from the comparison of eqn. (3.3) with eqn. (3.4).

In eqn. (3.5) e (~, t) is rewritten as p(~) F;(~, t), where p(~) is

the density of air at ~ and F;(~, t) is the local mixing ratio of the

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

ground values of F; (as well as the values of p and n) are approxi-

<T> = e(t)

f n() e(, t)"dVT

u
'T

or f p() F;(, t) dVT
<T> = VT (3.5)

f n() p() F;(, t) dVT

VT
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mate1y constant around latitude circles so that the longitude integra-

tion can be carried out yielding:

The derivation of eqn. (3.6) 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 a1.,

1976; Watson et a1., 1977).

T
1

K [HO]
(3.7)

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 so K is K = A exp [ - E/T]

where T is the average temperature of air in the troposphere. [HO]

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) [HO](~) in eqn. (3.3) can simply by replaced by

K [HO].

TT/2 zT

f f p coscp dzdCP

-TT/2 0 (3.6)<T> ::::

TT/2 zT

f f T) p cosCP dzdcp

-TT/2 0
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Jenq Sian Chang and F. Kaufman (1977a, 1977b) attempted to mod-

ifyeqn. (3.7) to incorporate some of the features of the real atmos-

phere. It 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 T, by eqn. (3.8) given below:

z-'T'
= 1 - 1 f

~

T = ~ ; n = -- K [HO] dz
n zT

o

K = A e -E/(To - lz)

(3.8)

(3.9)

Here T is converted to a function of z by T = T - lz where T is theo 0

average ground level temperature of air over the whole earth, and R

is the average temperature lapse rate in the troposphere.

(3.10)

Eqn. (3.10) followsfrom eqn. (3.9) by assuming

T
o

lz
(3.11)1

T
1=

which is just the Maclaurinseries expansionof [T (1 - lz/T )]-1,o 0

K '" A e-E/To
El

z]exp [ - --
T2

0

-az El
K '" K e ; a = -2"0 T

0
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and is a very good approximation for the atmospheric values of !, Zr

and To. (zT is the average tropopause height). The HO concentration

was taken to be:

[HO] = [HO]o
-z/he (3.12)

where [HO] is the mean HO radical concentration at ground level. ho

was taken to be H or = (where H is the scale height of air density).

When h = =, it implies that the HO density is constant with height in

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

Las:

(3.13)

(3. 14 )

The main problem is that T is based on eqn. (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 molecules of the trace gas per unit volume also

declines with height. This physical problem is manifested by not

weighting the average of L by the density of air, p. No doubt eqn.

(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

= 1 BZT
L =

K [HO] (1 - e-BzT)o 0

B = ex + ! = Et +!
h T 2 h

0
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average lifetime and the resulting numbers are different from each

other. Only one average is appropriate for describing the average

global destruction of trace gases by HO radicals (eqn. 3.6). For ex-

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 [HO](~)

Consider eqn. (3.6) first. In 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:

,

-TI
a - ~ ~~ -~2 0

~ = ~ (a+ b) + (b2;oa)~ ~o < ~ < -~o (3.15)

b ~ ~ ~ ~ TI/2o

troposphere, and ~ is usually about TI/6. If po
-z/h

[HO] (~) e , theneqn. (3.6)becomes:o

dF,/dz =: 0 in the

-z/H= p e and [HO]o

This profileis discussedfurtherin chapter8.

ample, we can say that the lifetime at any location is T(Z) = l/n(z),

h h l'f ' ,-,. 1
zT

so t at t e average 1 et1IDe1S T =- f T(z)dz, then using K =
zT 0

f3z-az - -z/h
gives T" = [1/ (K [HO] )]K e ; [HO] = [HO] e [(e T - l)/f3zT].0 0 o 0
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-ZT/H
rH (1 - e )

(1 - e-rzT)

1

k [HO]o 0

(3.16)

TI/6

(Note that: J
-TI16

[HO] (.). cos. d. = a so that the (b-a)/Z. termo 0

does not enter into eqn. (3.16). This is true as long as [HO] (.) iso

symmetric about the equator, i.e., [HO] (.) = [HO] (-.) for -TI/6~ . ~o 0

TI/6.) Equation (3.16) is derived assuming that a single average air

density scale height and lapse rate of temperature can be assumed

symmetries assumed here, the values of . , a, and b do not enter intoo

equation 3.16) for the lifetime.

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

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

K is derived as follows:

(3.19)

1 1
(3.17)where r = a + - + -H h

TI/2

[HO] = f [HO] (.) cos. d. (3.18)
0

-TI/2

throughout the atmosphere. It is assumed that h, H, £, zT' Po
and k

0

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

as those which define (3.16).

T = T - £z
0

zT

f pTdz
<T> :::

0
= T - £w

zT 0

f p dz
0
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(3.20)

(3.21 )

Eqn. (3.21) is the usual assumption (see for example Watson et al.,

1977). Deriving [HO] is difficult, because in practice it is more an

intelligent guess than a calculation. Still, it should take the fol-

lm.;ring form:

[HO] = .L
zT

Z rr/2

{t J
o -rr/2

-z/h
[HO] (~) cos~ e d~dzo (3.22)

[HO] o (3.23)

T =
1

K [HO]o 0

(3.24 )

Eqn. (3.24) is another version of eqn. (3.7) which is most commonly

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

o is the measure of how different T of eqn. (3.7) is from <T> of eqn.

(3.6). Obviously 0 depends in a complex way on the activation energy,

ZT
w = H -

(e zT/H - 1)

-CLW EtK '" K e
; CL= 170

0

T = 0 <T>

CLW -fz

(3.25)

zTe (1 - e
T

6 =
)

-z /H .

(3.26)

rH(l _ e T ) h ( -zT/h. l-e )
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E~, so that agreement between T and <T> will be different for different

trace gases. Similarly, one may define o~ so that

T = o~ <T> (3.27)

-rz T
BZT (1 - e )

rH (1 _ e-ZT/H)(1 _ e-BzT)
(3.28 )

o~ measures the difference between T, the lifetime derived by Chang

and Kaufman and the lifetime implied by eqn. (3.6). o~~ is defined by

T = O~~T, o~~ = 0'/0. O'~ 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

(trichloroethylene). C2HC13 was chosen because its E~ is negative

(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>, T and T

Trace Gas <5 c 15

h=H h=oo h=H h=oo h=H h=oo

C2H6 1. 62 1.20 1.35 1.24 0.83 1.03

Hz 1.55 1.16 1.33 1.22 0.86 1.05

CHClFz 1.41 1.09 1. 29 1.17 0.92 1.07

CH3CC13 1.37 1.07 1. 28 1.15 0.93 1.07

C2HC13 1.11 1.01 1.10 0.96 0.99 0.95
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It was assumed that T = 288°K, ZT = 12 km, H = 9 krn and I =o .

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

h = ~ (scale height of HO). ~ost theoretical models do not support

this assumption (see for example Atkinson et al., 1979; Crutzen et al.,

1978; Crutzen and Fishman, 1977; Levy II, 1974; Penner et al., 1977;

Warneck, 1975; Stewart and Hoffert, 1975). When h = H, the disagree-

ment between <T> and T is quite large, so that T overestimates the

lifetime by -40% for CH3CC13 and CHClF2. Similarly <T> is also in dis-

agreement with T, 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 lifetime equation de-

rived by Chang and Kaufman (T) was in very close agreement with T

IlK [HO], for all the gases studied and for both conditions (h = ~ and

h = H). So, there is little point in using T since it gives the same

answer as the simpler equation T = IlK [HO] which is commonly used. In

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

times than previously estimated. They assumed [HO] = 1 x 106 mole-o

cules/cm3, but when they assumed h = H, it meant that [HO] ~ 5.5 x 105

molecules/cm3. 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 8, 8' and 8" are so constructed as to

be independent of the assumed global average of HO radical density

([HO]) (also independent of K ), so they reflect more accurately theo

model dependent effects.
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This leaves equations (3.7) and (3.16) to choose from. The choice

depends on the height variation of HO density. The faster the decline

of HO concentration with height, the larger the 0 will be. Many theo-

retical models give h < H, on the average, rather than h > H (for exam-

pIe: h - 8 km for winter, and h - 12 km up to about 7 km height and h

4 krn above 7 km height to the tropopause, for the summer (Levy,

1974); h - 8 km (Penner et al., 1977), h - 5 krn (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 a rather simplified form of the more basic

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

-z /HT
H(l - e )

K [HO] Go 0

(3.29)

G -8z
e g(z)dz; 8 El + 1

T2 Ho
(3.30)

In eqn. (3.30), g(z) is the function which describes the height varia-

tion of HO density so that [HO] ~ [HO] (~)g(z). Aside from the problemo 0

of knowing g(z), the assumption regarding symmetry of the HO about the

equator between -~/6 < ~ < ~/6 may not be justified, in which case the

"b" and "a" (concentrations of the trace gas) may also enter into the

lifetime equation. The latitudinal variation of l (lapse rate), K,

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 <T>. Further-

more, the details 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 in this study attention

is primarily confined to trace gases with lifetimes ~ 3 yrs. Eqn.

(3.6) can be solved with the inclusion of many of these features, but

the resulting equation 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]. In the next section CH3CC13 is used to derive [HO] and [HOlo 0

with the result that values of [HO] are calculated to be between 3 ando

6 x 105 molecules/cm3 (as the global mean, yearly ground level HO con-

centrations). Most calculations reported in the literature simply as-

surne 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 (3.16) is used to calculate

the lifetimes assuming that h = H. Calculations assuming that h > H

(h - ~) were also carried out but for these calculations [HO] is ta-o
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(3.16) and the resulting lifetimesare approximatelythe same under

both assumptions. The rationale for adopting smaller [HO) valueso

,.hen h ~ 00 is evident from the discussion of the next section. Whether

h = H or h = 00, the budget lifetime of CH3CC13 remains unaffected. If

we assume h = H, smaller values of rHO) suffice to explain the budget

lifetime, if h = 00,it requires larger values of rHO] (but smaller val-

ues of rHO] ) to explain the same lifetime.o

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

Table (3.2): Lifetimes of Some Trace Gases

Due to HO Radical Interactions.

Trace Gas Lifetime

(yrs.)

Probable
Lifetime

(yrs.)
Trace Gas Lifetime

(yrs.)

Probable

Lif et ime

(yrs.)

ken to be 2.1 - 4.2 x 105 molecules/cm3. (In this case [HO) = [HO)0

and r in eqn. (3.16) is EtlT2 + l/H.) The smaller values of [HO) as-0 0

sumed for h 00 offset the effect of going from h = H to h = 00 in eqn.

CH3Cl 2.7-5.4 3.2

CH2C12 O. 9-1. 8 1.1 CH2F2 24-48 30

CHFC12 4-9 5 CH2FCI 3.7-7.4 4.5

CHF2Cl 34-68 40 CH3CHF2 2.6-5.2 3.2

CH2ClF 3.2-6.6 4 CH3CF2Cl 36-72 44

C2C14 O.8-1. 6 1 CHFClCF3 14-28 17

C2HC13 0.03-0.06 0.04 CHC13 1.2-2.4 1.5

CH3Br 3-518 3.6 cas - 2
CH4 20-40 25 H2S 1-2 weeks 8 days

C2H2 0.1-0.2 0.13
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The probable lifetime given in Table (3.2) is based on the assump-

tion that the lifetime of CH3CC13 due to HO interactions is 9 yrs. This

is the most reasonable estimate based on the current data. The reaction

rate constants for CHzFZ' CHzFCl, CHzC1Z' CzHZ' CH3CHFz, CH3CFzCl and

CHFClCF3 are taken from Atkinson et ale (1978). The rate constants for

the remaining species are taken from D~~ore et ale (1979). The lower

limits of the lifetime are true if the lifetime of CH3CC13 with re-

spect to HO interactions is - 7 yrs, and the upper limit is true if the

CH3CC13 lifetime with respect to HO interaction is - 14 yrs. Both lim-

its are within the range of feasible lifetimes and as mentioned before

THO (CH3CC13) ~ 9 yrs. is used to calculate the single value in column

3.

The lifetimes that are sho~~ 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 [HO] the

equation adopted for this study actually gives shorter lifetimes than

the usual method of estimating lifetimes by T = {K [HO]}-l. 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 CHFClz (F-2l) and CHFzCl (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-2l for further consideration. If the lifetime of F-2l 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 cha1-

lenged. The case for the longer lifetime of F-2l can be strengthened

by the following argument: Consider the more general equations (3.29)

and (3.30) for F-2l and CH3CC13 (MC)

<T>F-2l
=

-z /H
H (1 - e T )

K (F-2l) [HO] G(F-21)o 0

(3.31)

<"r>XC=
H (1 _ e-zT/H)

K (MC) [HO] G(MC)o 0
(3.32)

<T>MC

<T>F-21

= K (F-2l)G(F-2l)o
K (MC)G(l1C)o

(3.33)

z

G(F-2l) =JrT e-8(F-21)zg(z)dz
o

G(MC) -8(F-2l)z g(a)dze

o

Since 8(F-2l) = 0.204/km and 8(MC) = 0.225/km, G(F-21) = G(MC) so that

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

based on the generally accepted rate constants K(MC) = 2.5 x 10-12 exp
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l450/T] cm3 per molecule-sec. and K(F-2l) = 1.5 x 10-12 exp

l184/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 = l/K [HO] so that

T(MC)/T(F-2l) = K(F-2l/K(MC) = 1.64 T = 266°K). So, if the [HO] esti-

mate is raised to give <T>(F-2l) = 2 yrs, then <T>(CH3CC13) 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-2l and the - 5 yr lifetime

calculated here are: (i) the true rate constant of F-2l reaction with

HO is faster than the currently accepted values; (ii) the true CH3CC13

rate constant is slower than currently accepted, or (iii) both rate con-

stants are correct but there is a bigger source of CH3CC13 than cur-

rently assumed and the <T>MC is 3 yrs and (iv) the lifetime of F-2l

is - 5 yrs. The second and third possibilities would both lead to the

prediction of higher HO concentrations in the troposphere (to [HO] -

0.7 x 106 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-2l) = 4.75 x 10-12 exp r - l43l/T]. These measure-

ments were made for 293°K ~ T ~ 4l3°K, which is a higher range than

that needed for tropospheric calculations. It is also possible that

F-2l has other sinks than HO which could lower its global lifetime,

long lifetime of CH4 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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l450/T] cm3 per molecule-sec. and K(F-2l) = 1.5 x 10-12 exp

[ - l184/T] (DeNore et a!., 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 = l/K [HO] so that

T(MC)/T(F-2l) = K(F-2l/K(MC) = 1.64 T = 266°K). So, if the [HO] esti-

mate is raised to give <T>(F-2l) = 2 yrs, then <T>(CH3CC13) 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-2l and the - 5 yr lifetime

calculated here are: (i) the true rate constant of F-2l reaction with

HO is faster than the currently accepted values; (ii) the true CH3CC13

rate constant is slower than currently accepted, or (iii) both rate con-

stants are correct but there is a bigger source of CH3CC13 than cur-

rently assumed and the <T>MC is 3 yrs and (iv) the lifetime of F-2l

is - 5 yrs. The second and third possibilities would both lead to the

prediction of higher HO concentrations in the troposphere (to [HO] -

0.7 x 106 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-2l) = 4.75 x 10-12 exp r - l43l/T]. These measure-

ments were made for 293°K ~ T ~ 4l3°K, which is a higher range than

that needed for tropospheric calculations. It is also possible that

F-2l 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-2l and F-22 are concerned, there are about 1-2 ppt of

F-2l 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 CH4 (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 CH4 is its reaction with HO radicals. If

this is true, then since the CH4 reaction rate with HO is slower than

the reaction rate of CH3CC13 with HO, it implies that a 2-3 yr life-

time of CH4 would lead to a CH3CC13 lifetime of less than - 1 yr. Cer-

tainly the CH3CC13 budget cannot support a lifetime this short. To re-

solve this difference between the CH4 lifetimes, one has to either con-

sider a much faster CH4 sink other than HO reactions (implying that HO

does not control the CH4 budget) or one has to cut down substantially

the estimated CH4 source. Neither of these possibilities can be dis-

missed with information currently available. It is very difficult to

accurately estimate the CH4 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 CH4 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 1012 g/yr, > 3 times the an-

thropogenic CO contribution). If CH4 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 CH4 "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 CsHa(isoprene) are currently

being studied. The possible results of this evaluation could be that

CsHa would compensate for the CO production from CH4. CH4 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, CH4 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.

pellents and may come into greater use as F-ll 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 H2S is minor compared to atmospheric
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reactions with 0, 02, and 03 (lifetime < _ a day). For very short-

lived species such as acetylene (C2H2), CzHC13' and H2S equations for

<T> and T would require some modification to obtain more accurate re-

suIts 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 halo carbons also react with O{lD) (e.g., F-2l, F-22) , with

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

reactions, but this is overvlhelmed by the smallness of the O{lD) 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 or i-

gin is often made on the basis of their reactivity with tropospheric
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HO radicals (e.g., CH3CC13). 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,

CH4, S02' N02, and a variety of ha1ocarbons. Consequently, consider-

able research efforts have been made, both in the measurement of HO

radicals (Davis et a1., 1976; Penner et a1., 1976; and Campbell et a1.,

1979) and in theoretical estimates of HO concentrations and distribu-

tion (Warneck, 1975; Crutzen and Fishman, 1977; Levy, 1974; Penner et

a1., 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(lD) with H20:

(3.34)

The production of O(lD) is photochemically controlled by the reactions

03 + h ~O(lD) + 02, O(lD) + N2 -+- 0 + N2 and O(lD) + 02--+-0 + 02"

(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, CH4, and N02. Various other losses are reviewed by Levy II

(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) = pet) - L(t) ~ 0dt (3.35)

L(t) ~ n(HO) Q(t) (3. 36)

n(HO) =RQ (3.37)

or

n(H02) n(NO) K2 + n(HN03) J1 + n(HN02) J2

+ 2n(H202) J3 + n(CH302H) J4} ~ {n(N02) K3

+ n(NO) K4 + n(HN03) KS + N(CO) KG

+ n(H202) K7 + n(H2) Ka + n(CH4) K9

where n(x) is the density (molecules/unit vol.) of species x. Eqn.

(3.38) is derived by Levy II (1974). The complete list of the loss

and production reactions along with the rate constants are given in

Levy's (1974) paper. In Warneck's study (1975), two productionmech-

anisms are used: the O(lD) reaction with H20 and the conversion of

H02 by the reactions H02 + NO 4 HO + N02 and H02 + 03 4 HO + 202. Re-

action of HO with N02, CO, and CH4 are the destruction mechanisms,

leading to:

n(HO) = {2n[0(lD)]n(H20)Kl + n(H02) [n(NO)K2 + K3n(03)]} +

(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 n(HO), by putting in the height and 1ati-

tudina1 variations of the molecules involved. Eqn. (3.39) is suffici-

ent for most of the troposphere~ but the inclusion of Hz may be re-

(-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 (CsHa),

for example, has a reaction rate constant with HO of 6 - 8 x 10-11 cm3f

molecule-sec. (more than 200 times faster than CO) and ~ 3 ppb ambi-

ent concentrations have been reported (Rasmussen~ private communication;

see also Graede1, 1978; Zimmerman~ 1979). In 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 p1ants~ pioneered by Rasmussen, Went~ and Sanadze, is ex-

tensive and cannot be properly reviewed here, but the interested reader

is referred to the publications of tbese authors). Up to now an eva1u-

ation of the effects of isoprene and similar species on the HO densities
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in the boundary layer, has not been carried out. 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). neRO) rapidly approaches 0 as the

night falls. n(HO) decreases sharply with increasing latitude, both

through lowered H20 density and through lower production of O(ID).

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 O(ID», decrease in length

of day and lower values of n(R20). The height profile is affected pri-

marily by the balance between the increase of O(ID) with altitude, and

the sharp decline of n(H20) with altitude as well as the scaling of

K3, KG and K9 along with n(CO), n(CH4) and n(N02). 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 neRO) with height,

throughout the troposphere, especially in low latitudes (see also Crut-

zen and Fishman, 1977). Latitudinally, n(HO) is believed to be higher

at given southern hemisphere latitudes than the comparable northern

hemisphere latitudes. Since CO is by far the strongest' sink for HO be-

cause of its high ambient concentrations and relatively fast reaction

with HO, the latitudinal distribution of CO (see for example Seiler and
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Junge, 1970) controls the latitudinal distribution of HO. It is be-

lieved that there is a significant difference between CO concentrations

in the two hemispheres, 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 CH4 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

CH3CC13) can go up leading to serious environmental effects.

Since there are diurnal, seasonal and latitudinal variations of

n(HO), the globally and yearly averages n(HO) = n(HO) = [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 106 molecules/cm3 at 21 32°N latitude, at about noontime

in October and at the altitude of 7 km; Per.ner et al. (1976) report

lower tropospheric n(HO) levels of 3 - 7 x 106 molecules/cm3 on bright

days during August at - 5loN. Closer to winter n(HO) dropped, often

below detection limits. Campbell et al. (1979) have reported n(HO) at

- 3 x 106 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 106 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 [HO]. 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, CH4, and N02' as well as the knowledge of

H20 density. Furthermore, it requires knowledge of several photochem-

ical rate constants as functions of time of year, cloudiness, etc.

Another method for deducing [HO] is to consider the atmospheric

budget of some trace gas whose dominant loss in the troposphere is re-

action with HO 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.

(ii) If the main tropospheric loss is through HO reactions, then the

tropospheric lifetime, T, of the trace gas can be substituted into the

- ---1 -
equation[HO]~ [K T] to give [HO] or into eqn. (3.16) which is 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. Love1ock (1977) suggested CH3CC13 (methy1-

chloroform) as the trace gas suitable for such a study. Singh (1977a,

1977b) independently presented some calculations of [HO] based on

CH3CC13' Other trace gases such as CO can also be used, but CH3CC13

is exceptionally suited for such an analysis. Its 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 [HO] will be calculated consistent with

range of budget lifetimes of CH3CC13 calculated by various researchers.

The global lifetime of CH3CC13 is given by:

11= 1lh + 11 + 11o s (3.40)

where 11h = liT and T is the global lifetime of CH3CC13 due to hetero-h h

geneous reactions, most prominent of which are the sandy surface reac-

tions or losses of CH3CC13 in dust sborms (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. 11 =o
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lITHO where THO is the global lifetime of CH3CC13 with respect to hy-

droxyl radical reactions. n = lIT where T is the effect of thes s s

stratospheric sink on the global concentration of CH3CC13. TS' THO'

and Th are all weighted lifetimes and so THO is slightly different from

the lifetime <T>HO which can be deduced from eqn. (3.16). This will be

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

T
en (3.41)

1 1
where T = 1/n. a = - +-, T Th s

In Figures (3.1) - (3.2), THO 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. Methy1ch1oroform has highers

absorption cross sections for 186 nm ~ A ~ 226 nm than do F-11 and F-12:

tios, with height, in the stratosphere are given in Crutzen et a1.

(1978) (for F-11, F-12, CH3CC13 and other trace gases). T between 30
s

and 50 years are, therefore, likely values for the stratospheric con-

tribution to the global lifetime of CH3CC13. The "sand sink" T is
, h'

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

Th' THO and Ts compete with each other in the global lifetime T (deter-

mined from budget methods). Thus the presence of Th and TS makes THO

o(CH3CC13) > o(F-1l) > o(F-12) (DeMore et a1., 1979). Consequently, its

stratospheric lifetime is expected to be less than 50 yrs. (which is

estimated for F-1l). Theoretical profiles of the declining mixing ra-
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longer than one would otherwise 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 Tn is between 100 and = years, then THO is between 7.1 and 20 yrs.

From the data considered here the most likely values of THO are 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, THO which determines the [HO] needed to explain

the budget of CH3CC13' It was indicated before that Th, TS and THO

are weighted lifetimes.

1

<~>HO

+ (3.42)

where E = ~U/~T' ~u is the mean stratospheric mixing ratio and ~T 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 is clear that the first term is liTHO' so that

(3.43 )
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E is between 0 and 1. E = 0 indicates that there is almost no CH3CC13

in the stratosphere due to (slow) mixing and fast destruction. E = 1

indicates that the mixing ratio of CH3CC13 is constant with height in

the stratosphere at the same value as in the troposphere. So, E cannot

be either 0 or 1. Values of E from 0.2 - 0.5 are justifiable. Since

NS/NT is small, <T>HO does not depend very critically on E and will be

assumed to be 0.5 here. This gives <T>HO = 0.9 THO. From equation

(3.16) [HO] can be written as:

[HO] =

-ZT/H
)

2
- e

\

-rZT
)e Ko

(3.44)

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). H is taken to be 9 lan, zT = 12 lan, To

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 TS between 40 and 50 years and Th between 100 yrs and ~

[HO] is between 1.8 and 3.4 x 105 molecules per cm3 and the ground

level global average is between 3 and 6 x 105 molecules per cm3

([HO] ).o

Because [HO] not only has to explain CH3CC13 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 CH3CC13, with

Lh between 100 yrs and m and LS = 40 yrs, [HO] is 3.6 - 3.8 x 105 mole-

cules/cm3. As a result of this analysis it can be concluded that Lh >

50 yrs, [HO] is between 1.8 - 3.4 x 105 molecules/cm3 and [HO] is be-o

tween 3 - 6xl05 molecules/cm3.

