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'Show us not the aim without the way, 

For ends and means on earth are so entangled 

That changing one, you change the other too; 

Each different path brings other ends in view.' 

Ferdinand Lassalle. 



ABSTRACT 
•••••••••• 

Following a critical appraisal of tracer properties and data, an 

attempt is made to elucidate the nature and amount of trans-

tropopause exchange directly, and using ozone profiles for 

Liverpool obtained during the I.G.Y., together with simultaneous 

profiles of potential temperature, and horizontal and vertical 

wind components. 

Circulation models in the troposphere and lower stratosphere 

are critically appraised and a favoured system presented. A 

model of trans-tropapause transfer is postulated from analysis 

of velocity components. The computed mean vertical transfer is 

the same order as the net transfer inferred from stratospheric 

residence times, suggesting the eddy mass transfers make a 

minor contribution. 

Climatological analysis of the Liverpool profiles suggest: 

1. Total ozone observations may not be used to infer infor-

mation on ozone profiles. 

2. There are two apparently distinct maxima in the seasonal 

mean ozone at standard levels in the upper troposphere and lower 

stratosphere. The later one (June/July) was found to increase 

in magnitude with approach to the tropopause. 

We attempted verification of the nature of local (and mean) 

transverse circulations about the jet, inferred from evidence of 

other investigations,by interpreting horizontal profiles of mean 

ozone across the jet in the troposphere and in the 100 mb super-

tropopause layer, endeavouring to subdue the effects of seasonal 

and jet level variations. 	The profiles indicated almost uniform 
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ozone in the 100 mb layer above the tropopause, but within the 

troposphere higher ozone to the right of the jet looking down—

stream, with a secondary though smaller ozone high to the left. 

Using similar techniques we then essayed construction of 

characteristic cross sections of ozone, potential temperature, 

and horizontal and vertical wind components. 

The contribution of both vertical and horizontal components 

of enthalpy flux divergence to tropopause formation were found 

to be negligible, though of correct sign. 

The evidence was interpreted as implying a mean direct 

(Hadley) cell penetrating the tropopause in the tropics and 

sub—tropics, and an indirect cell centred 150 mb below the polar 

front wind maximum, with local transverse circulations in entrance 

and exit regions of the jet contributing to transfer by large 

scale eddy mixing. 
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CHAPTER 1  
Introduction 

1.1 Statement of the Problem 

The problem to be investigated in this thesis is the exchange 

of sir between the stratosphere end the troposphere. 	This is part 

of the larger problem of the general circulation of the atmosphere 

and will be presented in this context. 

In this chapter we shall review very briefly the nature of the 

problem, and the techniques available for investigating transfer. 

The division of the atmosphere into stratosphere and troposphere 

is based on static stability, with a very stable stratosphere sur- 

mounting a troposphere in which the lapse rate in still broadly 

stable but comparable with the adiabatic. 	This thermal structure 

and its maintainance will be considered more fully in succeeding 

chapters; at present suffice to say that the two regimes are 

separated on most thermal profiles by a sharp lapse rate discon- 

tinuity. 	The concept that this lapse discontinuity, defined as 

a tropopause, constitutes a continuous impermeable boundary 

isolating the two lapse rate regimes but fluctuating in level in 

association with the fields of motion, has been treated with in-

creasing scepticism in recent years and observations now show that 

the concept must be discarded. 

Certain physical properties of a fluid and trace constituents 

of the atmosphere may be conservative under limiting conditions 

discussed later in some detail, and may be used to infer information 

on transfers. 	Water vapour, ozone mixing ratio and artificially 

produced radioisotopes (after initial rapid fallout due to gravi-

tational sedimentation) may all be considered conservative in the 

lower stratosphere and upper troposphere. 
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Observations of the vertical distribution of water vapour 

over southern England by the British Met. Research Flight, 

summarised by Tucker (1957), show that there is generally a rapid 

decrease of mixing ratio with pressure near the tropopause and 

that in conditions of large thermal lapse rate discontinuities 

a small frost point lapse discontinuity may exist. The technique 

is not however wall adapted to demonstrating the existence of a 

sharp transition of hygrolapse. 

Ozone in the atmosphere is produced predominantly by photo-

chemical processes with a minor contribution from lightening 

discharge. Since the high energy solar radiation effective in 

producing ozone has been absorbed in its downward path to mid-

stratosphere the major ozone source is et or above this level. 