There are many uncertainties in such calculations and some of

these will be reviewed now. First the rate constant K , assumed here,o

may be too fast. D~~ore et al. (1979) quote an uncertainty in E (for

K = A exp (-E/T » of z l50oK. Taking the average E + l500K giveso 0

l6000K instead of l4500K assumed here. This would slow down the reac-

tion to about 0.6 of its former value (K = O.6K ), which would innew 0

turn require, approximately, 68% more HO radicals to achieve the same

effect as that of the K with E = l450oK. Therefore, all calculationso

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)

-zT/H
r"H (1 - e )

(1 - e-r"zT)

becomes:

[HO]new = (3.45)

r .. Et
= T'""7+ l/H

o
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Keeping the other assumptionsthe same, [HO] ~ 1.28 [HO] (eqn. 3.44)new

so that the average HO concentration required would be about 28% larger

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

quired will be smaller, i.e., [HO] ~ 0.71 [HO] (or - 2 - 4 x 105onew 0

molecules/cm3 = [HO] ). Finally, the presence of other sources andonew

sinks, as well as the uncertainties in determining the global release

and budget from measurements, all contribute to the uncertainties in

determining [HO] by this method. These problems cannot be resolved by

simply invoking more sophisticated transport theories. On the other

hand, direct experimental determination of [HO] in the troposphere 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), [HO] or even IHO] (thanobtainedhere) for many years to come.o

It is desirable to measure trace gases other than CH3CC13 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 CH3CC13' 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 1ife-

times of trace gases with respect to hydroxyl radical interactions. A

simple equation was proposed (eqn. 3.16) and some of its variations

were discussed. This equation has a better physical basis than other

equations used for evaluating glo~al 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 HO 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 CH3CC13, uncertainties in measurements and

estimates of anthropogenic release and uncertainties in the reaction

rate of CH3CC13 with HO. The other available methods for determining

HO concentrations were also discussed, but none of them are expected to

predict HO concentrations with any better accuracy.

Using the equation developed in the beginning of the chapter and

the HO concentrations determined from CH3CC13 budget, the lifetimes of

several trace gases were calculated. The lifetimes determined were

generally higher than previous estimates. The particular example of

CHC12F (F-2l) was considered in more detail. The most logical conc1u-

sion seemed to be that the lifetime of F-21 is longer than previously

estimated. The effects of smaller than previously expected HO densi-

ties on the CO and CH4 global budgets was also discussed. It is pos-

sible that the current understanding of CH4 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

After this chapter was written, two new studies were reported on

the reaction of CH3CC13 with HO radicals (Kurylo et a1., 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

CH3CC13 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,

CH2CC12 in particular, affected the previous experiments, due to its

extremely fast reaction with HO. Presumably, the new experiments used

highly purified CH3CC13 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

is that now, with these new rate constants, the lifetime of CH3CC13 can

be long, but the lifetimes of other trace gases can be shorter than re-

ported here (or by Graede1, 1978).
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The preliminary study of the effects of the new rate constants

is reported next. First, the probable new [HO] values are deduced.o

Since <T>CH3CC13 deduced by budget methods is not altered by the new

rate constants, eqn. (3.16), applied to CH3CC13, can be used to obtain:

r* J1

r (1

[HO]O*-
[HO] 0

(3.46)

(3.47)

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

constant).

K = 2.5 x 10-12 exp ( - 1450/T)

K* = 5.4 x 10-12 exp ( - 1810/T)

[K] = cm3 / molecule - sec.

(3.48a)

(3.48b)

[HO] * = 1.76 [HO]o 0
(3.49)

(3.50)<T>* = 0.57 <T>

Equations 3.49) and (3.50) are the approximate correction factors which

can also be applied to figures (3.3) to (3.5). These reveal that

ground level [HO] should now be around: (0.5 - 1) x 106 mo1ecu1es/o

cm3, and the globally averaged [HO] should be between 3 x 105 - 6 x 105

molecu1es/cm3 - probably nearer the upper limit or - 6 x 105 mo1ecu1es/
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cm3. As a result, the most probable lifetimes, based on Rasmussen's

five years of CH3CC13 measurements (see Chapter 2), are modified to

the following numbers:

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 CH3CC13 + 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

Table (3.3). Revised Lifetimes of

Some Trace Gases

Trace Gas Lifetime Trace Gas Lifetime

(yrs) (yrs)

CH3C1 1.8 C2H2 0.07

CHFC12 3 CH2F2 17

CHF2C1 23 CH2FC1 2.6

CH2C1F 2.3 CH3CHF2 2

CH3Br 2.0 CH3CF2C1 25

CH4 14 CHFC1CF3 10

CHC13 0.9 COS - 1
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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 CH4 budget

are still required to explain its lifetime. The CH4 + HO rate

is still slower than the CH3CC13 + HO rate constant. Furthermore, it

is no longer possible to use large HO densities to arrive at short

CH3CC13 lifetimes. It is much more probable now that the lifetime of

CH3CC13 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

CH3CC13, are still in question, as they have always been. The effects

of the new CH3CC13 rate constants are currently under study and more

detailed conclusions will be reported later.
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Th= Lifetime due to
surface react ions

THO= Lifetime due to HO
radical reactions
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Figure (3.1a): The relationship between the total
lifetime of CH3CC13 and the component
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Figure (3.2): The relationship between the total

lifetime of CH3CC13 and the component
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Figure (3.3): Average HO densities deduced from CH3CC13measurements (T = 30 years)s
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Figure (3.4): Average HO densities deduced from CH3CC13 measurements(T = 40 years)s
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Figure (3.5): Average HO densities deduced from CH3CC13 measurements(T = 50 years).s
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CHAPTER 4. A.'l 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.

CFC13 (F-11), CC12F2 (F-12), CH3CC13 and CHC1F2 (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 accumulatingsince it belongs

to this class and since rather high concentrations of F-22 have recent-

1y been detected (Rasmussen, 1979). CO and C02 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 in the atmospheric concentrations of these long-lived

trace gases is intimately related to the rise in the anthropogenic con-

tribution. For example, if the anthropogenic source rises exponen-

tia11y, 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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CH3CC13 it is 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 if the source strength is large

and the lifetime long, the atmospheric concentration will still show a

rise until a concentration ~ is reached where ~ = ST (S = sources s

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 release of any chemical cannot continue at a single ex-

ponential rate forever because there are limits to growth. In any

case, when the carefully compiled estimates of the anthropogenic re-

leases of F-ll, F-12 and CH3CC13 (as well as C02; Rust et al., 1979)

are considered, it is found that they are described by exponential

growth "on the a.verage," at least for the period from the 1940's to

now. Sometimes a sequence of exponential rates is used to describe the

source term. For the particular case of CH3CC13 the single exponential

function aebt is always used in the literature (see for example Chang
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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

CH3CC13 is not adequately characterized by aebt (t = 0 around 1962).

If b is written as b = <b> + b' where <b> is the aaveragea usually

adopted value of b, and b' are fluctuations of the rate in the source

term, then max Ib" actually exceeds <b>. So CH3CC13 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 C02' but there the cyclic effects are of completely dif-

ferent origin from CH3CC13. The main exponential growth term in the

observations of C02 at ~fuuna 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 C02 from fossil fuel burning. 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 is described by an

exponential function, but superimposed on this function are cyclic var-

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

by:

1n 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

dl;;= S(t) - 111;;dt (4.3)

where I;;is the mean global concentration and 11 = lIT where T is the to-

tal global average lifetime assuming that the destruction of the com-

pound takes place by first order processes only. 11is the strength of

the sink; the smaller 11is the less effective the sink is in removing

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

t
-l1t -l1t f S(t") el1.t"dt" (4.4)I;;= 1;;e + e0

0
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If S(t') is given by eqn. (4.2) and the value of a is small so that

max Ib'l = a is small enough, then S(t') can be written as

bt
S(t) = ae [1 + a cos (wt+ ~)] (4.5)

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

S(t') = aebt [1 + ~l (t»), or ~i(t) = S(t) -b~ebtae This ~l can then

be approximated by a cosine function.

The integral in eqn. (4.4) can be solved using the techniques

discussed in Chapter 9 or by other standard techniques. The result of

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

t

e-ntf e(b+n)t'cos (wt' +~) dt'
o

= w
{

bt . b+n
e [s1n (~+wt) + --- cos (wt+~)]w

_ [sin (~) + (b+n) cos ~] e-nt}w
(4.6)

Substituting in eqn. (4.4), the predicted concentration at time tis:

E;(t)

..

(4 . 7)

_ sin (x) + b+n cos (x)w (4.8)
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Assuming that the source term is described by a single average exponen-

tia1 ignores the superimposed fluctuations given by cos (wt - ~) in

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

1im s(t) =~(t) = (s _ ~ ) e-nt + ~ ebt~ 4 0 0 b+n b+n
(4.9)

If the source is described by (4.2) or aebt for a long time (i.e., t =

o is far enough in the past), then it is possible to drop terms con-

taining e-nt since both sand a/b+n are small and counterbalance eacho

other. sand a/(b+n) are small when most of the release has takeno

place after t = O. Similarly, for the fluctuating source theory in

eqn. (4.7), [s - a/(b+n) - f (~)]e-nt may be neglected if it is smallo 0

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

w ~ a

~(t) = ~(t) + w2+(b+n)2

(4.10)

Eqn. (4.10) summarizes the theoretical predictions of the atmospheric

mean concentration (or total burden) when the source term is f1uctua-
-

ting (~) and when the fluctuations are disregarded (~).

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

~(t) = ~(t)[l + ~w(b+n) f (~+Wt)]

w2+(b+n)2 0

(4.11)

where s(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.
-nt

The transitory term (e ) can

be dropped whenever the ratio of this term to the main growth term

(ebt) falls below some specified value E (for exa~p1e, 1% or E = 0.01),

then eqn. (4.11) applies for all times t > t* where t* is given by

eqn. (4.12).

t* = b~n 1n [ ~ (g - 1)]

(4.12)

g = F; (b+n)!ao
bt

(when S = ae )

b+n
w a a f (<1»](-)

g = [F;o - w2+(b+n)2 0 a

bt
(when S = ae [1 + a cos (wt + <1»])

(c) Effects of Source Fluctuations on Lifetime Calculations.

If cyclic source fluctuations are present but are ignored in the

calculation of lifetimes by budget methods, then such calculated 1ife-

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 = 2~/w. Inaccuracies are largest when a is

large, but in such cases it is most likely that an investigator would

recognize the deviation of the source term from a sirtg1e exponential

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

Suppose there is a trace gas whose source is actually described

by eqn. (4.2) but the cyclic term is ignored and "on the average" S is

bt
taken to be = ae After a sufficiently long time of such release,

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

- a bt
~(t) = b+n e (4.13)

Suppose a measurement of the concentration is made at time t and iso

found to be ~(t). Assuming the measurement to be ideally accurate,o

For t » o,F is approximately the ratio of the measured burden at timeo

t to the total release up to time t (assuming S = aebt). In the dis-o 0

cussion of this section F will always be the quantity ~(to)/[~ ebto].

Assuming that the f ($) term in eqn. (4.7) can be neglected,o

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. :

the lifetime can be calculated as:

F
T =

(4.14)0 bel-F)

F;(t) bt
F

0
, RT = (a/b) e 0

(4.15)=

t

S = f 0 S (t')dt' = a (ebto - 1)
(4.16)T b

0
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f (</> + wt). If t happens to be a time at which f (</>+ wt ) = 0, then00000

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 ignoring the fluctuating term in the source function.

On the other hand t could be a time where f (</> + wt ) takes on its000

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

f (</> + wt ) takes on extreme values:o 0

w2 » (b+T})2 =>

F + abE:w

b[l-F- abE: ]w

T = ( 4 .18)

w2 « (b+n) 2 =>
F

T =
b[ (l+E:a) - F]

(4.19)

where E: = + 1 if t is such that f (</> + wt ) is minimum, and € = - 1000

if t is such that f (</>+ wt ) is maximum.000

There is one more point that should be stressed before conclud-

ing this section. When the source is fluctuating, the quantity F de-

,.

!.=Il i- aw f (</>+wt)] (4.17)
b (b+n) w2+(b+n)2

o 0

As one would suspect, the lifetime expression involves the value of
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fined as ~(t)/~ ebt will not be constant, but will be given by b times

the right hand side of eqn. (4.17). So, if a series of measurements

of the global concentrations is made and then T is calculated for each

time of measurement, say Tk at times tok (k = 1, . . ., n), then

F(t k) = b[(b+n)-l + f (~ + wt k) (w2 + (b+n)2)-1] and thus the F(t k)000 0

will be fluctuating. If eqn. (4.17) is used to determine the lifetime

( = l/n), then these fluctuations will exactly balance out and Tl = TZ

= . . . T. If the usual expression (4.12) is used, the calculatedn

lifetimes Tok at tok will be different from each other, because F(tok)

will be different at each time.

If the values of T , calculated from a sequence of measurementso

of the concentration, are not all the same, then the expression (4.12)

is at least philosophically unsatisfactory. Measured values of ~(t)

used to calculate F show that F varies from year to year and therefore

so does Tok. If 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 ofmea~reroents fa not in its~lfa proof of source
OK

fluctuations. Of course, a T changing in time could be a real phenom-

enon if 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 CH3CC13 Source Function

Methyl chloroform is one anthropogenic trace gas in the earth's

atmosphere which has a relatively well known release history. The data

on 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 million pounds respectively)

1963 would no longer be in the atmosphere by the time measurements of

CH3CC13 were made. More important reasons for neglecting releases prior

to 1963 are that the total release up to 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 ~ (i.e., (~ - b+a » also reduces the importance
o 0 n

of the source term before 1963. ~ = 9 pptv and the term a/(b+n) iso

also close to this number for both the exponential and fluctuating

-nt
sources. Furthermore,the effectsare reducedby the e factor.

The analysis of Graede1 and A11ara (1976) led the authors to

supplied by Farber and Neely (1979). Figure (4.1) is a plot of In S

as a function of time. Here S(t) is the release in millions of lbs.

Since it appears that CH3CC13 has a lifetime of around 9 years

as discussed in Chapter 2, much of the amount released prior to about
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conclude that formation of CH3CC13 in the atmosphere is negligible.

In the absence of any other plausible sources it is safe to assume that

CH3CC13 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

bt
ae up to the present. Values of b are about 0.153/yr,or a 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, 1977; Makide and Rowland, 1979). As Figure (4.1) shown,

the assumption of pure exponential function is not really valid. In

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 ~l(t) by

In Set) - In a - bt = ~l(t) (4.20)

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

a cosine function is fitted to it, giving:

~l(t) = a + a cos (wt + ~) + ~2(t)o
(4.21)
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tion of the "true" source function Set) from aebt. It says that if it

. bt bt
1S assumed that Set) = ae , the error between the true Set) and ae

will be exp [Al(t)] at time t. Similarly, the second remainder func-

tion gauges the error between the true source function and the assump-

tion that Set) = a exp (bt) exp [Al(t»). The process can be continued,

but here A2 is 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 cycle 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 + Al(t)] can be made by looking at the average deviations of

the two functions from the "true" Set). The mean deviation calculated

N
by l/(N+l) L

N

I In S(ti) - (a + bti)1 and l/(N+l) L
i=o

I In S(t.)1
i=o

(a + bti) - a cos (wti + ~)I gives the values 0.12 and 0.04 respec-

tively. The A2 cycle after 1972 has not been included in these num-

bers.
bt

Thus, on the average,ae deviatesfrom the true source func-

where A2(t) is the second remainder function. The function A2(t) is

plotted in Figure (4.4) on the same scales as Figure (4.3).

The first remainder function expresses the magnitude of devia-
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tion by a little over 12% and a exp [bt + a 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 cyclic variation exists in the

source term of CH3CC13' 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). a in
o

eqn. (4.21) is 0.025 and is simply absorbed in In 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. In fact, it appears that there will be a general

decline in the production and release of CH3CC13 in the future (partly

because its production has caught up to demand, partly because 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 In 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, w2 » (b + n) and the

corrected phase " makes recent times the worst for ignoring source

fluctuations.

(e) A Look at 62(t) in the CH3CC13 Source Function

In general 62(t), as shown in Figure (4.4), is small in its ab-

soiLqte value, but ilr is worst for some of the years following 1972.
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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. In Fig-

ure (4.5) this cycle is isolated.

The ~2 plotted in Figure (4.5) is constructed as follows:

bt
S = ae [1 + a cos (wt + ~) + ~2] (4.22)

so that

S
~2(t) =~ - 1 - a cos (wt + ~)ae

(4.23)

This is approximately the same as

~2(t) = In S - (In a + bt) - a cos (oot + ~) (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 ~l. There are also other ways of computing ~2'

but in the end they are all more or less the same. Figure (4.5) also

shows the function:

(4.25)

where a* = -0.01, a* = 0.11, 00* = 1.57 = ~/2 rad/yr and ~* = 5.1 radi-

ans with t = 0 at 1/72. The third remainder function is: 63 = 62 [in

eqn. (4.23)] - (a* + a* cos (oo*t + ~*». The mean deviation of ~2 dur-

ing these years was about 0.072 and it is reduced to about 0.012 when

Eqn. (4.25) is subtracted, i.e., the mean deviation expressed in 63 is
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only 1.2%. The agreement between the release estimates and the cyclic

source function is 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 61-cycle. The re-

suIting additional term follows from the same analysis as that used for

~ = ~(t) + B(t - T) e-nt

t

J (4.26)

o

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

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

vious section to those which describe the 62-cycle. (T = 9 yrs)

B(t - T) is 0 for t < T and +1 for t ~ T. The integral in the second

term is:

+ b+n (cos (w*t+ ~* )] _w*
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The parameters ~* and a* were adjusted according to the results of

Chapter 9. Figures illustrating the source fluctuations for CFC13

(F-ll), CCllFl (F-12), and CHClFl (F-22) are included in Appendix I.

(f) Comparison of Theory and Observations.

In order to demonstrate the behaviour of the theory with fluc-

tuations, the ~, ~ and a are adjusted to obtain a smoothed source func-

tion corresponding to the function derived from the discrete emission

estimates (see Chapter 9). The results are (~ ~ 0.22, ~ ~ 1.91 radi-

ans, a ~ 2.42 pptv for the theory with S = aebt, and a ~ 2.49 pptv for

the fluctuating source theory which requires the addition of ~. (Seeo

Appendix I.) It should also be noted that time is taken to be zero at

compared in Figure (4.6). In this figure ~ is derived from the sourceo

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 6l-cycle has been ignored since it takes effect only over the

last few years.

In Figure (4.7) the two theories of Eqn. (4.7) and (4.26) are

plotted with the same values of ~', ~, ~', and a' as in Figure (4.6),

but with two alterations. First, the 62-cycle has been included in the

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 eqn. (4.9) are
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theoretical expression, and second, the lifetime has been readjusted.

In this figure the time series data of Rasmussen (1979) are used

to compare the predictions of the two theories (the observed values are

indicated by triangles (~». The lifetime chosen for the simple source

theory is T = 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, T =

11.8 years. This value is 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 a in the equationo

for ~l(t». Figure (4.8) indicates the deviation between observations

and the two theories given by o~/~ = 11 - ~ /~ I (100%) where ~ is thep m m

~ is the predicted concentration. The mean
p

measured concentration and

deviation for the predictions using S = aebt is 4% and that using the

a~ cos (oot+ $~) cycle is about 2~%. Inclusion of the ~2-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 (~lope of In ~(observed» is the main
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variable to be compared. For 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-

A

ing the intercept of the prediction eqn., In ~ = 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.)

T is the only free parameter and all the rest of the constants, w, ~',

a', a', b, a*, ~* 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. For 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', ~', b, a', w*, ~* and a* derived from the emissions data are
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just right to moderate the slope to a lower value (compared to 0.153/

yr) in addition to 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 is 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 I.

(g) Analysis of the CH3CC13 Observed Time Series Using Non-Parametric

Statistics.

In order to make a better case that the usual theory assuming

S = aebt 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 In ~ (ti), where ~ (t.) are the observed global concentra-m m 1

tions at time t..
1

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 In ~. given at times t. such that tl < t2 <...< t .1 1 n

Y. = a + St. + E., i = 1, ... , n111 (4.27)
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E.'S come from the same continuous population and are assumed to be1

mutually independent. The one-sided hypothesis to be tested is:

H: 6 = 6 (specified)o 0
(4.28)

versus the alternative that B < 6 (or 6 > 8). To do this, one de-
o 0

fines D. = Y.
1 1

B t. and calculates
o 1

(4.29)

(4.30)

The lowest level of significance, a, 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 H can be re-o

jected turns out to be a = 0.008, and this value will be adopted here.

One can note that H can be rejected in favour of the alterna-o

tive 8 < 80 at the lowest a if (~nd only if) 80 is such that Dl > D2 >

... > D. Similarly for the test of H versus 8 > 8 ,H can be re-n 000

n
C = I o(D. - D )

.<. J i1 J

where

I-

x > 0

o(x) = x = 0

x < 0

Therefore, H is to be rejected in favour of 8 < 8 if C - K(a, n) =o 0

K(0.008, 5); and similarlyfor the test of H versus the alternative0

B > B , H must be rejected for C K (a, n) = K (0.008, 5).o 0
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jected at the lowest level of significance, if and only if the slope

B is such that Dl < D2 < ... < D. Obviously these are stringent re-o n

quirements.

First the hypothesis:

H : B = 0.15/yr.o

is tested versus the alternative B < 0.15/yr. Calculations of C show

that C = -10. Considering the tabulated values of the Kendall's K-sta-

tistic, one finds that the hypothesis H : B = 0.15/yr must be rejectedo

in favour of B < 0.15/yr at the a = 0.008 level.

Similarly on the lower side, the hypothesis H : B = 0.07/yr ver-o

sus the alternative B > 0.07/yr can be rejected at the 0.008 level of

significance. In the case of CH3CCl3' the analysis suggests that the

value of B, in the observed growth given by aeBt, is very unlikely to

be bigger than 0.15/yr or less than 0.07 yr. Intuitively, 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 I have made it as difficult as possible to reject the hypothesis

H , yet was forced to do so. (The probability of making a type I erroro

has been made as small as possible.) The single source model of S =

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
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distribution free confidence interval based on the Theil test is de-

scribed by Hollander and Wolfe (1973). The 91% confidence interval

is (8L, 8u) and turns out to be (O.103/yr, O.133/yr). This means

that the probability that the slope is between O.103/yr and O.133/yr

is 91%. The Theil estimator for the slope (Hollander and Wolfe, 1973)

gives the slope of O.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 1n~ and time; thus it cannot be di-

rectly tested by this method. On the other hand, the period of obser-

vat ions covers a short enough time that the predicted concentration

function of the fluctuating source theory can be linearlized. It then

gives a slope of about O.131/yr. This cannot be rejected by testing

the two sided hypothesis H : B = O.13/yr versus 8 ~ O.13/yr. Such ao

result is to be expected since this predicted value of the slope is 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 In 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 exponential 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 S = (1 + E ) S(t),true s

so that the emissions data are systematically too low, then this would

affect the intercept but not the slope of the predicted function 1n~

a a a(l+Es)
= 1n (b+n)+ bt. (Inb+n+ 1n ~I_ ). Similarly,if the measure-

ments 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 O.lS/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 predictions of the simple

source theory (with S = aebt) even worse. Such a situation is possi-

b1e 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 is subject to the same reservations and would also re-

quire the coincidental occurrance of two unlikely events.

The simple source theory can only be resurrected by the intro-

duct ion of ad hoc hypothes.es regarding long term biases in the source

term or observed concentrations, otherwise the simple source theory

fails to predict atmospheric concentrations. It is possible that such
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effects have taken place in reai1ty, and therefore, the simple source

theory is correct in principle. On the other hand, the current know1-

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 appropriate here is the effects of possible

systematic biases in the observational data. Since there is a possi-

bi1ity that the observed values are high, if each number is reduced

by some factor (say 10%), the consequent change in the value of T

needed to fit the fluctuating source theory to data will cause a change

in the relative magnitudes of the predicted fluctuations. 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 CH3CC13' which has been considered

here, there are alternative methods of taking the source fluctuations

into account, which can give at least as good, or even better agree-

ment between theory and experiment. The main point to be kept in mind
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is that these methods are based on the source term which is not de-

scribed by the simple term aebt over a long time, but are simply al-

ternative ways of looking at the fluctuations. Two such methods are

discussed below: First, one may start with the solution of (4.3)

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

t

S(t) = 1: S(k)O(t-k)
k=O

so that (4.4) becomes (o(t-k) is the Dirac delta function):

t

~(t) =1: S(k)e-n(t-k) (4.32)
k=O

(4.31)

where S(k) is the release in the k-th year. By using eqn. (4.29),

~(t) can be calculated for any sequence 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). In reality this method

would also be taking source fluctuations into account in the same way

as the fluctuating source theory developed here. It is, 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 CH3CC13 are available for only

the last few years during which. period the source behaved very much

like S = a~eb~t (where b~ = O.083/yr rather than the long term value

of 0.15 - O.16/yr), one may use the solution of eqn. (4.3) given by:

(4.33)
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~ is the concentration at 1/1975. During 1975-1979 the residualo

function ~l(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 ~. Again, though this methodo

is good for CH3CC13' its applicability to more general situations is

limited. The purpose of the work developed in this chapter was to ex-

plore more general ideas and CH3CC13 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

1

a (b~ + n)/[w2 + (b + nJ2]~ compared to 1.

(2) When lifetimes are small and the rate of increase large

enough so that (b + n)2 > > w2, 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 is smaller than the magni-

tude of source fluctuations.

(3) The maximum (pr minimum) of the predicted concentration oc-

curs after a delay period relative to the maximum (or minimum) of the

smoothed source function. The delay period may be calculated using

the following equations:
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where t is the time at which a maximum of the source term (S(t)) oc-
o

curs and t* is 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, CH3CC13 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 is 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 explain the growth of CH3CC13 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 is exactly solvable and demonstrates the features dis-

cussed in (1) and (2) above. It also predicted the correct growth

rate of CH3CC13 whereas the analogous theory without source fluctua-

t* = t + 1 arc tan

(4.34)

o w b+n

t* == to + 1 ; w/b+n » 1

tic==t
w/b+n « 1

0
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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 atmospheric processes and test

the consistency of the time series data.
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Figure (4.1): Time variation of the global source
strength of CH3CC13.
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CHAPTER 5: SOURCES A.~D INTERHE~nSPHERIC GRADIE~'TS:

APPLICATIONS TO CH3CC13 ~~ OTHER TRACE GASES

(a) Introduction

The presence of a hemispherical gradient has been experimentally

demonstrated for many trace gases. It has also been observed 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 CR3CC13 , 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 difficulties.

For some short-lived species the gradient can also be used to estahlish

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:

11/ 2 zT( Ij>) / 0 zT ( Ij>)R = f J P ;n<lj>,z,t)cos Ij>dzd<l> f f P ;s<<I>,z,t) cas <I>dzd<l>
o 0 -11/ 2 0

whereas

R =; <"-1I/4,o,t) /; (-1T/2,o,t)o n s

where n and ;s are the usual mixing ratios. When the
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maximum variations of ~(~, z, t) are small taken over all latitudes

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

(b) Uniqueness of the Methylchloroform Gradient

Methylchloroform is exceptionally suited for the study of gradi-

ents because Ro is large, and the lifetime of intermediate value. The

large value of Ro 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, Ro, otherwise the at-

mosphere effectively buffers source fluctuations and the effects are

washed out. 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 southern) 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 (exponentially, on the average). It is well known that under

these conditions, with the source given by aebt, thehemispherically

averaged mass conservation equations give a constant value of Rafter

a sufficiently long time of release:

() , then R == Ro' 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
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(5.1)

where b is the rate in the source term S
bt

= ae ; LT 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., N20, C02; excep-

tion: CO). If (3) is relaxed, some new measured trace gases become

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 + nLT, and we then have to deal

with small changes of a small number. Very long lifetimes also lower

the gradient, since n + O. This is the case for F-ll 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 CH3CC13 are only slightly different in the two hemispheres, the ef-

fect on R is expected to be small. Aside from these good propertieso

of CH3CCI3, there are practical considerations. CH3CCl3 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.

(c) Trend Analysis of the Gradients, Ro, of CC13F (F-l1), CC12F2

Statistical tests can be applied to the time series of measure-

ments of F-ll, F-12, CC14, and CH3CC13 to see if there are any trends

(~~nn, 1945; Hollander and Wolfe, 1976; Edwards, 1976). The Theil

test which was discussed in the previous chapter is applied to F-ll,

F-12, and CC14. The more standard statistical analysis, based on the

t-test, is carried out for CH3CC13' For the purposes of comparison

the t-test is also carried out for F-ll and CC14' The main reason for

abandoning the Theil test for CH3CC13 is that the theoretically ex-

pected trend of Ro for CH3CC13 is non-linear based on source fluctua-

tions. Over the period of observations, the theoretical values of Ro

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." In the particular case of CH3CC13' 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:

R . = a + ~t i + E.
01 1

(5.2)

in Appendix I.

Table (5.1) Interhemispheric Gradients, R ,o

and the hypothesis to be tested is H : = 0 versus the alternative
0

HI: < 0 for each of the four trace gases mentioned above. The data

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

R0

t Yr. CC14 CC13F CC12F2 CH3CC13

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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The results given in Table (5.2) show that trends are probable

in the gradients of F-ll and CH3CC13.

Another way to look at the trend in the gradient of CH3CC13 is

to establish that In ~ and In ~ as linear functions of time have sta-s n

tistically significant differences in their slopes. In other words, if

~ (concentration at the south pole) = a exp[b t] and ~ (concentra-s s s n

tion in the Pacific northwest) = a exp[b t], it is desirable to estab-n n

Table (5.2) Tests of Trends in the

Interhemispheric Gradient R0

CC14 CC13F CC12F2 CH3CCl3

H : S = 0 S = 0 S = 0 S = 0
0

Alternative S :! 0 s < 0 S < 0 S < 0

Theil test

c + 2 - 10 - 5

a. 0.1 0.025 0.025

result accept H reject H accept H
0 0 0

t-test

t 0.24 - 4.1 -- - 3.35

a. 0.05 0.025 -- 0.025

result accept H reject H
-_. rej ect H

0 0 0

lish that b - b < 0 so that
n s

a
(Pn-bs) tn

R (observed) -- e
)5.3)o . as

a

-E.(1 - I b - b. I t)a n ss
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Eqn. (5.3) then says that the slope of the gradient R iso

The .hypothesis to be tested is H : 8 - 8 = 0 versus the alter-o n s

native H
I: 8 - 8 < O. Computational details are presented in Appen-n s

dix I. The methods used in the calculations can be found in Edwards

(1976). The level of significance was fixed as a = 0.01 and the re-

suIts 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 ato

the a - 0.01 level. In these computations b = O.Oll/yr and b =n s

O.153/yr, b - b = -0.054/yr.n s

The least squares slope for Ro is b* = -0.084/yr. The 90% (1 -

a = 0.9) symmetric confidence interval for the slope, based on the t-

statistic is (b*u' b*L) = (-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 ln~ and ln~. It should also be noted that the 90% confi-n s

dence interval for the slope is quite wide. This can be partially ex-

plained by the assumption of linearity for Ro' 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 CH3CC13 gradient function Ro 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 Ro. 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 Ro.

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 CH3CC13 source function.

Considering the results to be presented here, it appears likely

that the measured values of the CH3CC13 gradient behave the way they

do because of the cyclic fluctuations of the source. Without source

fluctuations the gradient is predicted to be constant at the mean value.

The simplest idea that can be used is 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 - t* where t* is the delay

time. It is assumed that an overwhelmingly large portion of the

CH3CCl3 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 CH3CC13 in the

southern hemisphere. When CH3CC13 is transported 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 is small there.

The actual amount of CH3CC13 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 t* 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

R
o (5.4)

where a is some proportionality constant. Considering only the ~1 cy-

cle discussed in the previous chapter:
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(5.5)

In Fig. (5.1) Ro of eqn. (5.5) is plotted for various values of t*.

All the variables in fo(~ + wt) and fo(~ + w(t-t*» 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 in very good agreement with the

measured changing gradient. The frequency of the ~1 cycle is just

right to explain the observed behaviour of Ro. It is also possible to

obtain better agreement between eqn. (5.5) and the observed values of

Ro by increasing w (in ~1) which is justified since during the period

of interest w 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 ~2

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 Ro 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

For the ~l cycle and the main exponential growth term in the source

function:

{l + a f (' + wt)]
R

0
R
0

o [1 + a f (' + wt - wt*)]0

a = w ex' (b + T)

w2 + (b + T)2
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In Fig. (5.1) Ro of eqn. (5.5) is plotted for various values of t*.

All the variables in fo(~ + oot) and fo(~ + oo(t-t*» 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 in very good agreement with the

measured changing gradient. The frequency of the ~1 cycle is just

right to explain the observed behaviour of Ro. It is also possible to

obtain better agreement between eqn. (5.5) and the observed values of

Ro by increasing 00 (in ~1) which is justified since during the period

of interest 00is 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 ~2

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 Ro 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

II + cr f (' + oot)]0
R ::! R
0

o [1 + cr f (' + oot- oot*)] (5.5)0

00a' (b + TJ
a =

002 + (b + TJ)2
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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 the gradient Ro 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 T* = l/n* where T* is the so-called interhemispheric trans-

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

(5.6)

(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:

(5.8)

(5.9)

(5.10)

For the ~l cycle and the main exponential growth term in the source

function:

= S - 11E,; - 11 (E,; - E,; )n n n * n s

.
- l1s + 11* (E,;n - E,;s)E,; =s

E,; = [Q (n, t) + Q (11 + 2n, t)]n ft

E,;s = [Q (n, t) - Q (n + 2n*, t)]

xt .t
Q (x, t) = e- f S (t"') ext

dt'"

0
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aebt (b+x)aw
Q (x.t) = b+x [1 + w£ +(b+x)2

(pin(~+wt) + b+x w(~+wt»]w

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

can be written as:

f
o

a"w

w£+(b+n+2n*)£

~
R = n

r:-=s

(5.11)

y + z
n n

R = Y + Zs s
(5.12)

fo sin (~.. + wt) + b+n cos ev + wt)w

b.:+n+2n*

sin (V + wt)+ cos ev + wt)w

(5.13)

(5.14)

where Y , Z ,Y and Z are the terms inside the parentheses ( ) inn n s s

eqn. (5.11). R can be rewritten as

[

1 + Z f!y

]R = R 1 + Z: I Y:

(5.15)

Y

i = ~ = [1 + (b+n)/n*]Ys
(5.16)
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Eqn. (5.16) is the same as eqn. (5.1), so that the gradient R is the

usual gradient R with the fluctuating term represented by

-1
[1 + A !Y ] [1 + Z !Y] . Eqn. (5.15) can be rewritten as:z n s s

_

[

1 + a sin (wt+~) + al
R = R 0

cas (wt+~)

](wt+~)
(5.17)cas

The primes on ~'s and a's will be dropped for notational convenience,

but their presence will be implicitly assumed.

Later it will be shown that eqn. (5.17) is generally true for all

theories, regardless of the scale of the spatial average (number of

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

byeqn. (5.16), and with some patience ao' aI' bo' and b1 can be shown

to be:

a
o

aw(b+n) (b+n+2n*) {Iw2+(b+n)2] + [w2+(b+n+2n*)2]}

2[w2+(b+n)2] [w2+(b+n+2n*)2] [b+n+n*]
(5.18)

a(b+n)(b+n+2n*) {[w2+(b+n+2n*)2] (b+n) + [w~(b+n)2](b+n+2n*)}

2[w2+(b+n)2] [w2+(b+n+2n*) 2] [b+n+n*]

(5.19)

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

Recall that a source with a A1 term i S = ae
bt

[1 + a casterm.

wt+)]. Different theories may, however, predict different values of
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(5.20)

(5.21)

In this case the value of R is predicted by the theory in terms of

simpler variables. In Fig. (5.2) the values of Ro predicted by this

theory are plotted for several values of the transport time L*. All

other variables 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 R but instead it gives equations for R. (The differ-o

ences between Rand R were pOIDnted out in section (a) of this chapter,o

and will be discussed further in Chapter 8.) In order to compare the

values of the gradient R, derived here with the observed values of R ,o

R was transformed into R by the equationo

(5.22)

a = (1 - cos<p )o

where $ is the latitude beyond which the concentration almost stopso

changing with latitude. The value of $ was taken as ~/6 determinedo

2aw (b+n+n*)(b+n)(b+n+2n*)
b =

0
[w2+(b+n) 2] [w2+(b+n+2n*)2]

a(b+n)(p+n+2n*)I(b+n+2n*)(b+n) - w2]
b =

1 Iw2+(b+n) 2] [w2+(b+n+2n*) 2]
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from independent global data for CH3CC13' F-11 and F-12. In these ca1-

cu1ations w was taken to be 0.9 radians per year.

In summary, the obvious approximations that can contribute to

disagreement between theory and observations are: (1) an average

transport time T* is used; (2) the theory calculates R which has to be

converted to R since observations are only for R ; (3) northern ando 0

southern hemispheres lifetimes are assumed to be the same and constant;

(4) ~2-cyc1e is neglected, and finally (5) transient terms of the form

-A t -A t
ale 1 and a2e 2 are assumed to be negligible (AI and A2 are eigen-

values of the matrix M where MIl = (q+n*) = M22; MIl = M21 = -n*, so

that Al = n, A2 = n+2n*). The most serious difficulties within the

framework of this theory are probably due to the oversimplification of

atmospheric transport. Considering these factors, the 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 is described

very well. More extensive calculations also indicate that the values

of R are sensitive to changes in several of the variables involved.o

It is clear from the figure that the function R (t) is sensitive to theo

interhemispheric transport time T*. R is also sensitive to w and ~.o

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 R as a function of time.o
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In order to avoid some of the problems discussed above, a four-

box theory was used to investigate the changing methy1chloroform gra-

dient. This theory divides the troposphere into four pieces of approx-

imate1y 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 300N and 300S latitudes re-

spective1y. Very approximately, this is a reasonable division to ap-

proximate the barriers to meridional transport (Barry and Chorley,

1968). Figure (5.3) illustrates the general 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-

surned to be equal. The lifetimes in the northernmost and southernmost

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:

dl(t) = ~(t)
dt

(5.23)

l(t) is a (vector) 4x1 matrix, representing the concentrations in each

of the four boxes. S(t) is also a 4x1 matrix representing the sources

in each box. M is a 4x4 matrix representing the transport between

boxes and the destruction within each box.



The solution to eqn. (5.23} is,

~ = p-l e-At ~ eAt~ p S (t~) dt~
o (5.25)

where A is the matrix: A.. = A.c.. and 0.. is the Kronecker delta.
1J 1 1J 1J

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

-1PMI' = A (5.26)

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

Ai are the eigenvalues of M. In the case under consideration Ai are:

(5.27)

(5.28)

Here 4T)2 is usually» (T)-n)2, thereforeo

(5.29)
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(T)+T)T+T)o) - T)T
- T) 0

0

T),., (T)+T)T+T) 0 )
0 - T)O1

l'1 = I . (5.24)
T)o

0 (T)+T) ) 0
o .

0 - T) 0
(T)+T)o)0
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The matrix P is given explicitly in Appendix I as are the details of

the numerical calculations on which the rest of the discussion, in

this section, is based.

This theory predicts R directly and there is no need to useo

eqn. (5.22). This result is 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 CH3CC13 are of the form given by eqn. (5.17):

(5.30)

R = R
o 0

1+aosin(wb+~)+alcos(wt+~~+a2sin(w*t+~*)+a3cos(w*t+~*)

1+bosin(wt+~)+b1cos(wt+~)+b2sin(w*t+~*)+b3cos(w+t+~*)
(5.31)

The values of all the symbols ao' ai' a2, a3, bo' b1. b2. 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 R are veryo

complicated functions of n. ~, 0, W, w*, ,. '* and b (the rate of the

exponential source term), so these will not be discussed here but can

be found in Appendix 1.

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

ures (5.4) and (~.5). The assumptions under which these calculations

= R
1 + ao sin (wt+) + a1 cos (wt+)

0 0
1 + bo sin (wt+) + b1 cos (wt+)

and then the 82-cyc1e is included:
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were made are as follows: For Figure (5.4) n = 0.12/yr, n = 0.08/yr,

nT = 1.14/yr, and no is varied so that no = 5.0/yr (curve 1),4.0 (curve

2) and 3.5 (curve 3). The observed values are given by the triangles

(~). The calculations of Figure(~.4) are based on the AI-cycle only

and calculated from eqn. (5.30). The source is assumed to be divided

up between boxes 1, 2 and 3. The major source is 53 = 0.85 where 5 =

aebt(l+Al); 51 = (O.l)(aebt) = 53. This assumes that the main sources

are in the northernmost box (beyond 300N). 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 A2 cycle is added. The A2 cycle is added with

the simplifying approximation: 5 = aebt(1+Al+A2). The values of the

n's can be converted to the more familiar T'S (n's = l/T'S). The re-

suIts of the conversion are n = 0.12/yr ++ T = 8.3 yrs = lifetime of

CH3CCl3 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 boxeso

2 and 3. nT = 1.14 corresponds to TT = 320 days (see Newell et al.,

1969),.

The changing gradient of CH3CCl3 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 R which wouldo

be expected if no source fluctuations were present; and the second is

the depth of the variation given by

O
R = R (max) - R (min)o . 0

(5.32)
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For equations of the type represented by (5.17):

(5.33)

Eqn. (5.33) holds when ao' bo' al and b1 are all small «<1).

To obtain the correct value of R is very easy because there areo

enough uncertainties in nT (or n* for the 2-box theory) and in L (the

lifetime). Obtaining the proper depth oR is much more complicated.

The 2-box theory does not have as much depth as the 4-box theory, and

the 4-box theory with the ~2 term has better depth than the 4-box the-

ory without the ~2 term. The 4-box theory with the ~2 term is in ex-

cellent agreement with the observed R for all years except 1976. Ito

can be concluded that the fluctuating source theory explains the ob-

served changes in the CH3CC13 gradient. The gradient would be pre-

dicted to be constant at the mean value Ro (depending on nand nT) if

the source fluctuations 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 IIspeeding up the chemistry" (shorter lifetimes) results

in larger gradients R , and "speeding up the transport" result.s ino
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smaller gradients R. If we believe that the gradient is constant,o

then only R has to be explained and the interplay of the transporto

and chemistry allows a very wide range of choic~s of nT' no (or n* of

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 oR 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 upswlng and vice versa. This is expressed in the

eqn. (5.17) by making a , a l big and at the same time making bando 0

bI small (negative if possible). When the transport is made long by

the desire to obtain greater depth oR' the lower bound of T (and T),

the lifetime, is increased substantially in order to get a low enough

value of R to be representative of the observations. If the lifetimeo

is increased too much, the fluctuations tend to be further dampened as

discussed in previous chapters, thus decreasing the depth oR. On the

other hand, if the lifetime is lowered, the fluctuations become more

prominent, thus increasing oR' but the faster transport times required

to reproduce Ro lead to a simultaneous decrease in oR. Therefore, oR

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 CH3CC13 in the atmosphere and

the distribution of its sources. In order to draw firm conclusions

about the lifetime, it is still necessary to calculate ~3 and ~4 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 L = 8 - 10 yrs based on the gradient and its changes.

It is also believed that the south pole measured value of

CH3CC13 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 all the theories discussed here because in all of them the

maximum value of R occurs in 1975. Some attention was also devotedo

to possible alternative explanations of the changing gradient which do

not involve the fluctuating source. (1) It is 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 error 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

b t
Suppose that S = a e nand Sn n 0

of the north-

b t
= a e s aresern hemispheric sources.

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:

(5.34)

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

the same. Since the same function of time, namely exp [(b -b )t] ap-s n

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

dient is never very large. Furthermore, if it is assumed that the

southern hemispheric sources are small compared to the northern hemis-

pneric source£, then a fa ~~ 1 and b is close to b , in which case£ n s n

a n (b +n)(b +n+2n*) (b -b) ts n
I + T n n e

a (b +n+n*)(b +n)(b +n+2n*)n n s s

R = [l+(bn +n)T*] I a
(bs+n+n*) (bn+n) (bn+n+2n*)

(b b) ts n
I + e

a (b +n)n*(b +n+2n*)n s s
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the change of R with time is very small and unobservable. Obviously

if b = b , R = [1 + (b + n) T*] in eqn. (5.34). The difference ofn s n

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

-AI t -1.2t
a*e , b*e have become negligible) is a function only of the

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 T* in 2-box theories is a parameter which must take into ac-

count both the transport from the regions north of 300N as well as the

transport across the equator. This is true for species whose primary

sources are of industrial origin (~.g., F-ll, F-12, CH3CC13, 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 300N is not as important and thus a smaller T* suf-

fices to explain their gradients. In 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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Earlier in section (S.c) there was an indication that the gra-

dient of F-ll may also 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 CH3CC13. The lifetime of F-ll is long, so source

fluctuations are damped; furthermore, its source fluctuations are not

as cyclic as CH3CC13' 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

R are large. Intuitively we know that if the measured gradient ofo

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 gradients.

For this analysis, it is most convenient to use the simplest ap-

plicable theory, which is the 2-box model. As already discussed, the

gradient R is given by
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(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

The main idea is 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

R .. In case the measured gradient, R , is smaller than this (R <m1n m m

R . ), then the assumption of only northern hemisphere sources is de-m1n

duced to be incorrect and there must be sources in the southern hemis-

phere. If R > R . , then southern hemisphere sources are unlikely.m m1n

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 = liT). In most cases b is expected to

be ~ 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 ~ K [HO]. Two R . IS
ml.n

be defined:

short.
Specifically A}t, A2t » 0, A} = n, A2 = n + 2n*.

If T is

short, n is very large and A}t, A2t quickly become large, damping out

all terms
-At

within a short time.e



138

(5.36)

(5.37)

[HO] = 2 x 105 mo1ecu1es/cm3 = minimum of the yearly global mean

average HO density.

= 0.75 years

For trace gas with other primary sinks or combinations of sinks, K [HO]

is replacedby n. = lIT . R(i1) represents the lowest limit of Rm1.n max m n

consistent with current knowledge of mean HO radical densities in the

atmosphere, and interhemispheric transport time T*. R(~) doubles the
m1.n

values of [HO] to 2[HO] and doubles the T*o to 2T*O' or in general it

raises the minimum expected n. to 4n . . The criterion for southernm1n m1.n

hemisphere sources then becomes:

=> sources in the southern hemisphere (5.38a)

R(:) > R > R(~) => undecideab1e, but southern hemisphere
m1n m m1n .

sources are un11.ke1y or small

(5.38b)

=> most probably there are no southern

hemisphere sources
(5.38c)

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

function of n, R(li
) and R( i2) define a cone. n i = K [HO] can be ca1-mn mn mn

cu1ated for a given trace gas. If R lies below the cone at n = n .m 1n1.n

= K IHO], one concludes that there are southern hemisphere sources.

--
R() = (1 + KIHO] T*O)m1.n

R(:) = (1 + 4K[HO] T*o)m1n
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If R lies in the cone for this n i ' no strong conclusion can bem mn

drawn, and if R lies above the cone, then southern hemisphericm

sources are very unlikely. The strongest conclusion is 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: CHC13

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-m1.n

son et al. (1978) and DeMore ~ 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 n .

~1.n

was obtained from Graede1 (1978). Graede1 (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

The results of the figure are that CH = CH, C2H6 and C2H4 as well

as CO, CH4, CH3C1, COS and CS2 must have southern sources. CH2C12 and

C2C14 are not decideab1e, whereas CHC12F (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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CH4, CO, C2H4, COS and CS2 lifetimes, necessary to locate these trace

gases on the graph, were taken directly from Graedel (1978). The left-

most location of C2H2 is based on the lifetime calculated from meas-

ured value of the rate constant for C2H2+ HO ~ products (Atkinson ~

al., 1978). This is also consistent with the lifetime given by Grae-

del (1978). The rightmost location of C2H2 is based on the Arrhenius

expression for this reaction. The location of CiH2 with. a

double underline is the measurement of Robinson (1979), and it too

falls below the cone. Robinson (1979) 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,

~ for C2H4 is 195 (Graedel, 1978), but since the graph doesn't go that

far, the arrow is used to indicate this. In the cases of CHC13 and

CHC12F 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 [HO] 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). With 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. CH3Cl, CH3Br, CH3I, N20 and CC14 are examples of such

trace gases.

In summary, the criterion for the existence of southern 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 is derived. If R = [1 + (b+n)

T*J, 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.

(i) First statistical tests were performed on the measured time
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series of the gradients of CCl3F, CC12F2' CCl4 and CH3CC13' The con-

clusions drawn from these tests were that it is likely that the decline,

in the gradients of CC13F and CH3CC13' is significant. The gradient

of CH3CC13 as a function of time was picked for detailed study, so a

further statistical test was performed to see if the slope of In ~n

(log base e of the northern hemisphere measured time series) and the

slope of In ~s 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 CH3CC13 based on the fluctuations of the source term.