Chemical reactions,predominantly at the earth's surface to which 

the ozone is transported, are continuously destroying ozone. 

Estimates by Kroening and Ney (1961), of the rate of ozone removal 

at the earth's surface of 6 x 101° atoms/cm2/sec., show that the 

ozone destroyed there in the course of a year is of the same 

order of magnitude as the total hemispheric store. 	Since the 

latter is mainly in the lower and middle stratosphere, 	gives 

a measure of the mass exchange taking place between that region and 

the troposphere and indicates that the mean life of lower and mid-

stratospheric material is somewhat less than a year. 

The ozone profiles over England measured by tl-e Met. Research 

Flight and by Brewer and Milford (1960), and Brewer(1960), from 

radiosondes show rapid increase in concentration with height above 

a level roughly corresponding to the tropopause. 	Discontinuities 
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in concentration lapse rates and thermal lapse rates 

frequently occurred at different levels. 

With the introduction of radioactive isotopes into the 

atmosphere by nuclear explosions, the problem of estimating 

atmospheric storage and drainage teter; became one of biological 

as well as physical interest. 	Since the rate of surface deposition 

was observed to increase with time in the wake of extended periods 

of (in part) high level injection of artificially produced radio-

isotopes, it was logical to look to the atmosphere as a reservoir 

of activity. 	Estimates of the lifetime of radioisotopes within 

the troposphere reviewed by Sheppard (1965), vary from a few days 

to a month - a time scale much less then that inferied in the long 

term studies of deposition. 	Thus it was logical to consider the 

stratosphere as a store with a finite leakage of activity by mass 

exchange with the troposphere. 

Estimates of the stratospheric residence times have ranged 

from several years (Stewart et al, 1958), to a year or less 

(Martell, 1959, Machta and List, 1959, Feely, 196b, Feely and 

Spar, 1960, and Staley, 1960). 

The more recent and perhaps more reliable estimates of the 

period required for the removal of the activity of air whose 

origin is above the tropopause suggest that the mass transfer from 

stratosphere to troposphere in the course of a year is about the 

order of the mass of the stratosphere, which is consistent with the 

data on ozone. 

The evidence (Martell, 1959), is for a more rapid transfer 

from the polar than from the tropical stratosphere. 
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An investigation of transfer mechanisms ideally invDlves 

following a preselected parcel of air. 	The simplest device, if 

physically realizeable, would be a zero lift balloon which would 

faithfully record the resultant motion of all systems to which 

it was exposed, of scale greater than the balloon. 	The practical 

alternative is the labelling of the parcel by means of some con-

servative property which may be used is a tracer. 

Transfer of material between the stratosphere and troposphere 

may be effected by either mean or eddy motions, the spatio-

temporal scale of mean defining the possible implication of eddy. 

Their relative contributions have yet to be established and the 

details of the processes have not yet been elaborated. 

1.2 The Equations Governing Atmospheric Transfer  

We will now present the various smoothed equations specifying 

fluid flow in the atmosphere, end see what their implications are 

in investigating transfer. 

In all subsequent sections the following notation will be 

used: 

density 

specific volume 

pressure 

V 	velocity 

t zonpl component of velocity 

t meridional component of velocity 

ii : vertical companent of velocity 

any conservative entity in amount per unit mass of air 

J2 	angular velocity of the earth's rotation 
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0 $ 

potential energy 

temperature 

potential temperature 

CI, # specific heat at constant pressure 

'R 	gas constant for 1 gm. dry air 

Ki 1 'R Cf  

9, 	energy ceded to unit mess of system by diabetic heating. 

.)\ : latitude 

4 1 longitude 

: vorticity 

T. 	2 potential vorticity 

E : frictional force 

V-7. : i.17,..-x. 4 A t7...1  ..,••\"CI,A_ 	is the x component of the viscous 

stress tensor where t, , end \!. are unit vectors in the 

x , 1/4-3, and -z directions respectively. 

Vector quantities arc denoted by means of a sub-bar, eg. , V._ 
t+I 

A me2n value is defined by en integral of the form .71 = 4  
)' 	1 

.i..-q 
and at any instant the field may be represented by two components, 

the mean and the deviation es follows i-p-r-p where ? is the 

instantaneous departure from the mean value. 
-- g 	, 

In the atmosphere 9 -•\° 	whereas Vi 	which allows 
1 

the approximation N? 	in most instances. 