These fluctuations were discussed in the previous chapter. To start

the investigation, a simple delay idea 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 3ooN. The success of this idea in explaining the changing

gradient 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 CH3CCl3 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
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fluctuating sources, but with more refined assumptions regarding the

global behaviour of CH3CC13. 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 (S.d). The main problems that were encoun-

tered in the application of this theory to CH3CC13 were related to our

ignorance of the source distribution and transport times. Using rea-

sonab1e 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 cyclic 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 genera1izeab1e, 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. It was found that several of the

trace gases studied very probably have southern hemisphere sources.
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Figure (5.3); A picture of the four Dax theory.
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CHAPTER 6: ACCUMULATION OF CH3CC13

IN THE ATMOSPHERE

(a) Introduction

In this chapter investigations of possible future concentrations

of CH3CC13 are reported and discussed. Several possible scenarios are

considered which indicate that CH3CC13 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 CFC13 (F-ll) and CC12F2

(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-ll and F-12. CH3CC13 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 CH3CC13 are

similar to those of F-ll 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 CH3CC13 in the troposphere, which will result from continu-

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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There are differences between the dangers of continued emissions

of CH3CC13 and the continued releases of F-ll and F-12. It is well

known that CH3CC13 has tropospheric sinks, the most prominent being the

reactions with tropospheric hydroxyl (RO) radicals. The implications

of this sink are: (i) for equal amounts (number of molecules/yr) of

releases of CH3CCl3 and F-ll or F-12, CH3CCl3 is safer because many of

the CH3CC13 molecules are destroyed by HO and have nothing to do with

the destruction of the ozone layer. (ii) If releases of CH3CCl3 are

cut down or stopped, its tropospheric concentrations will decline more

rapidly than F-ll and F-l2, so that the detrimental environmental ef-

fects of CH3CCl3 can be contained over a relatively shorter time scale

than the effects of F-ll and F-12.

These points, favourable to CH3CC13' have the clear danger of

tranquilizing us into a false sense of security. Already huge quanti-

ties of CH3CC13 are being released into the atmosphere. In fact, more

CH3CC13 has been released per year, during the last couple of years,

than either F-ll or F-12. It appears that soon CH3CC13 releases, per

year, will exceed the combined releases of F-11 and F-12, per year (by

mass). The lifetime of CH3CCl3 is short compared to F-1l and F-12, but

it is not so short as to make it comfortably safe. Consequently the

tropospheric concentrations of CH3CC13 have been rising rapidly ( - 10

- 12% per year). The current tropospheric concentrations of CH3CC13
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are probably a very minor threat to the ozone layer, and have virtually

no effect on the earth's greenhouse effect. But these concentrations

will continue to rise and will make CH3CC13 more and more prominent in

the perturbation of the ozone 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 CH3CC13 Concentrations

There is no definite method by which one can predict the future

concentrations of CH3CC13' 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 estimate their effects. The fac-

tors which will control future emissions are many, which include the

state of the economy, the demand for CH3CC13 (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 is, of course, possible to construct more sophisticated the-

ories, but it appears that this theory is adequate considering our cur-

rent knowledge of CH3CC13 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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(a-AI) (a-A2)

nT(AI-A2)
( 6. 5)

a = n + n ."n '"T' ( 6. 6)

(6.7)

(6.8)

The result is that:

:t [<n]=[Sn] _ [<"nT) -"T ] [<n]
(6.1)

s 0 -nT (ns+nT) s

The solution of eqn. (6.1) is:

t

= p-I e-At p + p-I e-At f eAt'" P(t"') dt'" (6.2)
0

-G: )
(6.3)

p_["T/<a-A1) : ]
(6.4)

nT / (a - A2)
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! [ - TlT~on - (a-A1Hos + Qls] e-A1t +

-A2t

I

[TlT~ + (a-A 2)~ - Q2 ]e + Q3on os s s (6.11)

If in the future, the source is constant at some level, say a o (pptv/

yr), then

(6.12)

(6.14)

(6.15)

( 6.16)

= 1
! [(a-A2) on +

(a-A1)(a-A)

n (1.1-1.2) TIT
os

-A t (a-AI) (a-A2)
- Q ] e 1 + [ - (a-A ) - osIn 1 on

TIT

+ Q ] e-A2t + Q I

(6 .10)2n 3n
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T , T are the lifetimes of CH3CC13 in the northern and southern hemis-n s

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

the interhemispheric transport time. Al and A2 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. ; ,; are theno so

1 1
(6.17)Q =-a11 [- -- ]

3s 0 T Al A2

If, in the future, the source continues to rise at some rate so that-
S bt . then:= a e

n 0

a
Q = 0 (a - A2) ( 6.18)

In (b + AI)

a
Q = 0 (a - AI) (6.19)

2n (b + A )2

[(a - 2) (a - l) ]
(6.20)Q3 = a _ -

n 0 (b + A ) (b + A2)1

1
(6.21)Q = a 11

1soT (b + A )1

1
(6.22)Q = a 11

2s 0 T (b + A )2

[ 1 1 ] bt

(6.23)Q = - a 11

-- (A2 + b) e3s 0 T (AI + b)

11 = liT , 11 = liT , 11T= 1/TT (6.24)n n s s
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values of the CH3CC13 mixing ratios, averaged over the northern and

southern hemispheres, at time zero which is January 1979. ~ (t) andn

~ (t) are the predicted future concentrations.s

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. Figure (6.1) shows the expected northern hemisphere

mean tropospheric concentrations and Figure (6.2) the southern hemis-

phere mean tropospheric concentrations.

The conditions chosen to calculate these curves (Figures (6.1)

and (6.2)) are as follows: ~ T = 130 pptv and ~ T = 100 pptv. Theseon os

are the mean tropospheric mixing ratios in the northern and southern

hemispheres during January 1979 and are determined from the measure-

ments of Rasmussen. ~ T and ~ T are based on the results of Chapteron os

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 concentrations, ~ andon

~ were assumed to be 112 pptv and 86 pptv respectively. These num-os

bers correspond to ~ = ~~ /~T = 0.25 (~; and ~T are the stratospheric

and tropospheric mean mixing ratios). The equations give ~ (t) andn

~ (t) which were divided by a = 0.862 (corresponding to ~ = 0.25) tos

obtain the tropospheric mean concentrations.



157

pected future concentrations in the troposphere if the source remains

constant and equal to its 1978 value (which was 1.1 billion lbs/yr).

Curves marked ~ and ~ reflect the expected concentrations if

the so~rce strength continues to increase at 8% per year or S = (1.1 x

109 lbs/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 CH3CC13

source has grown faster than 8%/yr (average of -15% per yr for the

pasx twenty 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. If the emissions do rise to - 2.2 billion lbs/yr and then

remain at this level, the future concentrations of CH3CC13 in the at-

mosphere will rise to 1/2 ppbv. The asymptotic limit of how high the

CH3CC13 concentrations can go are given by eqn. (6.10, (6.11) with:

(6.25)

With constant release at 1.1 x 109 lbs/yr, ~nT* = 220 pptv and ~sT* =

185 pptv, and with constant release at 2.2 x 109 1bs/yr, ~nT* = 450

pptv, ~sT* = 380 pptv. If the source is not constant in the future,

but continues to rise, then there is no steady state limit.

TT is taken to be 1.2 yrs and T is taken to be 2T .

In curve
n s

(T , T ) = (12, 6) yrs, in (T , T ) = (7, 4), in (T , T ) =n s n s n s

(20, 10). Curves marked (!) , 0 d 0 correspond to the ex-
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Table (6.1) below summarizes the results:

Curves ~ and ~ are the most likely possibilities, based

on the most likely lifetime of CH3CC13 as deduced in Chapter 2. The

table above is based on this lifetime.

It should be stressed that the numbers derived here are hemis-

pherica1 tropospheric averages. The actual concentrations at high nor-

them latitudes (PNW - 45°N) will be higher than !;nTand the concen-

Table (6.1): Expected Tropospheric

Concentrations

(a) Source Constant at 1978 Emissions.

Time
!;nT (pptv) !;sT (pptv)

1/1979 130 100

1989 195 160

1999 213 177

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

1/1979 130 100

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 - 380

Numbers based on T 8.5 yrs, curves CD and CD



159

trations at the high southern latitudes (e.g., SP or Tasmania sites)

will be lower than ~sT' By invoking the results of Chapter 8, the en-

tire latitudinal profile expected in future years can be constructed

by using the values of ~nT and ~sT derived here.

(c) Summary and Conclusions

The future concentrations of CH3CC13 were calculated in this

chapter. If the emissions of CH3CC13 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 (~nT ~ 200 pptv, ~sT ~ 160 pptv).

Beyond the first ten years the concentrations of CH3CC13 will not rise

much -- ultimately reaching about 220 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

CH3CC13 could reach four times the January 1979 values.

It appears that in the future (next 20 years) CH3CC13 concentra-

tions could easily double, and if the emissions continue to increase,

CH3CC13 concentrations could quadruple.

The effect of CH3CC13 on stratospheric ozone is still under in-

vestigation (see McConnell and Schiff, 1978; Crutzen et a1., 1978). In

any case the two to four times higher concentrations of CH3CC13 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 CH3CC13 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 II:

RELATED TOPICS AND THEORETICAL TECHNIQUES
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CHAPTER 7. A STUDY OF CHClF2 (F-22) IN THE ATMOSPHERE

(a) Introduction

CHClF2 (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. 1977; 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 CHClF2. 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 (CC12F2) is converted to F-22 in the earth's environment.

The magnitudes of these mechanisms, necessary to account for the ex-

cessive 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 is the globally averaged concen-

tration or the total global burden. The simplest procedure is to ob-

tain the globally averaged mixing ratio, ~, and the globally averaged

tropospheric mixing ratio, sT' These are given by:

- 1
~T=2(a+b) (7.1)- -
~ '" ~T € (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 ~T '" 47 pptv;

(a = 41 pptv, b = 52 ppt) ~ '" 42-43 pptv. These estimates of the glo-

hal 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 Rand R (see Chapter 5). In figure (7.1) the solido
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line represents a latitudinal profile whose shape is typical of long

lived trace gases as discussed in the previous chapters. The result-

ing gradients of F-22 are R = 1.27 and R = 1.2. Sinceo

R = [1 + (b'~ 1"1)T'.J, the value of R (= 1.2) is consistent with a
t

lifetime of about 30 years, a growth rate of 15-16% per year (b') and

the interhemispheric transport time (T ) of about one year. It ist

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 = ~T may be a slight underestimate. In

any case, the values chosen for a, b, and the global tropospheric mixing

ratio ~T 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 CHClF2 + HO ~ CClF2 + H20 is

quite temperature sensitive but it is unlikely to be faster than

- 4 x 10-IS/sec (298 K) at globally averaged atmospheric temperatures

(DeMore 1979, Atkinson et al. 1979). This means that the global 1ife-

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 year (1968-1975 - see

Appendix I Chap. 4) with - 95% 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 + (b' ~ n) T'T] 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, so

there is cause for concern only if the gradient R deviates signifi-

cantly from R = [1 + (b' + n)T'T]' 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

- 1
S = sT € ="2 (a + b)€ = 47 € pptv

€ = NT
[

1 = NS < f> 1

NCX) NT ~J

(7.2)

(7.3)

(7.4)

where sT is the average tropospheric mixing ratio, ZT and Zs are the

heights of the tropopause and the stratopause, f(z) is some function

which describes the stratospheric vertical mixing ratio of F-22 (or

any other trace gas under consideration); NCX)= NS + NT' NS and NT are

the numbers of molecules of air in the stratosphere and the tropo-

sphere respectively. Ss and sT are the mixing ratios of F-22 in the

stratosphere and the troposphere. Equations (7.2) - (7.5) are valid

s

/ ps(z)f(z)dz

<f> = ZT
p Z

1s Ps(z)dz

(7 . 5)

ZT
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for the latitudinal profile shown by the solid line in Fig. (7.1)

and under the assumption that there is some mean tropopause height

ZT and that f(z) is approximately independent of latitude. Further

details regarding these equations will be developed in the next

chapter.

o «f> < 1
p

When <f> = 0, it means that there are no moleculesof F-22 in thep

(7.6)

stratosphere. If <f> = 1. it implies that the mixing ratio of F-22
p

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 tbe 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 zT

is slow. Since data are not available on the photo-dissociation cross

sections for F-22, nor are there any stratospheric measurements, it is

very difficult to estimate <f> accurately. Fortunately, the total ef-p

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, if 47 ppt is accepted as the tropospheric average, then the glo-

bal average is 38 ppt < ~< 47 with the lower limit corresponding to

<f> = 0, and the upper limit to <f> = 1.p p

Summary: Considering tbe 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, R , of F-22. The global tropospheric average of 47 ppto

was deduced. This value is on the lower side of the range consis-

tent with the observations.

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

In Fig. (7.2) of this chapter, the release of F-22 is shown

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 ale 1976). 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 4, s.hows 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 <f> = NS [1 + bTST]. This equationP T
is based on a two box theory dividing the atmosphere into the tro-

posphere and the stratosphere. The total release up to 5/1979 is

approximately 532.7 x 109 gm, where the exponentially rising release

is added to that of McCarthy et al. 's (1971) estimate of release up

to 1975. This divided by N yields an average global mixing ratio00
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of about 35 ppt. This implies a 28% excess or about 150 billion gr.

extra in the atmosphere after subtracting the total estimated anthro-

pogenic release from 1931 to 5/1979, and assumi~g 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 28% 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 quantify the possible explanations of the observed

F-22 concentrations, it is necessary to develop some theory which

provides the values of ~ at the time measurements were made (5/1979)

as a function of the global lifetime of F-22. The following method

is adopted:

d
dt ~T = S - n ~T (7 . 7)
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~ )u (7.8)

where ~T and ~u are the mean mixing ratios of F-22 in the global

troposphere (T) and the stratosphere (u - upper' atmosphere) respec-

tively. nandn are the reciprocals of lifetimes of F-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
Cr
-11
C

CT/C and Cu/C

is:

= ~uNS' then the average global lifetime

n C=C +C.
T u n is not constant unless

are both constant; so defining a global lifetime is

an idealization of the real situation. Equations (7.7) and (7.8)

can be written as:

(7.9)

(7 .10)

Al and Az are eigenvalues of M. S(t') is taken to be the function

The solution is:

t

= p-I e-At J
eAt' 'p S (t ')'dt' . 0.11)

0

c' :)PM p-I = A = 0
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in Eq. (7.12) (McCarthy et al.; 1977).

S(t')
bt'= a e (7.12)

Time S(t).

(1/1950) ° ~ t < 10 (1/1960): 0.01eO.32t
,

(1/1960) ° ~ t' ~ 8 (1/1968): 0.234eO.187t
"

(1/1968) ° ~ t" < 11.4 (5/1979): 1.206eO.158t

(7 .13a)

(7.l3b)

(7.l3c)

In Eqns. (7.13) the release within any period between t and t + at
t + at

is given by f S(t)dt;and the result is in pptv in the tro-t

posphere. The tropospheric box contains all the sources so by

Eq.(7.7) the source in 106 kg/yr is converted to pptv in the tropo-

sphere (with 8.69 x 1043 molecules of air - see Chap. 8 ). The

methods of Chap.9 have also been applied in obtaining Eqns. (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 ~T based on the antropogenic source strength

S(t). It, 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 t (a + b)).

In Fig. (7.3) the results of the calculations based on 0.7)

and (7.8) are shown for various assumptions regarding the lifetimes

of F-22 in the troposphere (T) and the stratosphere (T). Fig. 0.3)

shows ~T. The complete details of the calculations including the

expected ~ and the global average ~ are shown in Appendix I. Theu
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dashed enclosed region in Fig. (7.3) indicates the most likely values

of ~T which can be explained by the antropogenic source, nT is taken

to be O.58/yr (Reiter, 1975).

In general it is clear that there is a substantial amount of

F-22 in 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 may write the equations

for the natural contribution as:

(7.14)

(7.15)

where d~T*/dt= d~*u/dt = O.

In these equations (7.14), (7.15), S* is the source strength of the

natural contribution (in pptv/yr or g/yr) and ~T*' ~u* 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:

E;T* = 0.16)

E;u* = (7.17)

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

given by the following equation.

(7.18)

(0)

where E;T is the observed tropospheric mixing ratio (- 47 pptv),

~{n,n) is the solution of Eqn. (7.7) (see Appendix I or Fig. 7.3)

as a function of n,n at the time measurements were made. It is

(0)

assumed that E;T* = ~T - ~ln, n) so that the natural contribution

is the difference of the anthropogenic contribution and the ob-

served mixing ratio. S* in grams is given by (S*(pptv) NT M)/No'

where N is Avogadro's number, M the molecular weight of F-22 ando

NT the number of molecules of air in the troposphere.

Taking the tropospheric 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 natural 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-2l and F-22, and refers to the work of Stoiber

et al. (1971). In this paper no quantitative estimates are given

as to how much F-2l or F-22 was detected in the volcanic emissions

investigated. In fact, the F-2l and F-22 peaks in the typical

chromatogram given in their paper, are nonexistent. Prof. Rasmussen

detected significantly enhanced F-2l and F-22 concentrations in

aluminum manufacturing plant plumes (personal communication). :It °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 CC12F2 (F-12)

It is well known that CFC13(Fll) and CC12F2(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-ll 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

environmental dangers these compounds pose. All attempts at find-

ing signif:~cant tropospheric sinks have been unsuccessful. One

possible sink considered for F-ll was its conversion to F-2l. F-ll

and F-2l 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-ll could con-

vert to F-2l in the earth's environment, then this conversion would

be an effective sink of F-ll because F-2l is destroyed rather

rapidly (3-4 yrs; see Atkinson et al. 1979, Demore et al. 1979,

Graedel, 1978) in the atmosphere due to its reaction with atmos-

pheric HO radicals. This possibility was further highlighted by

the observations of Ausloos et al. (1977) in laboratory experiments

in which F-2l was detected when F-ll was irradiated with uv light

(A < 400 nm) in the presence of sand. It is still not completely
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clear if the results can be extrapolated to the natural environment

(see Glasgow et ale 1977). If F-ll is converted to F-2l, it could

take place through some heterogeneous process on the earth's deserts.

F-2l has not been produced in any significant quantities (Glasgow

et ale 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-2l, however, have shown very

small concentrations in the atmosphere (1-4 ppt; Rasmussen 1979,

Singh 1979). So, it is still possible that a very small amount of

F-ll is converted heterogeneously to F-2l 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-ll and F-12

either do or do not convert to F-2l 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-ll 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-2l, 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 in the troposphere. First, as mentioned,

F-12 has been released in very large quantities 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 "f - Sdt 0 0
(7.19)

(7.20)

(7.21)

(7.22)
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In these equations, ~ is the global mixing ratio of F-12, n is theo 0

reciprocal of the total global lifetime of F-12, ~* is the mixing

ratio of F-22 resulting from the conversion of F-12 to F-22, n is

the reciprocal of the total global lifetime of F-22, n is thec

reciprocal of the lifetime of F-12 with respect to conversion to

F-22, and n is the reciprocal of the lifetime of F-12 due to allr

-

J
t

f
t' -

~*(t) = nc S(t)
o 0

-n(t' - t)
e

-n(t
e

,
t) _

dtdt' (7.22)

Eqn. (7.22) is derived by regarding n ~ as a source of F-22, S*(~),c 0
- t, - "

then from Eqn. (7.20) ~*(t) is! S*(t) exp [- n (t - t)] dt.

- t -., 0, ,
Since n ~ = n f S (t) exp [-n (t - t)] dt from which Eqn. (7.22)c 0 coo

o

follows. The function 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):

bt
S (t) = ae
o _

(1/1947) ° ~ t < 27(1/1974); S (t) =o

32.4(5/1979); S (t)o

0.786eo.12lt
(7.23a)

(1/1974) 27 ~ t < = 19.5 (7.23b)

S (t) N = number of molecules of F-12 released per year, S (t) in
0000

Eqns. (7.23) is in pptv, in the whole atmosphere.

Equation (7.22) is solved and the results are presented in

Figure (7.5). Details of the calculations, as well as the solution

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:
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of Eqn. (7.22) and the numbers used in Fig. (7.5) are given in

Appendix I. Figure (7.5) shows ~* as a function of total global-
lifetime of F-22 (T = l/n) when it is assumed that the conversion

rate of F-12 is n = O,0125/yr, O.Ol/yr, O,0075/yr or 0.005/yrc

tJ.~* is the excess of F-22 in the atmosphere. It is the difference

of the global mixing ratio obtained from observations (Fig. 7.1;

see also Appendix I) and the mixing ratio which is

expected on the basis of direct emissions (Fig.7.3). T is taken
r

to be 90 yrs (Hudson, 1977).

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

O.0125/yr and 0.0075/yr. This result follows from the points at

which the tJ.~* curve crosses the ~*(t*) curves. If the lifetimeof

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 lifetimeof F-22 ;;..15 yrs). If the lifetime of F-22 is - 20

yrs then a 90 yr lifetime of F-12 with respect to conversionof

F-12 is necessary to account for the excess. If the lifetime of

F-22 is smaller than 20 years a faster conversionof F-12 is 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 is clear that they are of the same order of magnitude as the

lifetime of F-12 due to stratospheric losses. In order to account

for the excess F-22 on the basis of F-12 conversion 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 global 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 1atitudinal 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 is evident from the predicted
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mixing ratio for F-22 lifetimes of 15-20 yrs. After recent checks

on 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 estimates of F-22 are

inaccurate. There could be inaccuracies in either the estimates

of McCarthy et ale (1977) or in the extrapolation of the release

beyond 1975, assumed here. For F-22 this is a rather more difficult

question to resolve. Unlike F-11, F-12 and CH3CC13, a large fraction

of F-22 is unre1eased. 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 41% of the F-22 produced up to 1975

had been released (McCarthy et ale 1977). 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

35% 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

. i .

1968
0.22t

d f 0.158t h h 1de~ss on S1nce was ae instea 0 ae , t en t ere wou

be no excess F-22 present in the atmosphere that couldn't be accounted

for by the direct emissions. A 27% higher rate of increase (than

that of McCarthy et al., 1976) has to be assumed to account for the
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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. If 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 is.

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 inacculacies would have to be substantial

if they are to account for the excess.

(g) Summary and Conclusions.

Recent tropospheric observations of CHClF2 (F-22), made by

Rasmussen (1979) were considered in 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. (i) 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 12-12 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 heterogeneous process.

This idea is analogous to that of F-ll converting to F-2l 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 is weak, even these small conversion rates

become competitive with the stratospheric sink of F-12. (iii) The
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possibilities that the measurements are inaccurate or that the re-

lease estimates are too low, were also considered. It appears that

there would have to be substantial errors in the measurements or

release estimates to account for the excess. Nevertheless, 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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Figure (7.1): Global measurements of CHC1F2(F-22) in the
atmosphere.



Figure (7.2): Production and release history of CHCIF2 (F-22)
(from McCarthy et.al. 1977).
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Figure (7.3): Concentrations of CHC1F2 (F-22)
expected on the basis of direct anthro-
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Figure (7.4): The strength of the source, other than

direct emissions of F-22, needed to account

for the excess F-22 present in the atmosphere.
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Figure (7.5): Conversion of F-12 to F-22, based on various

assumptions regarding the total lifetime
of F-22 ( T ) and the lifetime of F-12
with respect to conversion(T ).c
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CHAPTER 8. GLOBALAND 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 approximatrons 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. In 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 .c) 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 + al~ + a2~2 + a3~3, where ~ is the latitude.o

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 ~race 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-made compounds

released into the atmosphere, primarily in (the northern half of) the

northern hemisphere. CH3CC13, CFC13 and CF2C12 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 longitudinal 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 height 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 (. > - 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 (Rasrnus-

sen~ personal communication; ~~kide and Rowland, 1979; Singh~ 1979).

It should also be noted that most of the sources of CH3CC13, F-ll, F-12

as well as most other trace gases of industrial origin are beyond 300N,

thus further increasing the gradient to look like the picture in Fig.

(8.1). A little later some actual data on CH3CC13 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:

~(~,t) = ~(O,t) + f(~,t) ~8 .1)

where f(~) is any odd function of ~ (f(-~) = -f(~). The latitudinal

prof ile 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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In eqn. ( 8 .2), zT (</» is the latitude dependent tropopause height, R

the radius of the earth and A is tbe longitudinal angle. Let us assume

that the northern and southern bemispheres are symmetric so that

ZT(-</» =ZT(</» (see Reiter, 1975). Consider eqn. ( 8.2) as:

C = )f t;,(O)pdV + )ffPdV (8.5)
v v

f
2TT 0 Z (~)+R 2TT TT/2 R+z (<I»

C = ~(I) pdV +If, f T fpdV + f f / TlpdV
v 0 -TTk Roo R

(8.6)

211 11/2 r (</»+R
C = f T (</»p(</>,Z) r2dr cos</>d</>dA

(8.2)
o -11/2 R

= I t;, p dVv

and the globally averaged mixing ratio is

C f p dV
<t;,> = - = v (8.3)N / pdV

T
v

f r _/2 l''l,T(O)
(8.4)

NT = pdV = f pr2dr cos </>d</>
v 0 -TT/2 R
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By the symmetryof the hemispheresZT(-~) = zT(~) p(-~,z) = p(~,i);

dV(-~) = -dV(~). It is easy to see that the second and third integrals

have the same magnitude but opposite signs so that

(8 .7)

(8 .8)

where ~ is any latitude. So the glo~a1 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). In case

~(~) is like Fig. ( 8.1):

so that

<E;> = ~ (a+b) (8.10)

"a" can be measured at any latitude higher than ~ and "b" can be meas-o

ured at any latitude below ~ = -~ .o

1T
a - - < < -

2 - 0

() = {(a+b) + !z(b-a) - < < (8.9)
o

o - - 0

b o < 1T/2
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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

can be used to calculate the global tropospheric aver-

age, simply as <~> = (~) (~PNW + ~SP~. 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

(i) the latitudinal distribution deviates from the antisymmetric func-

tion f(~). (ii) The hemispheres could have antisymmetries in p(~)

and zT(~)' and (iii) ~(~) 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

series measurements of CH3CC13 discussed previously. The hemispheri-

cal averages can then be calculated based on a, b and ~ (eqn.8.9).o

(8.11)
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<F;>
s

f
o

J:
T(4))+R

/
F;(4)) p(r)r2dr

= -11 2 R

f
o

!:T(4))+R
p(r)r2dr cos4> d4>

-11/2 R

cos4> d4> (8.12)

In these equations integration over A has been carried out.

Eqns. ( 8.11) and ( 8.12) can be simplified if zT(4)) is taken

as a constant average tropopause height; and p is assumed to be inde-

pendent of 4>. With these approximations:

These can be solved to give:

(8.13)

(8.14)

Equations ( 8.13) and ( 8.14) will usually be sufficient for many

applications. The value of 4> is usually around 11/6 radians.o

Eqns. ( 8.13) and ( 8.14) can be used to derive the re1ation-

ship between the gradient Rand R. These are discussed in the firsto

section of chapter 5.

11/2

<F;>n ::: f (4)) cos4> d4>
0

0

<> ::: f () cos4> d4>
s -11/2

<F;> = b - (b - a)
(1 - cos 4> )n 24> 0

0

(b - a)
<F;> = a + 2 (1 - cos 4> )s 4> 0

0
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R = Ro
= b
a (8.15)

Ro
=

[

R (1 -ait) - it

]
1 - - (1 - R)

2</>0

(8.16)

where a = (1 - cos</». Eqn. ( 8.16) was used in chapter 5 to dis-o

cuss the variation of the gradient R in time due to the fluctuationso

of the source. When the two-box theory was used, the small calculated

gradient R had to be expanded to obtain calculated values of R whicho

could be compared to observations. The four-box theory automatically

the two-box theories deal with <;> and <~> and not with the directlyn s

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 CH3CC13'

using a, b, and R instead of the proper variables <~> ,<~> and Ro s n

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 sbould have existed at other latitudes even though

measurements were only made at two high latitude locations. All that

has to De done is to evaluate the integrals over smaller spatial ranges

gave R . In other words, the gradient R = bla, which has been meas-0 0

ured for many years for CH3CC13' F-ll, and F-12, has to be converted

to R by ( 8.16) before it can be used in two-box theories. Similarly
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and all concentrations can be computed from a, b. and ~. Of courseo

toe 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 situation 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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(c) Tropospheric Averages Based on ~etailed Latitudinal Measurements

-- Latitudinal Polynomials.

From ocean cruises and aircraft flights ~easurements 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-ll, F-12 and CH3CC13 during 1976-1978. Similar meas-

urements have also been reported by Singh et al. (1979) for F-ll, F-12,

CH3CC13 and several other trace gases. Makide and Rowland (1979) have

reported CH3CC13 measurements from 25 ground-based locations, most of

which were at ~ > + ~/6 radians and ~ < - ~/6 radians.

It is customary to report the results of such observations with

a fourth order polynomial in latitude so that the mixing ratio at any

latitude ~ is given by:

One of the principal reasons for obtaining a function like ( 8.17) is

to De ab~e 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

DY the simple methods of the previous section.

First, let us consider the ev~uation of the hemispherical and

gloDal averages by the polynomials.
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(8 .20)

<E;>(P) denotes the average northern hemisphere mixing ratio obtainedn

by the use of the polynomial (superscript (p) is used to indicate the

polynomial). <E;>(P) indicates the southern hemisphere average mixings

ratio and <E;>W) the global average. The global average is always

(~) [<E;> + <~> ] as long as the two hemispheresare regardedas syro-n s

metrical with respect to zT(~) and p(~,~).

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 func-

tion of ~, imply that eqns. (8.18) - (8.20) can be simplified to:

7T/2

J:+ZT(.t<-0 ak .k] p(r)r2008. drd.<E;>(p) = 27T Jn T
0

(8 .18)

o R+zT() 3

ak . k] P (r Jr2008. drd;<,> (p) = 2, J J fs T -7T/2 R k=o

(8 .19)
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In these equations a , aI' a2' and a3 have the following units: [a]o 0

= pptv, [a1] = pptv/degree radian, 1a2] = pptv/(degree radian)2 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 C 8 .14}. These values are for data shown

in figures. (8~2) - (8.4}.

(p ) 11

[ (I) 2 - 2 ]
<> = a + a1 (- - 1) + a2n 0 2

+ a3
[ (-j-) 3 _ 311 + 6 ]

(8.21)

<>() = a + 0.5708a1 + 0.4674a2 + 0.4510a3n 0

«> (p) =" -"1 (- 1) + "2 [ () 2 - 2] -"3 [(.'C) 3 - 3. + 6 ]s 0 2 2 2

(8.22)

<> (p) = a _. Q.57Q8a1 + 0.4674a2 - 0.4510a3s 0

<>(P) = a + a2
[(1)2 - 2] (8 .23)

0

<>(p) = a + 0.4674a20



Here <s> ,<s> and <~> are the appropriate hemispherical and globaln s

averagescomputedfrom eqns. ( 8.13) and <. 8.14) and using only a

small part of the data around TI/4°N and -~/2 degrees south; whereas

<s>(p), <~>(p) and <~>(p) are the same quantities calculated from then s

full data using the polynomialand 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 needed 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

205

Table (8 .1) Average Tropospheric

Mixing Ratios of CH3CC13 (pptv)

<s> <s>(p) <s> <s> (p,) <s> <s>(p)n n s s

1976 109 108 78 84 94 96

1977 107 107 86 89 97 98

1978 121 120 95 94 108 107
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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 ao' aI' az' an~ a3 can be derived.

One possible procedure for doing this can be deduced from the refer-

ences (Fink and K1ais, 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 1ati-

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 ratio in the troposphere. It is expected

that these are good approximations in that they accurately reproduce

the hemispherical and global averages. The dependence of p on ~

I~I~ 11/6

11/6 <; I~I < 11/2
(8. 24)

where h = 16 km, hI = 14 km and a = 3.82 km per radian of latitude.o

The obvious effect of this function is that the concentration of a

trace gas in the region of the troposphere from 0 - ~/6 radians of

latitude should be weighted more heavily (than ~) compared to the con-

comes from the dependence of scale height on latitude. The tropopause

height zT also changes both with season and with latitude. A reason-

able time averaged function for zT() is:
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centration in the region from ~/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 S~~~to~phere.

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 to 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 most trace gases

such as F-II, F-12 and CH3CCl3 do not survive for very long in the

stratosphere due to the high solar ultraviolet present in the strato-

sphere, and vertical mixing is slow.

Expressions for the total northern and southern hemisphere aver-

age mixing ratios are:
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+~ ~u (r,~,A,t)
R+zT

Pu (r,~,A.t) r2 dr

coso dOd'] (8.25)

1
- N

cos

f 21T 0

I ~ 1./2
PT r2 dr +

(8.26)

21T 1T/2

II
o -1T/2

~ P r2 dr

]

u u cos~ d~dA (8.27)

From these expressions, it follows that <~> N represents the totaln con

number of molecules of the trace gas in question, in the northern tro-
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posphere, stratosphere. and beyond. Similar comments apply to <~> s

N and <~> N (which is the total number of molecules of the trace
""S c:c

gas in the whole atmosphere). R is the radius of t~e earth.

~T (r.~.A.t) is the mixing ratio of the trace gas at ~. r. A. and t,

in th~ troposphere, PT is the space-time density of air in the tropo-

sphere. Similarly, ~ (~,r,A,t) is the mixing ratio of the trace gasu -

in the stratosphere (upper atmosphere) and P the density of air inu

the stratosphere.

In order to determine the true values of <~> , <~> , and <~> onen s

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 (9bservational) 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/aA)~T and (a/aA)~u are zero; i.e., the gases are zonally well mixed.

Similarly, based on other observations it can also be assumed that ~o

is constant with height up to r = 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 atmospheret and even fewer molecules

of the trace gases with ground level sources. Thereforet the upper

limit of ~ in the integrations with respect to.rt in equations (8.25)

- (8.27) can be safely replaced by R + z~. Nowt 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 height is so

high that small changes in it do not affect the <~> , <~> , and <~> ton s

any significant degree. On the average, it is also appropriate to as-

sume that 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 is reasonable to assume that:

p(z) t(z) dz (8.28)

~ith all these approximationsequations (~.25) - (8.27) become:

<~> ':'n

[

1T/2 zT(</»

~ ~ PT ~T dz cos</> d</>
o 0

1T/2 z

]
+ f f ~ pu tu 4z cos+d+

o zT(</»

(8.29)
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I

TT/ 2

[

zT Z

]
[ J PT <T dz + J oopu ~u dz coscp dcp

IJ-TT/2 0 zT

(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 zT can be represented by some

average tropopause height. Furthermore, it may be assumed that

where a and hu are constants; hu is the appropriate density scale

height of air in the stratosphere. The value of a > 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

[0 zTC,;>
< ;> ::-

4;R2 f J PT <T dz cos.; d"00 -TT/2 0

')

JrZOOPu <u dz cos.; d';]+ L/2
(8.30)

zT

= e-a(z - zT) (8.32)u T

= (z) e- (z - zT) /hu (8.33)Pu PT - T
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with a faster decline with height than the density of air. Eqns.

(8.29 _. (8.3l) become:

(8.34)

(8.35)

(8.36)

where <E;>nT' <E;>sT' and <E;>T are the tropospheric averages defined in

the previous section. NT and Ns are the total numbers of molecules of

air in the troposphere and the stratosphere respectively. If (1 = 0,

implying that there is no change of the mixing ratio with height, then

(NT/~ ) I 1 + (h (1 + 1)-1 (~ INT)] becomes 1, and thus there is no dif-
. co u s

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 (1 -+ co, the

effect of the stratosphere is most severe for the calculation of glo-

bal and hemispherical averages. This. is to be expected because (1 -+ co

implies a zero lifetime for the trace gas in the stratosphere.

NT

[ 1 + huC/+ 1 :; ]<> Z <E;> T Nn n
co

NT

[1+ huC/+ 1 :; ]<E;> Z <E;>T
-

s s Nco

NT [ 1 :; ]
<E;> - <E;> - l+h +1- T N . (1

co, U
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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-

mu1ations will be considered to clarify some ~f the questions regard-

ing the 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 equation can

then be written as:

(8.37)

(8.38)

The brackets < > will be dropped from here on for the sake of notation-

a1 convenience. These two equations account for the total number of

molecules of the trace gas. Where nT = 1/TT and TT here is the aver-

age stratospheric-tropospheric transport time. These equations are de-

rived as follows: Multiply (8.37) by NT and (8.38) by Ns to get:

(8.39)

(8.40)

where CT and Cu are the total number of molecules of the trace gas in

N
d s

«> - <> )- <> = S - n<> - n --
dt T . T T NT . T u

d- <> = - n <> + n «> - <> )dt u u T T u
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the troposphere and the stratosphere. Adding these equations gives:

...!. C = S ... n. CTdt T)C
u (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 TT is the_ time for complete exchange of mass be-

tween the boxes, then the total number of molecules of air that go into

N

the stratosphere in time TTis Ns' thus carrying Ns~T/TT = ~ CT ITT

molecules of the trace gas per unit time. During the same time Ns

molecules of stratospheric air are returned to the troposphere, which

bring N ~ IT T = C IT T molecules of the trace gas per unit time. Equa-s u u

tion (8.37) follows by dividing CT by NT to obtain TT and Cu by Ns to

obtain ~. Eqn. (8.38) follows similarly, from eqn. (8.40).u

Let us return to eqns. (8.37) and (8.38). Thes~ equat ions can

be solved explicitly for all times. It is much easier to consider

their solutions in the asymptotic time limit when ~T/~ is almost con-
. u

stant with.time. In that case the tropospheric equation becomes:

d
dt ~T

N
= S -. T) ~ ~ T) ~ (1 _.~) ~

T T NT . T
(8.42)
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where t = ~u/ ~T = constant. ~T will be

(8.43)

~ depends on nT and n and is I 1 + (b + n) 'T]-I, where it has been

d h h ., . . 11 bt
assume t at t e source 1S r1s1ng exponent1a y as ae

If a simple 'troposph~ric bo~ theory has been used, the equation

would have been (d/dt) ~T = S - n*T ~T with the (asymptotic) solution

~ =T

bt
ae

b + n*T
(8.44)

so that the sink strength found by using only the tropospheric box

would be approximately given by:

N

n*T = n + nT Ns (1 - 1;)
'T

(8.45)

The lifetime found by considering only the troposphere would be '*T

which is a combination of the tropospheric lifetime, " and the strat-

ospheric term given by nT (Ns/NTJ (1 --~). The true global lifetime

is neither, nor '*T' but, = l/n:

(8.46)
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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 n*T and n

are equal. i.e.. when the lifetime determined by considering only the

troposphere is the same as the true global lifetime. If n ~ 00. imp1y-

ing very rapid destructi0n in the stratosphere so that none of the

molecules of the trace gas that enter the stratosphere ever return.

.C ~
then it is easy to check that ~ + nT Ns/NT; (CT + C) t + 0 S0 that

C

n*T + n according to eqns. (8.45) and (8.46).

In real situations

(8.47)

(recall that n = liT. n = liT and n*T = l/T*T). Eqn. (8.47) is based

on the assumption that n ~ n or that T (stratospheric lifetime) . ,,;::18 ">-T

(tropospheric lifetime). In case n ~ n . then T ~ T

Similar conclusions can be drawn from eqn. (8.34) (8.46). First

by comparing eqn. (8.36) to ~ one can deduce the value of a. in terms

of the mean (effective) stratospheric-tropospheric transport time TT

and the stratospheric lifetime T. The result is:

(8.48)

Alternatively, the TT in this expression can be determined from the

knowledge of a; band 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. TT

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 <~> = <~>T (NT/N=)€: The tropospheric budget is formulated

by solving

after a long time of release at the exponential rate. ~llienthe entire

global budget is considered, the following equation is valid:

(d/dt) <~> = SiN - n <~>
00

with the analogous solution

<~> = or aebt/N= NT-- = <~> - €b+Ti TN
00b + n

<~>T
(8.50)

b + n

(d/dt) <>T = S/NT - n*T <>T

If S = aebt, then

bt
ae /NT<> =

(8.49)T b + n*T
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Comparing eqns. (8.49) and (8.50) yields

I1*T

[

1 - f.

]

11=-+b
E E

(8.51)

Equations (8.49) and (8.50) imply that E(b + 11)
-

> 1, b + 11~ b + I1*T' or 11~ I1*T so that T > T*T' In either case it

turns out that the true global lifetime is bigger than the lifetime de-

termined by considering just the troposphere. E + 1 when n + ~ and

only then does D + I1*T'

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 N IN where Nand N are the numbers of molecules in the strato-s ~ s ~

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 altogether. 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 CH3CC13 in deter-

mining the average atmospheric HO concentrations it seems that the HO

concentration must be even lower, because the loss of molecules of

CH3CC13 in the stratosphere is dominated by a different mechanism,

namely solar ultraviolet fluxes, for which CH3CC13 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 calculations.

(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 continuous transport and chemi-

cal theories the same problem persists in terms of p(r, ~, A, 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-live~ 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 NT are

the numbers of molecules of air in the stratosphere and the troposphere,

then:

(8.52)

(8.53)

(8.54)

(8.55)

The ranges of integration over VT' Vs and V are as follows: 0 ~ A ~

2~, -~/2 ~ ~ ~ ~/2 in all cases but the limits of integration for r

(height) vary. For VT' R + Zo (~) ~ r ~ R + zT (~), for Vs' R + zT (~)

~ r ~ R + Z (~), and for V , R + z (~) ~ r ~~, R + z (~) = R. In
s co 0 0

these equations p = p (A, ~, r) is the appropriately time averaged den-

N = J pdVT

VT

N = f pdVs
V
s

Ii = J pdVco

Vco

N = N + NT
; dV = r2 dr dA cos d

co s
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sity of air molecules at A, ~ and r. Because of the atmospheric tem-

perature structure, the earth's rotation, and the gravitational field,

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. Z (~) describeso

the height of the land above sea level. Since the pressure above the

earth's surface declines rapidly with hei~lt due to the gravitational

field of the earth, the height zo(~) is important only in evaluating

the mean global surface level pressure PEe
Z (~) makes no significanto

contribution in the integrals when it comes with R. The inexact knowl-

edge of p, zo(~), and zT(~) are the main obstacles to evaluating NT'

Nand N .s 00

In the present analysis zT(~) will be assumed to be described by

the following function (Reiter, 1975):

h 1~I";;TrIGo

zT(~) = i (8.56)

hI - a~ Tr/G < I~I ..;;Tr/2

h = 16 km, hI = 14 km, a = 3.82 km/per degree radian. z (~) iso s

assumed to be constant at 50 km (Reiter, 1975). z (~) is assumed to beo

represented by a mean effective elevation of 0.236 km = z (Verniani,o

1966).
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Verniani (1966) has carried out a very careful study of the prob-

lem of determining N , where the height integrationgoes up to 100 krn~

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

these calculations and a variety of atmospheric data can be used. Some

of the alternate methods may be more exact, but it is expected that the

numbers obtained 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:

(8.57)

(8.58)

In equations (8.58) and (8.59) the symbols are defined as follows: Pi

is the mean 'pressure at height hi (hi = h), Si is the surface area of

a sphere with radius R + h. and g. is the average grativational field1 1

strength in the shell between spheres with radii hi + Rand R + hi+l.

In eqn. (8.59) only two surfaces are used; where h = hi and h + oh =

~, and g(a) is the average grativational field between hand h + oh.

ID(a) is the mass of the atmosphere between heights hand h + oh above

the earth. Eqn. (8.59) differs negligibly from (8.58) because g does

1m
g dm =

1.
PE dSa

a

N

L - - 1m(a) = (Pi Si - Pi+l Si+l) g.i=l 1
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not change much within the heights considered here, i.e., up to the

stratopause (z ).s

The gravitational field strength varies with latitude and height.

g (~) = a(l + b sin2~ - c sin2 2~)o

_ ~/2
g =1 g (~) cos~ d~o 0

o

- _ - R2 2 z
g(z) - go (R + z)2 - 2w z (1 - i)

In these eqns. g (~) is the surface level gr.avitational field at lati-o

tude ~ (b and c are small). g is ground level, latitudinally averagedo

gravitational field £trength and g(z) is the latitudinally averaged

field strength as a function of height. w is the angular velocity of

the earth.

The main results of Verniani that are used here are his estimates

of PE, go and eqn. (8.59). Taking into account the average elevation

of the land, Verniani estimates PE to be 984.0 mb.

979.76 cm/sec2.

g is derived to beo

One fast and easy way to calculate N is the assume that there is=

only one shell between radii R + Zo to R + 100 km, and that PlOO 5100

« PE 5E, g(z) = g , so that
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(8.60)

where ~ is the mean molecular weight of the molecules that make up the

air and N is Avagadro's number. Eqn. (8.60) gives m = 5.123 x 1021o ~

gm and N = 1.065 x 1044 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 PE and

to a lesser extent g(a).
Verniani's final numbers are m = 5.136 x

~

1021 gm and N = 1.068 x 1044 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 + z too

height R + z + HI; the second covering heights R + z + HI to R + z000

+ H2; and the third covering heights from R + z + H2 to R + z + H3.o 0

HI is taken to be 8 km, H2 is 16 km, and H3 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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R+zT(~)

f p (r) r2 dr cos~ d~
R+Hl (8.61)

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:

[
7Ta

(
1 l3a

)
7Ta

JII [
(H2-Hl)

]
,-1

exp 2H - "2+ 2H exp 6H 1 - exp - H \
(8.62)

With these approximations the masses of the troposphere and the strato-

sphere are:

1 .-. -.
m = --- (p S _. P

T g(1) E E H} (8.63)

(8.64)
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(8.65)

In eqn. (8.62), H is the average scale height in the region from r =

R + z + HI to r = R + z + HI. The results of the numerical calcula-o 0

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 (HI' H2 or H3) are first averaged over the seasons of the year,

then weighted as:

TI/2

Pi = )f <Pi> cos~ d~
o

(8.66)

where <p.> is the time average over the year of pressure at height H.~ ' ~

(i = 1, 2, 3). It 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). In

these calculations g(i) is taken to be go and partially compensated by

taking Pi at the geopotential heights. The value of g(i) is not very

different from g within the region of the atmosphere: 0 < z < H3

(see also Verniani, 1966). It is possible to do more exact calcula-

tions, avoiding some of the simplifications made here.
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In Table (8.2) the subscript nTa refers to the region of the tropo-

sphere between the latitudes 0° and 30°, and nTb refers to the region

between 30° and 90°. N is the number of molecules of air in the
nsa

stratosphere between 0° and 30° (north or south) and N b
the number in

ns

the stratosphere between 30° and 90° (latitude). It is assumed that

the southern hemisphere is symmetric with respect to the northern hem-

isphere, so that N T =N T' N = N , N T = N T 'N Tb = N Tb' Nn s ns ss n a san s nsa

N , N b = N b' where the first subscript stands for northern (n) orssa ns ss

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 HI

and H2 a mean density scale height of 8 km was used in the ratio 1(2)

(eqn. 8.61). The average densities computed at HI and H2 from the

Table (8.2): Mass and the Number of Molecules

of Air in Various Compartments of the Atmosphere

l.fass:(x 10-2Ig)

l.!.r
M

MnT M M MnTb M 11 b 11s ns nTa nsa ns co

4.180 0.939 2.090 0.470 1.141 0.949 0.139 0.331 5.119

Number of Molecules (x 10-43)

NT N
NnT

N
N T NnTb

N N
nsb Noos ns n a nsa

8.690 1.951 4.345 0.976 2.372 1.973 0.288 0.688 10.641
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model atmosphere, and the direct calculation of the number of molecules

in the shell between R' + HI and R' + H2,

R'+H2
by 211J

Rl+HI

11/2,
J p(r)r2 dr
-11/2

cos~ d~ 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

This 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 CHgCClg with complete global coverage were used to compute

the hemispherical 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 900S. Using the equations developed
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here, the hemispherical and global averages of CH3CC13 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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CHAPTER9. SOURCEFUNCTIONS: SMOOTHINGAND SPECTRALANALYSIS

(a) General Ideas

The source strength of most anthropogenic trace gases is speci-

fied by a time series of numbers giving the total estimated release

within each year. For 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. It is, therefore,! necessary to transform the

discrete y~ar1y 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 !(t) is unknown, it can be approximated from the knowledge of

the yearly emissions data S(t), where S(t) is given by:

t+1

S(t) = f !(t"')dt'"
(9.1)

t

Often S(t) is approximated by an exponential as in the case of CH3CC13'

F-11, F-12 and F-22. In other words, the discrete data S(t.) (emis-1

sions over the entire year t.) is fitted (by least squares methods) to1
bt. bt

a function ae . f(t) 1S not equal to ae but can be approximated



237

by f(t) :: S(t) = , bta e 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 S(t) does' not resolve the emis-

sions behaviour within the span of a year). In general, the trans for-

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

f
N

S(t')dt'::L
i=l

S(t.)1 (9.2)

o

where t. = 0, tN = T, and S(t') is the approximated version of f(t').1 .

The purposes of this chapter are (1) to formulate one method for

-
obtaining S(t) from discrete emissions data S(t). This method 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. In the case when S(t) lies on a sim-

ple exponential function, it is simply assumed that f(t) ~ a'eb't

t+c

S(t)=f
t

, b't dt
bt

a e = ae (9.3)

or b't bte = ae (9.4)

Thus b -> b' = b

ba

-~ a'= ~_ 1)a (e
(9.Sb)

where (9.5a) and (9.Sb) 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

f(t) bt = S(t)e (9.6)
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a and b are the same as those necessary to find the exponential func-

tion on which the discrete S(t) lies. If time is assumed to be given

in years, 0 is the time in years over which the discrete source emis-

sions are reported. Thus, 0 = 1 is applicable to all emissions data

which are reported in terms of yearly emissions.