The equation of continuity of mace is: 

2r4- Vf\I-.= 0 Ck 	• 

By introducing the notation of means end deviations then, smoothing, 

we obtain: '62 	- + V. 	o 

 

• . 	\ 
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If we pontulAc the exictenco of tiny conservative entity S per 

unit mere of fyir 

at- 	- V.Vs\f 

= - 	)("cy: 

Tekinr. neens of botl- ciOer thie becomes: 

or 

aQs 
- 7. (c) 7.\,1 1) 

ddr  ' -1; 	- \71Q 

iye.
ds 

= 	 - 	-Jc1) = 	( -k5 

The equation of motion, for a unit rivrs of r. it 	1'ro71 

Newton's law of rate of shenge of vomentum, in terms of velocities 

mearuree relative to r syrtem of FiXes rotetinz with the earth, 

my be expreere sr rollows: 

where the forcee actin -n the unit me.:Ir ere, in -Jrdor or 

p.rpor,rance on the rirht!-IInfi viAs of this etiuption: 

1. The clriAir force resultbr from tht7 rot,tion or tt-e n?sto. 

2. The geopotential rf,cultinr fr!-1 the net conponnt 

nn:' eentrifurpl f-)ree. 

0 0- Frrvity 



3. The pressure gradient force. 

4. The frictional force £ resulting from the divergence of the 

viscous stresses T;1 and the virtual eddy stresses f) 	etc. 

This equation may be converted into the absolute vorticity 

equation by taking the curl of both sides. 

— (71• 1:) (1A.V)-Cf 	AvT V„3(  

Since the atmosphere is not autoberotropic, ie. 

 

par'V 

we will consider an alternative function, the potential vorticity 

which removes this term from the equation. By first adding the 

smoothed continuity equation 	=c<V.Y. to 1.4 then multiplying 

by .0;( 7'fr 	( (1 is potential temperature) the equation becomes: 

d aN7T4 	— 1,Z)-(g6:Vl— (7(14. cjC" — o< G -tvvy + .5e C7 -6.C7cR A71-1-737-6 A-6.< =0 .  

€ V06 .1A1= (; .7 (2) _ v .vc7, A v „T.?  +aDO.QuaF or 
2 	a 

In this equation term 2 is identically zero since 0 is s function 

of o< end thus the complete equetion of potential vorticity mey 

be written: 

TitdE cE.< 	= -6( 	(g) + 	vA 	- • - • 
c19 

• I.5 

The thermal transfer equation may be derived by subtracting 

the dynamic energy equation, obtained from 1.3, from the first law 

of thermodynamics: 

a c eev 
12'(  LIC,, • 1;c..  

where ay is the rate of diabatic heating per unit mass of air. 

Introducing the potential temperature enables us effectively 

to combine the individual rate of change of temperature and the 

adiabatic temperature change resulting from pressure variations 
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as follows: 

d 	 act 
& - 

	0(  
) & 

Smoothing this becomes: 

13 

(vx. cig ctF 

   

V'. 79: + 	6/ 	 2v_ c'‹ 	 T_ •?it 	(1/4s. 	"1- 	7T-t. 3 

Clearly none of the properties whose total derivatives are 

evaluated in the above equations in the smoothed system, may 

be considered conservative, unless the terms appearing on the 

right of the equations equate to zero. In the appropriate 

sections we will consider under what conditions we are justified 

in making this assumption for various tracers or properties. 

1.3 Proposed Procedure of Analysis  

We must investigate to what extent we can clarify the transfer 

mechanisms and their connection with the observed fields of 

wind and temperature by the use of tracers. 

The transfer equations which are superficially simplest 

are those associated with the mass continuity equation. 

Here the investigation is one largely of scale, the scale 

dependence being associated with the smoothing process involved 

in the data measurement and analysis. Since we are concerned 

with investigating the transfer between stratosphere and tropo- 

sphere the problem is further complicated by the lack of knowledge 

concerning the processes forming and maintaining the tropopause 

discontinuity itnelf. 	This complexity does not necessarily make 

the problem intractable for even if individual paths of parcels 

cannot be determined it may be possible, and is of great interest, 

to determine the integrated exchange across the mean tropopause 



level by either,or a combination of,the mean and eddying motion 

at various times and locations. 