The simpler, often used method (for 0 = 1) is to take the func-

tion on which S(t.) lie, let's call it S(t), and approximate f(t) by:1

f(t)
1

= S(t - 2)
(9.7)

S(t)
-~b bt .= ae e wh1ch is the same as trans-

forming a + a~ where

a~ = ae-b/2 (9.8)

In this method the annual rate of emissions implied by S(t.) is ad-1

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

(a~ = a/I + ~b). For more complicated source functions, the methods

of eqn. (9.7) and (9.3) may yield different results.

The use of eqn. (9.3) can easily be extended to the time scale

o = 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». If not, a different source function must be chosen to avoid

introducing unnecessary systematic biases in the results.

(c) Complex Source Functions

Let us suppose now that the source function has some steady form,

but superimposed on this are cyclic fluctuations. To express a simple

example of such behaviour, one may write the source function Set) as:

Set) - So(t) [1 + a cos (wt + ~)] (9.9) ,

and So(t) - So(t) = btae

where the symbol - is used to indicate that the discrete source data

lie on the function on the right hand side of -.

Set) - So(t) - a cos (wt + ~)I::J.= _
So(t)

(9.10)

b. shows that the deviation of the "true" source function, from a simple

steady source function S (t), is a cyclic function given by a cos (wto

+ ~).

Examples of such behaviour were considered ,for 'the case of CH3CC13

in Chapters: 4 and 5.

to get the correct source function Set) such that

The discrete yearly release data Set) are used to find the param-

eters a, b, a, w, and , and determine the function aebt[l + a cos (wt
-

+ )] on which Set) lies. How should a, b, a, w, and be transformed
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J +O
. a~ebt [1 + a~ cos (wt + ~')]dtt

bt= ae [1 + a cos (wt + ~)] ? (9.11)

Note that w is not altered. Eqn. (9.11) can be divided into two pieces

so that the solution of the previous section applies to the first piece

so a' = ab

(ebO -1)
and b' = b

This leaves:

, _ (b2 + w2)(ebo_l)
a - bw [A2 + B2]~ a

~' = Tan-1 { A cos ~ + B sin ~}B cos ~ - A sin ~

(9.13)

(9.14)

t+O
f a'ebt a cos (wt + <p)dtt

bt
a cos (wt + )= ae (9.12)

After some tedious algebra (sketched in Appendix I), one finds that

A = ebo
cos wo - b sin wo - 1w

B = ebo
sin WQ+ £ cos WQ - £ (9.15)w w
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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:

Again one may use a + a~, as in Eqn. (9.8), and so ~ + ~~ = ~ -

w/Z' This corresponds to (9.7), and here a is not modified. The re-

suIts of this section are different from those based on (9.7), however,

in the calculations of the particular case of CH3CC13 (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 ~ defined by eqn. (9.10) can be general-

ized to:

co

~ = c + L a cos (w + ~ )
n=O n n n

sin <i>'= 1
(A cos + B sin )

.;AZ + BZ

cos =
1

(B cos - A sin )
.; AZ + BZ
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The c term can be absorbed into the So term and rewriting ~ as [1 + c]-l

L a cos(w + ~ ), so it will not be treated further. In case then n nt n

So(t) is as before, i.e., aebt = So(t), then

00

Set) - So(t) [1 + I

n=O

a cos (w + ~ )]n nt n

a ~ an n
=

(9.13) and (9.14) can be expressed as:

(b2 + w2)(ebo - 1)
!l

bw [A2 + B2]~n n n

The generalization of eqns

S(t)
, bt

[1 + La'
= a e n n cos (w t + V)]n n (9.18)

One of the good features of such source functions is that they allow

exact solutions of the species conservation equation averaged over any

n ? ' where ' satisfies: (9.17)n n

sin '
1

(A cos + B sin )=
n

VA2 + B2
n n n n

n n

cos ' 1
(B cos - A sin )=

n
VA2 + B2

n n n n
n n

A = e
be b

sin w 0 - 1cos w 0 - -
n n w n

n

B bo
sin W 0 + .£

b= e cos W 0 - -n n W n Wn n

so that
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spatial scale. For the global conservation equations, d~/dt = Set) -

n~, 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.n n

Eqn. (9.2) becomes:

t bt'
f ae [1 + L a cos (w t'o n n n

(9 . 19)

The first term is simply the usual one:

t" -nt + a [
bt _ -nt]~ e b + e eo n (9.20)

The second term is T2

t
-nt f bt' \ ' nt',T2 = e ae L a cos (w t + $ ) e dt

. n n n n
o

or

-nt \ t (b + )t' i(Wnt'+ $n)
T2 = e aLn an Re J e n e dt' (9.21)o

where Re[f(z)] = real part of the complex function fez) = f (z) +o

a ei~n
T2 = a Re I n [e(b+iWn)t -nt ]

n (b+n)+iw - en
(9.22)
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If
i<Pna e

n

Re (b+n) + iWn
« ~ e (b+n)t

b+n

then
bt

e (9.24)

For the special case there there is only one term (as discussed in Sec-

tion <9. ct

(9.27)

Eqn. (9.27) was used in Chapters 4 and 5, and applied to CH3CCI3.

For fluctuations that are very rapid so that w »(b+n) in eqn.n

(9 .26), then such components are damped out as long as a is not veryn

large. So fluctuations with periods much less than the lifetime (actu-

ally period T « 2~T/(bT+I» are not significant in modifying the global

concentrations as long as their amplitudes are not excessive. This

s.tatement is independent of the practical limitations of finding cycles

in the discrete data S(t). In other words, if there were real cycles of

high frequency w, their effects would be very small as long as their am-

bt an
Re {[(b+n) + iwn]ei(Wnt + <Pn)}

or
T2 ae Ln (b+n)z+wZn

_ bt L an wn [sin(w t + )- ae n (b+n)2+w2 n nn

b+n
+ w cos (w t + <P)] (g.25)n n n

and

(t) TI (eqn. 9 .20) + T2 (eqn. 9 .25) (9.26)
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plitudes are not large (eqn. 9.26).

For the practical case of analyzing source data which are given

only in terms of total emissions over a period 0, cycles with periods

T ~ 0 are not resolved. Therefore, the only frequencies that appear in

,
yearly (or 0) emissions data are w < 2n/o (or ~- 6/yr).

Rapid cycles below the time resolution 0 can still give apparent

slow cycles (of much lower w) in the yearly emissions data. The rapid

cycles can, therefore, be a mechanism by which slow cycles appear in

the discrete data Set). 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 = 0).

This is by no 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 it 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 if 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

assessing the global budget, and yearly release estimates can become

virtually useless.



247

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 meteoro1og-

ica11y 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-

tia1 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-

ica11y averaged conservation equation follow easily from the discussion

it'! 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+o

The general idea, expressed by the equation f S(t~)dt~ = S(t),
t

where S(t~) is the smoothed source function and Sft) 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 0 =
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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 Set) from the discrete values

Set).

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. ~~en 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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Figure (9.1): The appearance of cycles in source functions:
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CHAPTER 10; GLOBAL BOX MODELS:

FOID1ULATION 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 main 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-

ditiona1 details for the theoretical models 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:

a 1
(l/n)-- C = S - L - - vat n - C v (10.1)

C is the number density of the trace gas, n the local number density of

air and ~ the mean velocity vector. Sand L represent the sources and

sinks (losses). When losses are by first order processes L = nC, n =

I ~k where nk are the sink strengths of the various loss processesk
indexed by k. Equation (10.1) is simplified by various averaging pro-

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 T.. repre-~J

senting transport between boxes i and j. The mass conservation equation

can be written as:

d
dt

~..f =~ - .!lAf - Q . f (10.2)

(nAC). = n.C.- -J J J (10.3)
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~ is a column vector [Cl C~]T (!T is the transpose of a vector ~],

where C. is the number of molecules of a given trace gas in box i. 5
1

is the columnvector [51 5~]T where 5. is the source strength~ 1

(molecules emitted per unit time) in box i and ~ is the column vector

[D1 ~~]T. S1~ is a matrix (N x N) which describesthe transport
~ N

of molecules of the trace gas into and out of box i (I Q.. c.). To
i=l 1J J

++
simplify the discussion, Q is defined as follows:

C = ~Af + Q~ C (10.4)

so that eqn. (10.2) becomes:

d
dt

++
C=5- Q C (10.5)

Equation (10.2) can be solved as:

(10.6)

The arrows ++ will be dropped from here on, but it is understood that

Q is a matrix.

co

exp [Q t]:: I:
n=o

(10.7)

A new matrix, P, has to be defined to obtain a useable version of eqn.

(10.6). P is defined by the relationship:

++
C = exp [ - Q t] C +-0

t
exp I -

++
t] . Jr exp [Q t] . 5 (t) dtQ

0
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(10.8)

(10.9)

where Ak (k = 1, ..., N) are the eigenvalues of Q. It is assumed that

the Jordan Canonical form of Q is given by eqn. (10.9). Some Ak may

appear more than once and some A may even be zero, but the roots ofn

the polynomials det[Q - AI] = 0 are simple. (Roots being simple means

that there are no solutions of the minimal polynomial of (Q-AI) of the

type (A_X)n = 0 with n > 1.) With eqns. (10.8) and {10.9), eqn. (10.6)

can be written as:

t
At'

f e P S dt"
o

(10.10)

Eqn. (10.10) is the general solution. It gives the total number of

molecules of a trace gas in each box. If necessary, the C. can be di-1

vided by V. (volume of box i) to get the mean density of the trace gas1

in box i; and C. can be divided N. (number of molecules of air in box
1 1

i) to get ~., the mean mixing ratio of the trace gas in box i.1

Note that eqns. (10.7) and (10.8) imply that:

[ -AIt . :-AJ

-Qt _1 -At ePeP = e = .

0
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If S is constant in time, the solution of (10.10) is:

(lO.11a)

If S is S
-0

bt
e

I is the N x N identity matrix. After a long time the asymtotic limits

of (lO.lla) and (lO.llb) are:

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-

vat ion equation is the complete global average. This makes N = 1 and

the spatial integration of eqn. (10.1) is carried out over the whole

troposphere and the stratosphere. Eqn. (10.10) becomes

c = Q-l S (10.12)-<X>

C = p-l (A + bI)-l P S e
bt

(10.13)-= -0
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t

f S(t') (10.14)

o

c
~ = N00

N is the total number of molecules in the troposphere and the strato-00

sphere; n = liT 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 northern hemisphere troposphere and the stratosphere and

the second box is the southern hemisphere troposphere and the strato-

sphere.

(i) Troposphere - stratosphere

(10.15a)

(10.15b)

T = l/n is the tropospheric lifetime of the trace gas; T = l/n is the

stratospheric lifetime; NS and NT are the number of molecules of air in

the troposphere and the stratosphere. ~T and ~u 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 = o.n
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TIT= liLT whereLT is the stratospheric-tropospheric transport time.

It is easy to show that:

+

[

e-AIt

p-I

o

(10.20)

NS NS

-TI T NT
(TI + TIT N )

I
(10.16)

T

Q = I

(n + TIT)-TIT

1 1 1
Al = - (d + a) + - [(a - d)2 + 4 bc] (10.17a)2 2

1 1 k
A2 = - (d + a) - - [(a - d)2 + 4 bc] 2 (10.17b)2 2

NS NS
d = (TI + TIT)' c = TIT

(10.17c)a = T) + TIT N ' b=TI - ,
T T NT

p - [Of (a - .2) :J
(10.18)

c/(a - A2)

p-I =
(a - AI)(a - A2)

[:o/(a - .2) :/(a - .J
(10.19)

c(AI- A2)
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(ii) Northern - southern hemispheres.

(10.21a)

d
dt ~s = 5s

(10.21b)

time.

(10.22)

(10.23a)

(10.23b)

(10.24)

P and p-I are the same as eqns. (10.18) and (10.19) with a, b, d as in

eqn. (10.24) and b = c. The solution of ~ ,~ is given by eqn.n s

(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-

, are the northern and southern hemisphere mean mixing ratios.n s n

and are the northern and southern hemisphere mean lifetimes (inc1ud-s

ing the stratosphere). LT = l/T is the interhemispheric transport

[ (On + 0T) -0 ](Os + :T)

Q =

-T

1 1 1

Al = 2 (a + d) + 2 [Cd - a)2 + b2]

111
A2 = 2 (a + d) - 2 [(d - a)2 + b2]

a = +.
b = T ' d = (s + T)nT'



258

isphere troposphere and the entire stratosphere. The mass conserva-

(10.25a)

(10.25b)

(10.25c)

~ is the northern troposphere mixing ratio, ~ the southern tropospheren s

mixing ratio, ~ the stratospheric mean mixing ratio. ~ and ~ areusn

the southern and northern hemisphere tropospheric lifetimes and ~ isu

the mean stratospheric lifetime. ~T is the interhemispheric transport

time and ~ is the stratospheric-tropospheric exchange time (time fors

the exchange of the whole stratosphere with the troposphere).

The eigenvalue equation for n gives a cubic polynomial which may be

solved by the available mathematical techniques (see for example Mastow

tion equation assumes the following form:

d Nn - - s
--- = S - - ( - ) - -- ( - )
dt n n n T n s s NT n u

d Ns - - s
---= S - + ( - ) - -- ( - )
dt s s s T n s s NT s u

du 1-
--- = s - + - ( + ) -dt u u u 2 s n s s u

- NS - - NS
(n + T + s NT )

-T
- --
s NT

N NSn=1 - - S -
I (10.26)-T ( + T) + .-- ) - --

s T s NT s NT

1- 1-
(u + ns)

-- --
2 s 2 s
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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 is along the equator,

then each hemisphere is divided once again at about ~/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 north). 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:

et a1., 1963, p. 159). The solutions for , and are describedn s u

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
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The picture given below illustrates the divisions and the numbering:

The eigenvalue equation for n can again be solved by standard mathemat-

ica1 techniques (see Mastow et a1., (1963) p. 160-161).
-1

P and Pare

given as follows:

d
dt 3 = 53 - n33 + n2 (1 - 3)

d
dt 4 = 54 - n44 + D2 (2 - 4) (10.27)

The explanations of the symbols k' nk (k = 1 - 4), n1, n2 and 5k are

obvious from the figure and the discussion in Chapter 5.

-
(n1+n1+D2)

- -
-n1 -n2 0

-n1 (n2+n1+n2) 0 '-n2
n = i

I
(10.28)

-n2 0 (n3+n2) 0

0 -n2 0 (n4+n2)
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(10.29)

= [(g - A ) (f - A ) - c2]/bck k

= (g - A )/ck

= [(g - A ) (f - A ) - c2]/b(d - A )k k k

(10.30a)

(10.30b)

(10.30c)

k=1,...,4

a = nIl' b = ~I' c = n2, d= ~3 + ~2; f = Q22 = (~2 + ryl +

n2), g = Q44 = ~4 + ~2

-1
P can be deduced from the standard technique, namely:

-1 p+P =-
det P

where p+ is the adjoint of P (any standard text may be consulted for

(10.31)

evaluating eqn. (10.31); for example, Smiley, 1965).

The algebra of such a theory is considerably simpler when ~l = ~2

and ~2 = ~4' 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 northern and southern hemispheres. The detai1s.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 completely appropriate for those

AO'I) BO'I) D(A1) 1

A(A2) B(A2) D(A2) 1
p = .

: A(A3) B(A3) D(A3) 1

A(A4) B(A4) D(A4) 1
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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 processes 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

higher in the southern hemisphere, thus making Tl > TZ and T3 > T4 (of

course T3 > Tl and T4 > TZ because of reduced HO densities at high lat-

itudes). It is, therefore, recommended that in such conditions nk

should all be assumed as different from each other. I would like to

add that this consideration was left out of the theory in Chapter 5

since the main problem in that chapter was to show that the form and

"depth" of the changing CH3CCl3 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 tbe atmosphere into

the northern and southern tropospheres and the northern and southern

stratospheres. The equations are:
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The division of the atmosphere is illustrated in the figure below:

stratosphere

troposphere

earth

When n3 + 0 the matrix P is the same as eqns. (10.29) and (10.30), but

d1 N
- - 8-

= 81 - n11 - n1(1 - 2) - n2 -- (1 - 3)dt NT

d2 N- - S
dt = 82 - n22 + n1(1 - 2) - n2 -- (2 - 4)

NT
(10.32)

d3

dt =-n33 - n2 (3 - 1) - n3 (3 - ;4)

d4

dt = -n44 -n2 (4 - 2) + n3 (3 - 4)

N
N8- 8- - -

0(nl+n1+N n2) -nl -n2 --
T NT

N
NS- - 8 -

-nl (n2+nl+n2 N)
0 -n2--

n = t
T NT

I (10.33)

(n3+n2+n3)
-

-n2 0 -n3

- -
(n4+n2+n3)0 -n2 -n3
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(10.34)

~3 ~ 0 is a reasonable approximation (see Reiter, 1975). If n3 * 0,

then P can be evaluated from eqn. (10.8).

(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:

where a, b, c, d, f and g are definedas follows:

N n- 5 - - - 5
a = (1 + 1 + 2); b = 1; c = 2

T T
N- - - 5

d = (3 + 2)' f = (2 + 1 + 2 )
T

g = (4 + Ti2)

€1 = 51 - 11 - 1 (1 - 2) -"2 (1 - e3)
_ N5

(10.35)- n -- (1 - 5)
5 NT

2 = 52 - 22 + "1 (1 - 2) - n2 (2 - 4)

_ N5
" -- (2 - 5)
5 NT

N. - - 5
3 = 53 - "33 + "2 (1 - 3) - "5 (3 - 5)

T
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ns is the time during which the entire stratosphere is exchanged with

the troposphere (not with each smaller box, nS - 0.5 - O.6/yr, Reiter,

1975). The divisions of the atmosphere are described by the figure

below:

stratosphere

troposphere

earth

The appropriate matrices P and p-l may be constructed by the same

methods as used before. The eigenvalue equation for ~ 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 southern hemispheres, it may be possible to

solve the eigenvalue equation. The more pragmatic reader will certain-

ly not be dismayed by the insolvability of fifth, or higher, order pol-
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ynomia1s since approximation techniques are available and well known.

(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)

N. - - - S

1 = Sl - n11 - n1 (1-2) - n2 (1-3) - nS (1-6)T
N· - - - S

2 = S2 - n22 + n1 (1-2) - n2 (2-4) - nS (2 5)T
N. - - S

3 = 83 - n33 + n2 (1-3) - nS NT (3-6)
N· - - S

4 = S4 - n44 + n2 (2-4) - nSif (4-5)T
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~s

The figure below illustrates the divisions of the atmosphere:

/
/

troposphere

stratosphere

earth

'.

The eight-box theory is described by the following equations:

C2 = 52 - n2C2 + nl(Cl-C) - 4(C2-C4) - 3 C2 + 3C7

C3 = 53 - n3C3 + n2(CI-C3) - 4 C3 + n4CS (10.37)

C4 = 84 - n4C4 + D2(C2-C4) - n4 C4 + n4Ca

. -& - -l!.6.Cs= -nSCS + n4 C3 - n4CS - ns( Cs - C6)N3 Ns

. -.&. - -& - -
C6 = -n6C6 + n3 N Cl - n3C6 + nS N Cs - nSC6 - n6 (C6-C7)r1 5

C7 = -n7C7 + 3 C2 - 3C7 + n6 (C6-C7)

. - & - - &.Ca = -naCa + n4 C4 - n4C3 - n5 ( Ca-C6)
N3 NS
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To demonstrate the equations more clearly the eight-box theory is for-

. ., 8) instead of
mulated in terms of the total burdens Ck (k = 1, .

the mixing ratio~. It is easy to convert Ck ~ '~k (Ck = ~kNk 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

D3 here is the reciprocal of the time it takes for the contents of box

6 to be exchanged with box 1 and D5 is 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 air. The

subscripts nand s refer to northern and southern hemispheres.
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t u
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The nine theories represented above have been discussed in this chapter.

(j) 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 one 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 is different

for different trace gases. It is a rather simple matter to evaluate

the ~k or Ck for any theory discussed here when the source function is

known. Many of the possible source functions were discussed in Chapter

4. With the aid 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 eva1ua-

tion of highly soluble trace gases. The methods outlined here are gen-

era1izeable to the inclusion of oceanic boxes with some additional ef-

fort.

In many cases of interest such theories are powerful tools in

explainingthe behaviourof trace gases..
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CHAPTER 11. CONCLUSIONS

(a) Review

The purposes of this chapter are to revie~ 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 mechanisms 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, T 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 number, T, 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: CFC13 (F-11},CC12F2 (F-12)and CH3CC13. The

source strength was taken to be given by estimates of F-11 and F-12 by

McCarthy et a1. (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°5).

The results of the analysis suggest that a lifetime for F-1l or F-12 of

less than 20 years is extremely unlikely. LF-l1 was estimated to be

- 50 yrs and TF-12 was estimated to be > 70 yrs. These long lifetimes

are expected on the basis 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-1l and F-l2

based on the available data. The lifetime of methy1ch1oroform (CH3CC13)

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 is most appropriate. It is possible t-hat the lifetime of

CH3CC13 is as low as 6 years or as high as 11 years, but these limits

are unlikely. The lifetime of CH3CC13 is most probably between 8 and

10 years. It is also likely that there is a significant difference be-

tween the lifetime of CH3CC13 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 CH3CC13. The

behaviour of CH3CC13 is discussed in several later chapters. All three

trace gases, F-ll, F-12 and CH3CC13, 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[HO]}-l (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 is 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. It

appears that there are large uncertainties in the estimation of globally

yearly averaged HO densities. The final conclusion was that the global

ground level average HO densities should be between 5 10 x 105 mole-

cules/cm3. These estimates were based on forcing the lifetimes of

CH3CC13, deduced by the two metbods discussed above, to agree. The cur-

rent data on reaction rates indicate that CH4 has a longer lifetime than

14 yrs. This lifetime is significantly

longer than most budget estimates (see, for example, Seinfeld, 1977)

which range from 2 yrs. to 6 yrs. The current understanding of the CH4

budget is, therefore, questionable. It appears that the true global

emissions of C~ should be lower than previously estimated. The longer

CH4 lifetime also has an effect on the global CO budget since CH4 even-
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tua11y yields CO after its reaction with HO. If the CH4 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 atmosphere (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

CH3CF2C1 and CHFC1CF3 were found to be about 25 and 10 yrs respectively.

These chlorine-containing 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 significant question regarding other sinks of
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CH3CCI3' When budget methods are used to estimate the global lifetime,

it does not separate the various mechanisms by which CH3CCl3 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 due 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 idea that

the emissions function can have residual structure was introduced in

Chapter 4. If S (true) are the best estimates of the yearly emissions

emissions of a trace gas, then the residual structure is defined by ~

= S (true) - aebt (where a and b are determined by least squares meth-

ods applied
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to In S (true). 6 would be zero if the source was really exponential.

Moreover, if 161 is small compared to S, then the residual function 6

really doesn't have any observaDle effect on global concentrations of

the trace gas. For CH3CC13 it turned out that 6 was not only quite

large, but also had an interesting structure -- it was cyclic, des crib-

able by a cosine function with a period of about 7 years. A kind of

Fourier analysis of the function 6 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 CH3CC13 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 CH3CC13 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 CH3CC13 over the last five years, and the

theoretically expected rate of increase coincided. Statistical calcu-

lations were also carried out, which supported the general idea that

addition of 6 was necessary in order to explain the observed growth of

CH3CC13 in the atmosphere. This success in explaining the growth rate

of CH3CC13 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 CH3CC13, called R , revealed moreo

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 6 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 R not only for CH3CC13 but also for F-ll. Thus, it ap-o

pears likely that the gradient R , of CH3CC13 (and also F-ll) was lar-o

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-

ceptib1e to absolute accuracy of the measurements, and thus becomes

more appropriate for drawing conclusions. The method developed implied

significant sources in the southern hemisphere. This analysis is most

easily applicable to relatively short-lived trace gases (T < - 2 yrs).

In Chapter 6, various possible scenarios for the future emission

of CH3CC13 were considered, leading to the conclusion that CH3CC13 con-

centrations in the atmosphere can become 2-4 times as high as the cur-

rent levels. This would make CH3CC13 more prominent in endangering the

ozone layer.

In Chapter 7, CHC1F2 (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 a1. (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



281

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. It turned out that a

slow conversion (TF-12 - 100 yrs or more) would be sufficient to ac-

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

CH3CC13 (by 1IJorethan a factor of 2). Thus~, F-12 can als-o 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.



282

(b) Environmental Action

"In the middle of the gentlemen's cabin burned a solar lamp,

swung from the ceiling .