In order to elucidate the climatology of the transfer 

processes, we will collate and present systematically, information 

on the atmospheric flow and transfer data from a survey of the 

literature, and interpret it in terms of consistency with 

alternative transfer models. In order to clarify the physics 

of the processes, a survey will be made of the current knowledge 

relating characteristic tracer distributions with specified synoptic 

situations. An attempt will then be made to analyse recent 

measurements of selected tracers, made over the U.K., and present 

them in such a manner as will assist in the exploration of the 

stratospheric-tropospheric transfer mechanisms. 

14 



15 

CHAPTER 2 	Olimatologicel Analysis of Velocity, Temperature  

and Flux Distributions  

2.1 General  

Any enquiry into the nature of the mechanisms of exchange of 

air between troposphere and stratosphere requires that we first 

obtain a coherent description of the nature of the boundary 

between the two domains and of the fields of wind and temperature 

above and below it. We shall present the current state of know—

ledge on these matters. 

The three dimensional specification of thermal and flow 

fields may be presented by either: a series of hemispheric charts 

of streamlines, isotschs end isotherms at finite pressure inter—

vals or a number of equally spaced meridional cross sections of 

wind components and temperature, or preferably by both. 

We observe obvious zonal assymetry in the temporal mean 

temperature distribution on isobaric surfaces over the northern 

hemisphere in 1950, (eg., figs. 2.1 and 2.2 from Piexoto, 1960). 

Similar standing waves occur in the temporaly smoothed streamline 

analysis of Heastie and Stevenson (1960), for high latitudes, and 

may be inferred in low latitudes from Krishnamurtils (1961), 

analysis of the subtropical jet stream of winter. Thus in order 

to construct representative mean meridional sections, we must 

perform a zonal smoothing by integrating around circles of latitude 
zn 	i+1 

i.e., q,] - kJ il)04, 	where 	' i .1.  Yott . . ' 	t-I 
Any scaler property may now be expressed in the form 

where 	is the deviation of the temporal mean value of 13 at a 

selected longitude from the zonal mean value, i.e., the contribution 

from standing waves, while is the component resulting from transient eddies. 



F;cloce. 2.1 . -1) "%stc A31/ 43-1,-;on cl 3 rno,4\.. 	terf‘re,( cduf€, 	Ic .) 
toornlo o\seA 	e na•rtlinewn Viexylko,e\e-'e 
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2.2 Mean Distribution's  

2.2.1 	Wind 

A chronoloTical survey of analysis of meridional sections 

of temporal mean value of winds is presented in Table 2.1, 

together with a note on the area restrictions on the observations 

from which the means were derived. 

The Crutcher (1961) analyses, illustrated for selected 

latitudes and seasons in figs. 2.5 and 2.4, show a persistent 

low latitude west wind maximum situsted close to the 200 mb 

level. This maximum remains obvious on the winter zonal mean 

section in fig. 2.5, constructed from values computed from 

Crutcher's (1961) individual sections. 

A second west wind maximum situated in higher latitudes 

is evident at certain selected meridians but absent from others 

and also from the zonal mean section. 	This maximum reflects 

the influence of migratory temperate zone jet streams which 

execute wavelike oscillations of large amplitude. 	In averaging, 

the zonal component is spread more or less uniformly over the 

whole latitude range of the oscillation. 

Hemispheric charts of the seasonal mean values of maximum 

wind constructed from the Crutcher (1961) meridional cross 

sections show an apparent spiral pattern of jet streams circulating 

about a point displaced from the geographic pole towards east 

Asia and the Aleutians. This agrees with the 200 mb. isotach 

analysis of Wege (1957), but Krishnamurti (1961) claims the 

subtropical jet of winter is continuous around the world. 

The zonal mean value of mean meridional wind, from Tucker's 
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(1959)analysis, are shown in fig. 2.6, end show good qualitative 

agreement with the more recent analysis of Palmdh and Vuorela 

(1963) in fig. 2.5, made using the Crutcher (1961) meridional 

velocities. 	They indicate a direct circulation in low latitudes 

and an indirect cell in middle latitudes but evidence is not yet 

available about the sense or magnitude of the motions in the lower 

stratosphere. 

Above 50 mb. the wind sampling her been much more sporadic. 

The most comprehensive survey currently available is that of 

Murgatroyd (1957), shown in fig. 2.7, in which he incorporated 

all the observations then available, from a variety of locations 

and utilising several measurement techniques, in characteristic 

seasonal sections. 	Since these sections were prepared much 

additional information on the wind field hes been collected by 

releasing parachutes; plastic balloons, or chaff, from rockets 

between 60 and 80 km., above ground, and tracking their descent. 

(aumf Kampe ;1960,, Masterson et al l'19612, rnd the Joint 

Scientific Advisory Group of the Meteorological Rocket Network, 

,1963A). 

2.2.2 	Temperature  

A chronological survey of mean meridional analyses of 

temperature is shown in Table 2.2. 

From the characteristic seasonal cross sections of temperature 

in fig. 2.7 (from Murgatroyd ;1957), it is apparent that the 

atmosphere may be divided into strata with different thermal 

characteristics. 	These are: 
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1. The troposphere - below 10-15 km., the thermal lapse rate is 

close to that for pseudo-adiabatic ascent,IRPK km71  and horizontal 

gradient of temperature directed towards the equator in both winter 

and summer hemispheres. 

2. The lower stratosphere - from 10-20 km., the thermal lapse 

rate drops to 1°K km.-1  over the winter pole, becomes isothermal 

in winter mid-latitudes, and becomes negative over the tropics 

and in the summer hemisphere. Since the lapse rate change 

occurs at a higher level over the tropics than over the poles, 

the lapse rate reversal in the summer hemisphere ensures there 

a poleward directed horizontal temperature gradient. 	In the 

winter hemisphere the horizontal temperature gradient is 

directed polewards in the tropics but reverses in high latitudes 

consistent with the increase of lapse rate with latitude. 

3. The middle stratosphere - from 20-30 km. The temperature 

continues to drop with height at about 1°K km11  over the winter 

pole to a minimum between 25-30 km. of 190°K. In the summer 

hemisphere the temperature increases at about 0.5°K km71  

resulting in a horizontal temperature gradient directed from the 

winter to the summer pole, the magnitude of the gradient increasing 

with height. 

4. The upper stratosphere - from 30-55 km. The temperature 

increases with height of a rate of approximately 3°K km71  

Since the lapse rate does not vary greatly with latitude the 

horizontal gradient remains directed from winter to summer hemi-

sphere throughout the region. 
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The directions of the meridional gradients of mean temperature 

in the troposphere and lower stratosphere are readily observable 

in the zonal mean sections of potential temperature in winter end 

summer in fig. 2.8 from Heastie and Stevenson (1960). 

2.3 Turbulent Mixing as a Transfer Process. 

There is considerable turbulence associated with the above 

mean motions, the dynamical necessity for which was first 

demonstrated by Jeffreys (1926), and it has been discussed by 

Eady (1950), and Sheppard (1954). 	Further deductions on the 

existence and nature of transfer by both mean and eddy motion may 

be made from observations on the thermal and flow fields in two 

ways: by studies of balance requirements in meridional transfer 

of energy and momentum and by direct analysis of simultaneous 

zonal meridional and vertical components of velocity. 

2.3.1 	Information on atmospheric transfer from balance studies. 

The transfer of an entity,$, per unit mass into unit volume 

is given by the flux convergence -C1-t".1  S • In chapter 1 we 

saw how the transfer of various tracers might be expressed in 

the form: 
2,(I's) 

- c + non conservative terms 

Integrating over an arbitrary volume :0, with surface area 

this becomes: 

sf f \I" s L-1- non conservative terms 

If the flux is evaluated over a zonal annular ring, the 

zonal component will vanish identically and the transfer equation 

for a complete annular ring may now be written: 
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where the integrals within the brackets are evaluated over the 

interval specified after the bracket. 

In practise the flux integrals are evaluated by considering 

spatial mean values of the properties inside the integral as 

. dictated by the size of annulus considered. The accuracy of 

this approximation is clearly limited by the correlation between 

the variables in the integral within the integrating interval; 

and their respective variances. 

Studies of balance are of two kinds — those involving net 

meridional transfers over the complete depth of the atmosphere 

and those involving transfers through annular rings of finite 

depth. 