"Here and there, true to their 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 environment, and to establish certain properties

(such as lifetimes) 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 ~tse1f 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-

p1ete1y man-made while others are being increased due to human activi-

ties. The 18th-22nd most abundant gases in our present atmosphere are

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

C02, CO, CH4, CH3C1, 502. Anthropogenic contribution to chlorine in

the stratosphere is nmv 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 needs 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 11 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 all predictions of the future deterioration of the global en-

vironment, leaving the environmentalist little 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 environment 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 too far from the topic

of this chapter, so this seems to be a reasonable place to end this

dissertation.
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Cha,Eter 2.

1. MEASUREMENTS OF CFC13t CC12F2t CH3CC13t CC14 D N20

Pacific Northwest Antarctica
Concentration Concentration Ratio

pptv pptv N/s

January 1975

F-ll 125 90 1.39
CC14 130 120 1.08
CH3CC13 90 54 1.67

January 1976

F-12 228 195 1.17
F-ll 138 113 (109)* 1.22
CC14 133 121 1.10
CH3CC13 98 57 1.72

January 1977

F-12 251 216 1.16
F-ll 154 127 (128)* 1.21
CC14 144 128 1.13
CH3CC13 107 70 1.53
N20 330 ppbv 330 ppbv 1.00

January 1978

F-12 280 244 1.15
F-ll 166 145 (149)* 1.14
CC14 154 123 1.25
CH3CC13 117 85 1.38
N20 332 ppbv 331 ppbv 1.00

January 1979

F-12 300 260 1.15
F-ll 173 154 1.12
CC14 140 135 1.04
CH3CC13 135 95 1.42
N20 332 ppbv 332 ppbv 1.00

{tTasmaniaData
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1/1975-1/1976 804

1/1976-1/1977 914

1/1977-1/1978 980

1/1978-1/1979 1100

S* = 3801 x 106 1bs = 73 ~ptv (106 1bs = 0.0192 pptv)

Choosing z;and using the eqns. (2.1) - (2.7)t the results of

Table (2.1) follow.

2. a and from eqns. (2.6) and (2.7):

Z; 0.15 0.20 0.25 0.5 1.0

a 0.844 0.853 0.862 0.91 1.00

3. Lifetimest eqn. (2.4)

(a) CH3CC13t global average theory

F,;T(Pptv) In F,;T
t

72 4.277 o 1/1975

77.5 4t350 1 1/1976

88.5 4.483 2 1/1977

101 4.615 3 1/1978

115 4.745 4 1/1979

F,;T= 70.37eO.1201t

F,;* = 308 pptv

(b) time release (millions of 1bs)

(c) F-11 global average theory.

F,;T = 110.95 e
0.1053t

T
bt

! bt aa bT
For F,;T= ae F,; = a ae dt =-- (e - 1)* b

0
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Source: 341 x 106 kg/yr = 19.3 pptv/yr.

N = 10.641 x 1043 molecules (see Chapter 8)

106 kg = 0.04118 pptv.

Taking ~ = 0.2 gives T = 56 and assuming ;1* = O.q~* gives T =
32 yrs.

(i.e., measurements are too high by 10%).

(d) F-12 global average theory.

~T = 212.53 x eO.0957t

Source: 413 x 106 kg/yr = 19.3 pptv/yr

106 kg = 0.0468 pptv

S* = 58 pptv (3 yrs.)

Take S; = 1.1 S*, ;; = 0.9;*, 6;' = 0.96;, ~ = 0.25 => T >70 yrs.

4. Simulation method (eqn. 2.8)

S = 765.5 eO.1047t in millions of 1bs per yr.
t+1

Cumulativerelease for the year is J S dt',
t

~ = ~ -nt+ 14.7 ( 0.1047t _ -nt) (i t )
~ ~oe 0.1047+n e e n pp v

time ;;1(pptv) ;(T) (pptv) for specified T

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 94.8

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, ~ = 0.25.

Calculations, assuming that the measured values (~l) are too

high by 10%:

The subscript T refers to tropospheric values. To get ~ and~, mu1-n

tip1y by a, which is taken to be 0.862 in this study corresponding to

~ = 0.25. This gives the results of Table (2.2).

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. Hemispherica11y averaged theory:

(a) CH3CC13, eqns. (2.15) and (2.16)

time
nT 1nnT sT 1nsT

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

nT = 84.1 e

0.1037t

sT = 56.6 e

0.143t
;
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(b) CH3CC13 simulation method

~ and ~ are corrected for latitudinal variation and smaller
no so

stratospheric concentrations (~ = 0.25).

0.1047t
29.4e (pptv/yr)

In all cases S =
. n

(i) TT = 1.2 yrs, T = 12 yrs, T = 6 yrs, (T = 8.5 yrs)n s

~ = 72 pptv, ~ = 46.5 pptv (based on measurements)no so

~ = 3.6 e-1.792t _ 6.79 eO.123t + 75.254 eO.1047tn

~ = -4.604 e-1.792t _ 6.583 eO.123t + 57.733 eO.1047ts

(ii) TT = 1.2 yrs, T = 16 yrs, T = 8 yrs, (T = 11 yrs)n s

~ = 72 pptv, ~ = 46.5 pptvon os

~ = 3.87 e-l.761t _ 16.43 e-O.0933t + 84.63 eO.l047tn

~ = _ 4 e-l.76lt _ 15.87 e-O.0933t + 66.4 eO.l047ts

Predictedvalues of and :
n s

time
n s

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



Predicted values of ~ and ~n s

time
~n

72

79.7

90.8

103.5

117.3

~s

.46.5

58.6

68.6

78.9

90.0

1/1975

1/1976

1/1977

1/1978

1/1979

(iii) T = 1.2 yrs, T = 8 yrs, T = 4 yrs (T ~ 5 yrs) ,n s

~ = 72 pptv, ~ = 46.5 pptv.on os

~ = 3.19 e-1.856t + 7.381 e-O.185t + 61.647 eO.1047tn

~ = -3.42 e-1.856t + 6.92 e-O.185t + 43.14 eO.1047ts

Predicted values of ~ and ~n s

time ~n

72

75.1

81.2

88.6

101.1

~s

46.5

53.1

57.9

63.0

68.9

1/1975

1/1976

1/1977

1/1978

1/1979

Figure (2.2) is based on the three tables in this section.

(c) Simulation method for F-11

S = 28 pptv/yr, ~ = 103 pptv, ~ = 81 pptv,n on on

TT = 1.3 yrs, A = 184 pptv, B = 22 pptv and ~ = 0.2o 0

298
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Based on measured values with ~ = 0.2.

Apparently T = 30-50 years is in agreement with the data.

If it is assumed that the true source is 20% bigger than that as-

sumed ear1iert then the following results:

(5 ~ 33.6 pptv/yr = 408 million kg/yr)

T = 10 yrs 20 yrs

--
Time

F,;n F,;s F,;n F,;s F,;n F,;s

1/1975 102.8 80.6 103 81 103 81

1/1976 115.1 97.3 105.6 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 yrs QC)

- - "-

Time
F,;n F,;s F,;n F,;s F,;n F,;s

1/1975 103 81 103 81 103 81

1/1976 112.1 93.4 113.4 94.6 115. 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
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Figure (2.3) is based on the two tables given in this section, 5 c.)

Predicted concentrations:

T = 10 yrs T = 20 yrs

Time
E;n E;s

E;'
E;sn

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
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Chapter3.

(1) Calculations of THO

The numbers in the tables are values of THO (yrs) for selected

values of Th (yrs), Ts (yrs), and T (yrs)

T = 30 vI's
s J

Tb 10
20 30 50 70 100 co

T

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 9.1

8 -- 24.0 17.1 14.0 12.9 12.2 10.9

9 -- 36.0 22.5 17.3 15.7 14.8 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

T = 40 yrss

Th 10 20 30 50 70 100 co

T

6 24 10.9 9.2 8.2 7.9 7.6 7.1

7 56 14.7 11.8 10.2 9.7 9.3 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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L = 50 yrss

Lh 10 20 30 50 70 100 ...

L

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

cm3 for selected values of Lh" Land L. S

L = 30 yrss

L 10 20 30 50 70 100 00

h.

L

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 -- loll 1.6 1.9 2.1 2.2 2.5

9 - - 1.2 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 yrss

Th
20 30 50 70 100 co

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 1.4 1.8 2.2 2.3 2.4 2.7

9 1.0 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 yrss

Th
20 30 50 70 100 co

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 1.5 2.0 2.3 2.5 2.6 2.9

9 1.1 1.6 1.9 2.1 2.2 2.5

10 -- 1.3 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) Relativestrengthsof HO sinks.
Kx

HO + x . products

The strength of species x as a sink for HO is given by:

C1 = K [x]x x

under steady state conditions. Let R be defined as:

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.

The ratios R cannot be simply extrapolated to global scales. The con-x

centrations assumed in the bo1umn [x] are ambient levels reported in

Boundary Layer Calculations:
3

Species x Kx ::lec-sec [x](ppb)
R
x

-13
CO - 1. 4 x 10 - 120 1

-15
CH4 - 6.3 x 10 - 1400 0.5

-12
N02 4-6 x 10 - 1 0.3

-14
HN03 8.5 x 10 - 10 0.05

-15
H2 5.8 x 10 - 500 0.17

-14
CH3C1 4.2 x 10 - 0.6 0.001

-13
NH3 1.5 x 10 - 6 0.05

-11
CsHa 5-6 x 10 - 0.5 1.5-2
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the references (Giddings, 1973; Heick1en, 1976; and Walker, 1977).

The rate constants are from ~eMore et al. (1979), Atkinson et a1.

(1978) and Graede1 (1978).

This table is constructed as a heuristic aid and should not be

taken as a statement of the global HO sink.

(4) Equations for <t>

One refinement of eqn. (3.16) is to divide the troposphere into

three pieces by latitude: (1) - ~/2 ~ ~ ~ -~/6; (2) - ~/6 ~ ~ ~ ~/6;

and (3) ~/6 ~ ~ ~ ~/2. Assume that the regions (1) and (3) have the

same atmospheric characteristics (same density, scale height, tropo-

pause height, etc.). Regions (1) and (3) are specified by: zTl' HI'

p ,T and l2. Region (2) is specified by ZT ' H , p , T and l2'01 01 2 2 02 02

In this case eqn. (3.6) becomes:

where

1 1
r'=- H

+-
h +8.]. . . ].]. ].

i = 1, 2

i = I, 2
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It is assumed that zT is the average tropopause height in the regions

from -~/2 ~ ~ ~ -~/6 and ~/6 ~ ~ ~ ~/2. The tropopause height between

-~/6 < ~ < ~/6 is fairly constant (at about 16 km) (Reiter, 1975).

[HO] and [HO]
02 01

gions (2) and (1)

are the mean hydroxyl radical concentrations in re-

respectively. [HO] is much smaller than [HO]
02 01

([HO]02 / [HO]Ol - 0.2 - 0.5), thus making the lower half of the tro-

posphere between ~ ~ 1~/61 the region where most of the destruction of

trace gases. with HO sinks. tal~es place.

The lifetime within smaller regions of the troposphere can be

written as:

<-r> =
v

f pl;dvv

fk[HO]pl;dv
v

where v is the appropriate volume in the troposphere.



Chap.ter 4.

1. Analysis of the global CH3CC13 emissions:

(a) Table 1: Source analysis for CH3CC13

Year

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

Time

o

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

InS (1) (2)

4.718

4.828

5.081

5.481

5.663

5.768

5.790

5.832

5.908

6.230

6.620

6.685

6.690

6.821

6.888

7.003

fll (t) (3)

-0.157

-0. 17 8

-0.100

+0.147

+0.176

+0.128

-0.003

-0.114

-0.191

-0.022

+0.215

+0.127

-0.021

-0.043

-0.129

-0.167

a cos(wt+</»(4)

-0.152

-0.207

-0.092

+0.100

+0.208

+0.147

-0.035

-0.188

-0.187

-0.033

+0.148

+0.208

+0.096

-0.093

-0.207

-0.150

307

fl2(t)

-0.005

+0.029

-0.008

+0.047

-0.032

-0.019

-0.032

+0.074

-0.004

+0.011

+0.067

-0.081

-0.117

+0.050

+0.078

-0.017

1. S = discrete source in millions of 1bs/yr.

2. InS = In a + bt; least squares values for In a, bare 4.85 and

0.153/yr respectively.

3. fll = InS - a - (In a + bt); a = 0.025o 0

4. a = 0.21, w = 0.94 rad/yr, = 2.38 rad. (see table 2).

5. ~2 = fll- a cos(wt+</».
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(b) Determination of w and ~ in 61'

Table (2)

t
cos-1 [6a1 ]

0 2.42 a = 0.21

1 3.70 Least squares values of w and are

2 4.22 w = 0.94 rad/yr, = 2.38 rad

3 5.21

4 5.71

5 7.20

6 7.87

7 8.43

8 9.00

9 10.89

10 12.57

11 13.49

12 14.24

13 14.34

14 14.80

15 16.36
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(c) ~2 (t) for CH3 CC13 (1972-1977)

Table (3)

S
~-1ae t

a cos (wt+~) = ~2(t)

a
a = ae 0 (see table 1)

The ~2 defined as above compensates for the error in making the approx-

imation exp [a cos(wt+~)] = 1 + a cos (wt+~)

Comments on tables (-1) and (2)

These are the average deviations of the emissions data from In S = In a

+bt and In S = In a + bt + a + a cos (wt+~), respectively. If theo

/).2

t Yr /).Z = -0.01+0.11 cos(1.57t+5.1) /).3 = !::.z - !::.2

0 1972 +0.011 +0.032 -0.021

1 1973 +0.092 +0.092 0.000

2 1974 -0.072 -0.051 -0.021

3 1975 -0.117 -0.112 -0.005

4 1976 +0.051 +0.031 +0.020

5 1977 +0.086 +0.092 -0.006

<I!::.zl> = 0.072 <1!::.31> = 0.012

!::.2(t) is definedby:

N
1

/).1 (t.) = 0.12 = !::.1N+1
i=o ].

N
1

!::.2 (t.) = 0.04 = !::.2N+I
i=o ].
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theoretical expression for the source is S} = aebt. then the relative

error between this function and the emissions data is

6
~ = S1 - S = (1 _ e 1)

S} S1

= - [6}(t) + t 6j(t)]

=<- 61(t)

This holds since the source data are 5 = aebt e6}; by the definition of

61. Similarly, if the theoretical source expression is S =

bt ao+ a cos (wt+~) . 6
ae e then S · Sze 2 so that the error is

2. Comparison of time series data for CH3CC13 with the prediction of

steady and fluctuating source theories.

(a)
bt

Source term given by S = ae

1;; = T + ~ bt
o b+TI e

(Table 4.)

S 62
= S2 - = (1 - e ) =<-62S2 52

or

II = 16}1 lful = 162151 S2

a..
1;; =<9 ppt , = 10.401 pptv0 b+TI

( a" -TIt -TItT = 1;; --)e =<-14e
o 0 b+ TI .
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Table (4): Concentrations predicted by simple source theory and

observations:

Time (yrs)

12

13

14

15

16

Mean deviation ~ 0.04 ( ~ 0.024 for the last four yrs)

(b) Source term with ~l

S = a~ebt [1 + a~ cos (wt+~~)]

for T = 11.8 yrs: a = - 1.9 pptv,o

a1 = [10.43 + 0.546 fo(~~+wt)]

T = 12.8 yrs

Year redicted Meas. o/

1/75 65 pptv 72 -0.094

1/76 76 77 -0.018

1/77 88 88 +0.003

1/78 103 101 +0.026

1/79 120 115 +0.048



312

(c) Source term with 1:.1and 1:.2

S = a'ebt [1 + a' cos (wt+~') + 1:.2H (t-T)]

- e-~tfo(~*) } H(t-T) = ~ + T2

{

o t < T bT
H(t-T) = 1 t ~ T : A = ae (T = 9 yrs)

~ = predicted concentrations when only 1:.1is taken into account.

T2 = +0.52, -1.29, -0.57, +1.42, +1.30 pptv

t = 1/75, 1/76, 1/77, 1/78, 1/79 yr

Table (5): Concentrations predicted by fluctuating source theory with

1:.1included.

Yr. Predicted Meas. o/ Time (yrs)

1/75 67.4 pptv 72 0.064 12

1/76 79.6 77 0.027 13

1/77 90.1 88 0.018 14

1/78 100.1 101 0.009 15

1/79 113.6 115 0.012 16

Mean deviation 0.026 ( 0.016 for the last four yrs).
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Table (6): Concentrations predicted by fluctuating source theory with

~l and ~2 included

Mean deviation ~ 0.016 ( ~ 0.007 for the last four years)

(d) Corrections of a, w, w*, ~, ~*: discrete to continuous source

Table (4):

a = 127.7

a" = 118.2

S (with~1)

a=13l.0 a"=121.2

a=0.21 a"=0.22

S (with ~l and ~2)

a*=O.ll; a;=0.12

~*= 5 . 2 ; ~ ; =4 . 3

~=2.38 r=1.91

Units: [a] = millions of lbs; [a] = [a*] = dimensionless

Yr. Predicted Meas. o/ Time (yrs)

1/75 67.9 pptv 72 0.057 12

1/76 78.3 772 D.OEI 13

1/77 89.5 88-11 0.011 14

1/78 101.5 101 0.005 15

1/79 114.9 115 0.001 16
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3. Comment on Lifetimes.

The lifetimes that fit the global averages are higher than the

true lifetimes of CH3CC13' The reason is that the source is divided

by the total number of molecules in the total atmospheret but the

decline of the mixing ratio of CH.3CC13 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 add i-

tional assumptions. It is assumed that the time varying stratospheric

content is proportional to the tropospheric content as can be expected

after a long time of almost expon~ntial releaset then the true average

mixing ratio is smaller than that assumed heret but its rate of in-

crease is the same as that which the observed time series gives (-0.12

-0.13 per yr). For this reasont the increase of the concentration is

the appropriate variable to compare. Since the true global mixing ra-

tio is smaller than that ado~ted heret the true lifetimes are also

smaller than those obtained here. In 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)t the slope predicted by the simple source the-

ory will remain the same (0.l53/yr) as already discussedt thoug~ 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-

mum around 1/79, the maximum will be a little higher than before and

the minimum a little lower. Therefore, the slope predicted by the

fluctuating source theory (with the ~1 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 CH3CCl3 time series data:

(a) Tests of Slope

D. = ln. - f3 t.
0

f3 =0.15 f3 =0.14 B =0.130 0 0

t D. D.
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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(b) Confidence intervals and estimates of slope based on the Theil test.

N =(~)

Procedure: 1. evaluate the N sample slopes

S.. = (Y. - Yi)/(t.- t.); i < j1J J J 1.

s = O.lS/yr. S = 0.14/yr. S = 0.13/yr.0 0 0

(i, j) <5(D. - D.) O(Dj - Di) <5(D. - D.)
J 1 J 1

(1, 2)

(1, 3)

(1, 4)

(1, 5)

(2, 3) - - 0

(2, 4) - - +

(2, 5) - - 0

(3, 4) - 0 +

(3, 5) - - 0

(4, 5)

n
C = I: <5 (:>. - D.) = -10 -9 -3

.< . J 1.1. J

H :

B = O.IS/yr. j

0

S: < O.lS/yr.

reject at 0.008 level.

HI :

H :

B . = O.14/yr. j

0

S: < 0.14/yr.

reject at 0.04 level.
H .

1 .
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2. Orderthe S..:
1.J

(1) ~ ~ (N)S . . .. S

3. a = estimate of slope

a = median {S..)}:
1.J

8 = S(k+1) if N is odd and N = 2k + 1

~ 1 (k) (k+1)
a = 2 [S + S ] if N = even and N = 2k.

t.
1.

1 2 3 4 5

y.
1.

4.277 4.350 4.483 4.615 4.745

a = 0.124/yr.

91.6% confidence interval.

Procedure: (1 - a) specifies the confidence coefficient with the

Kendall k-statistic.

P {- C < C < C } = (1 - a).o a a

Define:

1
H = - (N - C )1 2 a

1
H = - (N + C )

2 2 ex

{S..} = {0.073, 0.103, 0.113, 0.117, 0.133, 0.133, 0.117, 0.132,
1.J

0.131, 0.130}

0.073 < 0.103 < 0.113 < 0.117 0.117 < 0.130 < 0.131 < 0.132

< 0.133 0.133
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The (1 - a) confidence interval (8L, 8u) is: 8L = S(MI) ,

8 = S(M2 + 1) where S(j) are the ordered values of S.. obtained for
u 1J

the estimate of slope.

We choose a = 0.084 which gives C = 6, so that MI = 2, M2 = 8,a

thus

8L = 0.103/yr and 8u = 0.133/yr.

P8 {8L < 8 < 8u} = 0.916

5. Fluctuations in the source strengths of CFC13 (F-l1), CF2C~2 (F-12)

and CHClF2 (F-22).

~I is computed and plotted for F-11, F-12, and F-22 from the re-

lease estimated by McCarthy et a1. (1977).
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F-11 (CFC13) F-12 (CC12F2) F-22 (CHC1F2)

Time Year In R In R-(a+bt) In R In R-(a+bt) In R In R- (a+bt)

0 1949 1.31 -0.690 3.19 O. 068 -2.30

1 1950 1.69 -0.472 3.30 0.057 -2.30

2 1951 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 -0.036 -0.92

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 0.01 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 1961 3.94 -0.004 4.55 -0.024 1.28 0.020

13 1962 4.17 0.064 4.69 -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 0.036

16 1965 4.68 0.088 5H4 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
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28 1977 5.79 6.02

29 1978 5.73 5.85

a 2.0 2.88 0.22

b 0.162/yr 0.121/yr 0.208

mean
deviation 0.12 0.05 0.12
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1.3
1950 1955 1960 1965 1970 1975

TIME (years)

Figure (A4.1): Global emissions of CC13F (F-11) from

1949-1978.
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Figure (A4.2): Global emissions of CC12F2 (F-12) from

1947-1978.
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1 I"~960 1965

TIME (years)

-2.3
1
1t950

Figure (A4.3): Global emissions of CHC1F2 (F-22) from

1950-1976.
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Figure (A4.4): ~l function for the global emissions of CC13F (F-ll).
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Figure (A4.6): ~1 function for the global emissions of CHClF2 (F-22).
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ChaE.ter 5:

1. Statistical tests for trends of the gradient R .a

(a) Theil test

o (D. - D.)
J 1.

(i, j) CC14 CC13F CC12F2

(1, 2) +1 -1 -1

(1, 3) +1 -1 -1

(1, 4) +1 -1 -1

(1, 5) -1 -1 -1

(2, 3) +1 -1 -1

(2, 4) +1 -1 0

(2, 5) -1 -1

(3, 4) +1 -1

(3, 5) -1 -1

(4, 5) -1 -1

C = 1 (D. -D.) = +2 -10 -5
. . J 1.
1.<J

H : B = 0 accept for CC14, CC12F2a a

reject for CC13F

(b) t-test - trend and parallelism

Definition of symbols (see Edwards, 1976).

1. Variables R , T (time).0

2. Least squares slope: bI
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3.

= residual variance

where N is the number of observations

and N-2 are the degrees of freedom.

=(i

2

)

k
R T 2

5. Sb ~ = standard error of the regression

coefficient where x. = (T. - T).
1 1

6.
b - B

t = S to test the hypothesisH: b = B versus
b 0

alternatives HI:' b > B or b < B, as the case may be.

H is rejected if the calculated value of t is outsideo

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 ~ 3.182, t ~ -3.182. In this analysis the

level of significance for rejecting the null hypothesis

was fixed at a = 0.025.

L: (R - R ) (T - T)
o 0=

bl L: (T - T)2

N

where a is used to indicate ai
and a is the mean of a..

i=l
1



329

(i) CH3CC13 H : B = 0 t HI: B < 0
0

b* = -0.084

SitT = 0.0063

Sb = 0.0251

df = 3

-0.084
t =

0.0251 = -3.35

Reject H0

(ii) CC13F (F-11) H : B = 0 t HI: B < 0
0

bI = -0.062

StT = 0.0023

Sb = 0.0151

df = 3

t = -4.1

Reject H0

(Hi) CC14 H : B = 0 t HI: B ; 0 CL = 0.05
0

bl = +0.007

stT = 0.0086

Sb = 0.0294

df = 3

t = 0.24

Accept H .0
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(c) Test of parallelism for lnE:n and, lnE:s as functions of time:

1. Commonresidual variance

SZ(lnE; lInE; ) =n s

YI = (lnE: - lnE; ), YZ = (lnE: - lnE: )n n s s

Xl = x = xZ= (T - T)

df = NI + Nz - 4

2. Standard error of the difference between the two regres-

sion coefficients.

(b - b ) - (B - B )n s n s

3. t = Sb -bn s

The test of parallelism is H : B - B = 0 versus theo n s

alternative B - B < O.n s

b = 0.099; b = 0.153 (per year)n s

b - b = -0.054n s

SZ(lnE; lInE; ) = 0.00125n s

Sb -b = 0.0158
n s

df = 6



time

1/1975

1/1976

1/1977

1/1978

1/1979
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t = - 3.42

Reject H. (critical t = - 3.143).o

(d) Confidence interval for CH3CC13 gradient.

b*L = b* - Sbt

b*u = b* + Sbt

For the 90% confidence interval t = 2.353 (df = 3)

b*L = - 0.154

b*u = - 0.025

2. Theoretical investigations of R as a function of time.o

(a) Use of eqn. (5.5):

w = 0.94, a = 0.22, ~~ = 1.91

(1 = o. 053

t* = 2 yrs (R = 1.56)
'" 0

R /R R
000

t* = 2.5 yrs (R = 1.53)'" 0
R /'3. R
000

1.093 1.71 1.102 1.69

1.056 1.65 1.083 1.66

0.979 1.53 0.999 1.53

0.922 1.44 0.922 1.41

0.926 1.44 0.908 1.39
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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.

(c) Four-box theory.

Details of figures (5.4) and (5.5)

Fig. (5.4): ~1 cycle only

n = 0.12/yr; n = 0.08/yr; ~ = 1.14/yr

(mean lifetime <T> ~ 10 yrs).

(b) Two-box theory.

T = 11 yrs, w = 0.9/yr., t' = 1.94

T* a a1 b bl R
0 0

1.7 0.062 0.036 0.046 -0.014 1.415

1.5 0.061 0.035 0.048 -0.013 1.366

time T* = 1.7 T* = 1.5

R R R R
0 0

1/1975 1.49 1.72 1.434 1.63

1/1976 1.47 1.69 1.411 1.60

1/1977 1.41 1.59 1.357 1.51

1/1978 1.35 1.50 1.309 1.44

1/1979 1.34 1.49 1.301 1.44
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Fig. (5.5): ~1 and ~2 cycles

Figure (5.5) is based on the same assumptions as Figure (5.4) except

that the ~2 cycle is added. The coefficients a2, a3' b2' and b3 are

based on w* = 1.57, ~* = 4.3, a* = 0.12 as fo~nd 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.

TI = 0.12/yr;~ = O.08/yr; ~ = 1.14/yr.

Tlo
a a b b R
0 1 0 1 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
0

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

Tlo a2 a3 b2 b3

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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(d) Further details of the theory and calculation procedures:

j = 1, 2, 3, 4

[(a - A.)(d - A.) - c2]/bcJ -

follows

R
0

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

The matrix P: I

1.1 0 0 0

I 0
A2 0 0

-1
P sa tisfies p.1P = !I. =

0 0 A3 0

0 0 0 1.4

(1)
J

P.2 = (d - A.)/C (2)
J J

P.3 = [(a - A.)(d - L) - cL][b (c-J J J

=>
P13 = P23 = -1

P33 = P43 = +1

from the eigenvalueequationof M

P. = 1 for all j. (4)
J4

a = (n + nT + no) (5)

b = n (6)T

c = Tl (7)0
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d = (n + n )o
1 -

P32 = -1 + -(n - n)/n ~-12 0

1 -

P42 = 1 + z(n - n)/no = +1

(8)

(9)

(10)

(11)

(12)

follows from the eigenvalue

P22 = - P21 equation

1 -
A3 = - (n+n)2

1 -
A4 = - (~n)2

Therefore Pis:

The equations for the eigenvalues are:

1 - 1 - 2 2
A1 = 2 (2nT+2no+n) + Z [(n+2nT-n) + 4no]2

1 - 1 - 2 2
A2 = 2 (n+2nT+1n +n) - - [(n+2n -n) + 4n ]o 2 T 0

If 4n2 is not much bigger than (n-n)2
0

1 - 1 - 2 2
A3 = 2 (n+2no+n) + 2 [(n-n) + 4no]

1 - 1 2 2
A4 = - (n+2n +n) - - [(n-n) + 4n ]-202 0
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P
1

(16)=
-4q -4p 2(p+q) 2(p+q)

4q 4p 2(p+q) 2(P+q)

lip II is the 'determinant of P and lipII = -8(p+q)

Let the source vector be:

s = (17)

p -p -1 1

q q -1 1

P ::I

I (13)
-1 -1 1 1

1 1 1 1
...

p = - (d - Al)/C (14)

q = (d - A2)/C (15)



f;4 = same as f;3 except that the signs of the first two terms are posi-

tive instead of negative.

5*1 = p51 - p52 - 53

5*2 = -q51 + q52 - 53

5*3 = -51 - 52 + 53

5*4 = 81 + 82 + 83

(19)

(20)

(21)

(22)

The gradient R is:o

R =h
o f;4

(23)

-A.t t A. t ..

IIp II cancels and the integrals e J f 8*:i e Jo
dt" can be solved by
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t

1

! -AIt f
Alt"

f;3 = l1P1T - 4qe 5*1 e dt"

0

t

-A2t

f
A2t"

4pe 5... e dt"
A2

0

t (18)

-A3t

f
A2t"

+ 2(p + q) e 5*1 e dt"

0
t

-A4t

J
A4t"

+ 2(p + q) e 5*4 e
dt"

0



the techniques discussed in Chapters 9 and 10.

If ~l = a cas (~t + cf»
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(24)

(25)

(26)

(27)

(28)

(29)

(30)

R '" R [1 + aosin A + a} cas A + a2sin :g+ a3cos BJo .0 1 + bosin A + blCOS A + bzsin B + b3cOS B

A = wt + cf> (tll cycle)

B = w*t + cf>* (z cycle)

a + al + az + a3
Ro

=..=.0.

-a - al + al + a30

a = -4q
[p(E - E ) - (1 - E -E)]0 (b+A1) 1 z 1 Z

_ -4p
[-q(E1 - EZ) - (1 - El - EZ)]a1 - (b+AZ)

a = 2 (p + q)
[1 - 2(E1 + EZ)]Z

(b+ A 3)

a = 2 (p + q)
3

(b+ A 3)
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a and b are rewritten as:
o 0

aw [w + x + y + z] (32)

aw [-w - ~ + Y + z] (33)

Then

(34)

(35)

If there is a ~2 cycle: ~2 = a* cos (w*t + ~*)

a2 and a3 are the same as ao and al respectively, except w is replaced

by w* and a by a*" Similarly b2 and b3 are the same as bo and bl ex-
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(ii) 61 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.l}illustrates the results of the four-

box theory for w = 0.9. Curves (1) and (2) in figure (A5.l) are based

on the same assumptions as figure (5.4) except w ~ 0.9/yr. In curve(l)

11 = 0.12/yr, 110 = 4/yr, n = 0.08/yr and TIT = 1.14/yr. Curve (2) is

based on the same assumptions as curve (1) except that 110is taken to be

5/yr. For curve (2), a = 0.072, al = 0.054, b = 0.039 and bl = 0.025.o 0

(e) Summary of Additional Calculations.

(i) Selected values of R for various conditions.
0

TI 0.1 0.09 0.09 0.1 0.12 0.1 0.1 0.1

-
TI 0.07 0.07 0.07 0.07 0.1 0.08 0.08 0.08

TIT
0.8 1.14 1.00 0.8 1.14 0.7 0.8 1.14

E:I
0.3 0 0 0.2 0.1 0.1 0.1 0.1

E:2
0 0 0 0 0.1 0.1 0.1 0.1

110
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
0
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(iii) Additional data on the changing CH3CC13 gradient.

Some independent data on the changing CH3CC13 gradient are also

available, and support the contentions of Chapter 5. These data were

obtained by the Washington State University (Pullman, Washington) group

and are indicated on figure (A5.l) by squares (0). These were taken

at times slightly different from those of Rasmussen's data after 1/1977.

Otherwise the figure is exactly the same as figu~e

(iv) Rasmussen's data for F-ll, F-12, CH3CC13, CC14 and NzO

from 1975 - 1979, for various trace gases are taken from the Concorde

air sampling program, and for Cz- hydrocarbons from MCA, NSF, and NASA

supported projects.
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Fi;ure (AS.l): Observed CH3CC13 gradient and the
four box theory.(Same as figure
5.4, except w = 0.9)
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1.8

1.7
,'~

~~ \\
\
\
\
\
\

/% 6 Observed
(Rasmussen)

o Observed
(W.S.u.)

o 0 Theory

1.6

1.5

1.4

~1976 1"977 1"978

TIME (years)

Figure (A5.2): Observed CH3CCl3 gradient and the

four box theory with the 62 cycle
(same as figure 5.5 with additional
observations).
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Chapter 6.

Calculations of expected CH3CC13 concentrations:

(i) nT = 1.2 yrs, T = 12 yrs, T = 6 yrs. Calculations of ,n s n s

(northern, southern hemispheres) using eqns. (9.10) and (9.11)

)'1 = 1.792, A2 = 0.124

='-e-1.792t- 77.1 e
-0.124t

+ 190.1n

= -1.792t
- 73.3 e-0.124t + 158.4e

s

S = 42.2 pptv/yr 1.1 x 109 1bs/yr.n

S = 0s

pptv

t
n s nT sT

0 112 86 130 100

1 121.8 93.8 141.3 108.8

2 129.9 101.2 150.7 117.4

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 13'7 . 2 194.7 159.2

15 178.1 147.0 206.6 170.5

20 183.6 152.3 213.0 176.6

co 190.1 158.4 220 184
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(ii) s = 42.2 pptv/yr.n
0.08te .. s = 0s

Other variables are the same as before.

~ - 1 -1.792t 7 -O.124t + 119 4" 0.08t
n--Ze - e .e

~s = ~ e-l.792t - 6.6e-0.124t + 92.2eO.08t

pptv

n s nT sT
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

10 263.7 203.3 305.9 235.8

15 395.3 305.1 458.6 353.9

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).
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Chapter 7:

(a) Release of F-22

Cumulative release:

The cumulative releases based on the values of ai and bi shown

above were calculated. The values of a. 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.

f
t.

Sc(ti,tj)= J
t.
~

S(t) dt

S = Cumulative release based on a.,b. given above. SM = sum of
c ~ ~

yearly releases, during the periods shown at the left hand side, as

estimated by McCarthy et a1. (1977)

in 106 2 in pptv

bIt
yr trop./yr

1/1950 - 1/1960:
STI = ale

bl = 0.320 al = 0.12 0.0096

1/1960 - 1/1968:
b2t

b2 = 0.187 a2 = 2.92 0.234
ST2 = a2e

1/1968 - 5/1979: b 3t
b3 = 0.158 a 3 = 15.05 1. 206S = a3eT3

time S (x 10-9 Kg) S (x 10-9 Kg)c M

1/1950 - 1/1960 8.82 8.9

1/1960 - 1/1968 54.1 54.1

1/1968 - 1/1976 242.0 241.5



(b) Solution of conservation equation (7.11)

,-A.t

J
t A.t

Q. = e 1. S e 1. dt'1.
o

i = 1,2

Q.
1.

1 1

A(~)= 2 (d + a) (z) 2 [Cd - a)2 + 4bc]1/2

347

a3 [ b3(t - t2) Ai(t2 - t)]+ b3 + A. e - el.

tl = 10 yrs (1/1960) t = 0 at 1/1950

t2 = 18 (1/1968)

t3 = 29.4 (5/1979)



Table (I) shows the numerical values of AI. A2. nl. n2. ~u' ~T- -
and ~ for various values of nand n.

348
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Table (I)

T T Al A2 QI Q2
E;u E;T

E;

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 7.006 32.940 18.2 29.7 27.6

5 co 0.8806 0.029 7.033 37.659 20.9 34.0 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 19.7 30.2 28.3

7 co 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 co 0.794 0.0163 7.673 40.646 24.6 35.8 33.8
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Table (I) continued:

T T Al 1.2 r21 r22 u T

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 00 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 32130 20.1 27.5 26.2

20 20 0.760 0.0499 7.957 34.209 21.4 29.4 27.9

20 30 0.757 0.0362 7.983 36.400 22.9 31.4 29.8

20 00 0.751 0.0085 8.036 41.718 26.3 36.2 34.4

00 7 0.741 0.112 8.125 26.755 17.2 22.0 21.1

00 10 0.731 0.079 8.217 30.284 19.6 25.2 24.2

00 20 O.720 0.040 8.320 35.767 23.4 30.1 28.9

co 30 O.716 0.027 8.358 38.022 25.0 32.2 30.9

co co O. 710 0.000 8.416 43.640 28.8 37.2 35.7
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(c) Natural Sources:

Table (J11 contains the values of the natural source strength,

S*, as a function of T and T; based on equation (7.18). T(T1,n) in

Eqn. (7.18) is taken from Table (I).

Table (II)

-
T T S* S* T T S* S*

(pptv trop/yr) (109 gr/yr) (pptv trop/yr) (109 gr/yr)

5 7 4.646 58 15 7 3.930 49

12 2.544 32 10 2.506 32

20 1.563 20 20 1.084 14

30 1.119 14 30 o.712 9

co 0.411 5 co 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

co 0.297 4 co 0.104 1.3

10 7 4.122 51 co 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

co 0.199 2.5
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(d) Conversion of F-12

F-12 Source function:

(1947)0 ~ t < 27 yrs (1974):Sl = 0.786eO.121t

(1974) 27 ~ t < 32.4 yrs (5/1979): S2 = 19.5 = a2

S in ppt v/yr in the whole atmosphere.

Solution of Eqn. (7.22):

(

(l> 1 + 71) t 1

)
1

- 1 -

e (71 - no)

-~t*

]

- a2

[

1
(
1 _e + 71 _

c 710 71

71
0 = 71 + 71 ,71 = global lifetime of F-22, 71 = global lifetime ofc r 0

F-12,t1 - 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 ~bove~

Table (III)

T T E::*(t*) pptv

80 10 14.2

20 18.6

30 21. 2

100 10 11.5

20 14.7

30 16.2

IX> 19.1

133 10 8.8

20 11.2

30 12.4

IX> 15.1

200 10 6.0

20 7.7

30 8.5

IX> 11.0



2. Model Atmosphere.

354

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. «p »h

100 kIn

0.3x10-3
-3

0.264xlO

0.238xlO-3

0.279xlO-3

Chap,ter 8:

Global and Hemispherical Averages.

l. Polynomials ( in radians)

CH3CC13

ex
exl ex') ex30 ....

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

<p >*h.

(a) f cosdcp h = 8 kIn 16 km 50 km

0-30° 0.5 377.6 110.1 0.812

30°-60° 0.37 361.8 105.2 0.770

60°-90° 0.13 336.9 98.5 0.724

Ph
= 366.5 106.8 0.785

* All pressures are in mb.

Tf/2

Ph. =f <Ph> coscpdcp

0
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(b) Mass and Number of Molecules.

-21
Mass x 10 gm

0-8 kIn

8-16

16-50

0-50

3.210

1.354

0.555

5.119

6.673

2.815

1.153

10.641

(c) Density Scale Height for 8-16 km.

N2 = number of molecules in the region between 8-16 km. (HI =

8 ~~, H2 = 16 km)

R+z+H

f
0 2

( ..

)/- - r-R H

_ p(R") e r2 cos~drd~

R+zo+Hl=R"

(1)

p(R") (
P (R"»

)= T (R ") = seasonal average of density

TT/2

P (R") =f p (R") cos~d~
o

TT/2 H2-H1

::: 2TTR"2p(R")f f
-z/H
e dz cosd

-TT/2 0

= 4TTR"2p(R") H [1 _ e-(H2-H1)/H]



From the same model atmosphere

p(R~) = 1.085 x 1019 molecules/cm3

Putting in the numbers, eqn. (1) implies:

H(l - e-8/H) = 5.078

or H ~ 8 km. This scale height is also consistent with

356
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Note that ~ is in degrees. For integration a. should be converted to1

the appropriate units in radians.

Figures 8.2, 8.3, and 8.4 polynomials

= a + a + a 2 + a 3
012 3

ao a1 a2 a3

1976 CH3CC13 96.0 0.421 4.10 x 10-5 -2.03 x 10-5

F-ll 130.8 0.102 4.31 x 10-4 -3.26 x 10-6

F-12 221.0 0.223 1.28 x 10-3 -7.49 x 10-6

1977 CH3CC13 99.6 0.362 -8.04 x 10-5 -3.30 x 10-5

F-ll 149.1 0.145 3. 30 x 10- 5 -1. 38 x 10-5

F-12 249.0 0.200 5.94 x 10-4 7.46 x 10-6

1978 CH3CC13 104.5 0.479 -1.45 x 10-3 -3.28 x 10-5

F-ll 155.9 0.304 6.21 x 10-4 - 3. 37 x 10-

F-12 261.6 0.343 1.14 x 10-3 -4.40 x 10-5
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Chapter 9:

Transformations for smoothing fluctuating source terms:

t+o

f.

, , bt (
'
)d

bt
( ~)a a e cos wt + <I> t = aae cos wt + ~

x = wt + <1>' , dx = wdt

t = (x - <I>')/w w > 0

t+e

f ebt cos ( t + <I>')dt
t

wt+V+we

= f e-bV/w .eb/w x
et+<p'

cos x dxw

1 -b/w <1>'

[

b/w x b wt+<I>'+we
=W e e (sinx + w cos X)

]1 + b2/w2 wt+<I>'
(9.2)

Using the trigonometric identities for cos (x + w) and sin (x + w) eqn.

(4.2) reduces to:

sin x + B cos

t+e

x} =f
bt
e cos (wt + <I>')dt

(9.3)t

where

A = ebe cos we - b sin we - 1
w (9.4)
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be. b bB = e s~n we + - cos we - -w w (9.5)

Eqn. (4.1) becomes:

a~ [ A sin x + B cos x ] = a a cos (wt + ~) (9.6) .

Let A
,. ,.

a a w

= (b2+w2)aa
(9.7)

so that eqn. (4.6) can be written as:

A [A cos ~,.- B sin ~"] sin wt + A[A sin ~,. + B cos ~"] cos wt

= cos wt cos ~ - sin wt sin ~ (9.8)

or

(9.9)

(9.10)

(9.11)

(9.12a)

(9.12b)

(9.13)

A = (9.14)

A[A cos ,. - B sin "] = - sin

A[A sin ,. + B cos "] = COS

[CS ] = A[ A -:] [Sin :]S1n B cos

. V 1 (A cos + B sin )
sn = A[Az+BZ]

V 1 (B cos - A sin )
cos = A[ABZ]
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1
1

[A +B ]~

= b CL'" W
bcS

(e -1) CL(b2+w2)
(9.15)

'"
a = CL (9.16)

fromeqn. (4.12a):

-1 'A cos 4>+ B sin 4>

I4>'" = Tan IB cos 4> - A sin 4>

(9.17)

For cS= L

(9.18)

b b
A = e cos w - - sin w - 1

w (9.19)

B - b- e
. + b b

S1n W - cos w - -
W W

(9.20)
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APPENDIX II: SUMHARY OF COMMONLYUSED MATHEMATICAL SYMBOLS

Description

Global lifetime of a trace gas.

Global lifetime of ,trace gas x.

Global mixing ratio.

~u

NT

NS

N""=NS +NT

r,.=~J ~s

ST

Global mixing ratio in the troposphere - total num-

ber of molecules of the trace gas/~T

Global mixing ratio in the stratosphere.

~umber of molecules of air in the troposphere.

~umber of molecules of air in the stratosphere.

Total number of molecules of air in the atmosphere.

Ratio of stratospheric-tropospheric mixing ratios.

l1=lh

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 JT x(t)dt, where x is S, S , ~ , ~ , etc.o n n s

S
n ~umher of IDolecules

of molecules of air

2S/ (NT+NsJ

of a trace gas released/number
in one hemisphere -- S =n

Interhemispheric transport time

Chapter 2.

Symbol

'[

'[
x

T



Symbol

S

Tn' TS

362 .

Description

Reciprocal of the transport time.

Vector: (~~)

Vector: (~~ )

A matrix, described in the text. It represents the
sink strengths and interhemispheric transport.

~ean lifetimes of a trace gas in the northern (n)

and southern (s) hemispheres.

Concentration in molecules per unit volume.

~lobally, yearly averaged hydroxyl radical density

in the troposphere

Globally, yearly averaged hydroxyl radical density

at ground level.

:>ensity of air

Various types of globally averaged lifetimes.

~atitude in radians with -~/2 as the south pole and

+~/2 as the north pole.

Longitude (0 - 2~).

Height above ground level.

Time

~ean tropopause height above ground level.

Chapter 3.

C

[HO]

[HO]
0

p

<T>, T, T

<I>

A

Z

t

zT



Symbol

K=Ae-E/T

To

h

H

Et I
6=T7+h

o

r = 8 + 1H

n(x)

11, T, S, ~

Chapter 4.

f(t)

<5

w

t.

363

Description

1ate constant for the reaction of a trace gas with

hydroxyl radicals.

Mean global ground level temperature.

}~an temperature lapse rate in the troposphere.

Density scale height of hydroxyl radicals in the
troposphere.

Density scale height of air in the troposphere.

(see K above for E)

(see 8 and H above)

The ratios of lifetimes predicted by various the-
ories.

TIensity of atmospheric gas x.

x = h, 0, or s - reciprocal of global lifetimes of
a trace gas due to various sink mechanisms.

These symbols have the same meanings as in Chapter 2.

True continuous source term in emissions per unit
time.

A (small) increment of time.

Frequency in radians per year.

Relative deviation of one source function from
another.



Symbol

a

I),T,~, S

1I2(t)

K(a, n)

a

B
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Description

Amplitude of a sine function..

Phase in a sine function. The con-

text is the guide for distinguishing this ~ from
latitude.

These symbols have the same meanings as in Chapter 2.

S has several variations but it is always a source
term.

= sin x + b:n cos x. The b is the exponential rate
of increase of the source, S = aebt

t

Total release= f S(t')dt'
o

Dimensionless ratio: ~(t)
R.r(t)

~he first difference or relative difference between
the true source function and a theoretical model
source function. .

When a theoretical model is assumed for lIl' 1I2 rep-
resents the difference between the true source func-

tion and the theoretical model of the source includ-

ing lIl.

~ull hypoth~sis and alternative

Kendall's K - statistic

Statistical level of significance. Other uses of a

in this chapter have to be distinguished from the
context.

Slope of a line.

Chapter 5

f (x)0

F

III(t)



Symbol

11, T, S, S

~, W, cf>

Chapter 6.

R, Ro

11 = lITo 0

11, L, Sn' sh'

LT, .£., .§.

*
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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 IIgradients" in this work and else-

where. The term gradient is simply chosen for con-

venience and intuitive meaning. It is possible that
this term may be confused with (s -s ) or V X. It
shouldn't be. R is the ratio of ¥heStotal 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. Ro is simply the
ratio of the concentration of a trace gas at cf>~
~/4 radians to the concentration of the same trace

gas at cf> :so;;-~/4.

= R (max) - R (min) where the max and min are with
o ,0

respect to tJ.me.

Eigenvalues of a matrix.

T :
o 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.



Symbol

Chapter 7

<f>
p

H

A1> A2

IT (=l/T)T)

*
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Description

Density (of air) weighted stratosphericaverage of
a function f(z).

A matrix: same as n in Chapter 2.

Eigenvalues of ~.

Stratospheric-tropospheric transport time. This is

not the same use of TT as in all other chapters.

Same as in Chapter 2.

Subscript * does not have the same meaning as in
Chapter 2.

A function (antisymmetric) of latitude and time

describing the distribution of a trace gas.

Constant mixing ratio of a trace gas beyond some
southern latitude 4> < -4> .o

Constant mixing ratio of a trace gas above some
northernlatitude 4> > 4> .o

Tropopause height (time averaged) as a function of
latitude.

Spatial radial coordinate - !lheight" measured from
the center of the earth.

Average density scale height of air in the strato-
sphere.

Atmospheric pressure.

Acceleration of gravity.

Radial coordinate, measured from the surface of the
earth.

Chapter 8

f(4),t)

a

b

zT(4))

r

h
u

p

g

z
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Symbol Description

m ~ass (of air).

\.l Molecular weight.

Fixed heights above ground level.

H Density scale height of air in the troposphere.

R Radius of the earth.

~, NT' Ns' L, l;
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.

Same as in Chapter 6. Conflict of symbols 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
o Constant source function: emissions/unit time

~, ~n' ~s' LT,

L,S,SS n

Same as in Chapter 2.

Same as in Chapter 7.
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Symbol Description

Column vector of n dimensions representing concen-

trations in molecules per unit volume.

Column vector of n dimensions: 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 canonical form.

i = 1, . ., n, eigenvalues of Q.

Diagonal matrix of eigenvalues
A... = O..A

j
(no sum).

1.J 1.J

Determinant of matrix X.

Reciprocal of lifetime in region specified by index
i.

Transport time from one compartment to another.

Chapter 10.

C

S

Q

p

A.
1.

A.

det X

TI.
1.

-
TI.
1.
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