The studies of energy and angular momentum transfer will 

now be briefly considered. 

2.3.2. 	Energy Balance Studies  

Energy enters the atmosphere by short and long wave 

radiation and by convection of sensible (CyT) and latent (Lr) 

heat. The heat budget for any volume is determined by the 

vertical fluxes of radiation together with the vertical and 

meridional fluxes of latent and sensible heat, neglecting 

viscous dissipation. 

The radiative fluxes are functions of the distribution of 

absorbers, emitters and temperature; the type, thickness and 

amount of cloud, and the spectra, which are pressure and 

temperature dependent,of the contributory radiating gases. 
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London (1957), utilised a statistical model of the cloud, 

water vapour and temperature distributions to compute the net.  

radiative sources and sinks of energy below 100 mb. for four 

seasons (fig. 2.9). 	We observe a resultant cooling of from 

0 to 2°K day7-1 with a maximum cooling mainly in the lower tropo-

sphere (2-5 km.). 

Mean annual rates of temperature change due to Manabe and 

Mdller (1961), are shown in fig. 2.10. 

Calculations of the radiative cooling rates in the strato-

sphere have been made by Ohring (1958), Brooks (1958), and 

Murgatroyd and Goody (1958), to altitudes of 55, 50 and 90 km., 

respectively. 	Their results presented graphically in fig. 2.11, 

suggest a level of maximum rate of cooling 1.2°K day-1  at 25 km., 

from 10°  - 70°  N in winter and 1.1°K day-1  at 20 km., from 

60°  - 90'4  N in summer. 

Now having evaluated the radiative effects it should be 

possible to estimate the mean and eddy components of the 

transport of energy in the forme: sensible (y), potential (c1%), 

and latent (Lf), necessary for balance. 

At present only meridional balance studies of energy have 

been attempted and since much the greater energy source is the 

lower troposphere, the conclusions drawn will only apply to 

tropospheric transfer. 

The thermal transfer equation 1.6 may be written: 

S' 	(ce-c + 	j'Le 	)‘1 + T '1/L  _ • 
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This reduces, after adding the product of the energy function 

in the round brackets and the mass continuity equation, to: 

dkcit# 

Considering the net meridional flux across vertical walls ex- 

tending from the surface to infinite height in a form indicated 

by equation 2.1 and substituting for each flux integral the 

appropriate mean and eddy terms (e.g.frGii\l„h4--,N05)14-1fyi-4:). 

it becomes clear that the eddy contribution to energy transfer is 

effected by the sensible and latent heat transfers. 

Starr and White (1954) estimated the contributions of the 

eddy transfers of sensible and latent heat to the energy tran- 

sport. 	Their values are shown in fig. 2.12 together with 

estimated values of the northward energy transport required for 

balance, derived from calculations of the vertically integrated 

net budget of radiative heating. These show the energy tran-

sport to be almost entirely due to eddy flux in middle and high 

latitudes but a meridional circulation to be necessary in low 

latitudes. 

2.3.3 	Momentum Balance Evidence of Transport by Mean Meridional  

Circulation. 

For the pattern of zonal motion shown in fig. 2.3 and 2.4, 

we see surface friction extracts westerly momentum from the mid-

latitude atmosphere and injects it into the lower latitude 

atmosphere. 	This source and sink must therefore be balanced 

by the mean and eddy components of the horizontal fluxes. 
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Widger (1949), showed the balance equation of absolute 

angular momentum per unit mass might be written: 

where 

Pm-\! 87- 4- fTee a6- 4- 	CI 	 --- 

is the absolute angular momentum:re the 

distance from the earth's axis,d6" the projection ofklon the 

meridional plane and 1C,the total zonal frictional stress at 

the boundary. 

The balance equation for an annular ring with 1.!-"ri7.-71 

4alrAmmilim. bounded by the pressure surfaces?, and V,,,+, and vertical 

surfaces of latitudesk„and.t.„„,may be written: 

A>ervt% 	 4.dv" 

0= 	.1)tACt.151c11,'4-.) [fizAilal. 3 ‘XUS¢.0)Ckl-  U).14.31CSA 	rt (13- 	CY7AC 	• '2-4  
-747.01 c 	 Aom+t 

T'A 	
4m 	di., 4m 	T- 

which may be expressed in terms of mean and eddy transfers. 

The surface and frictional torque effects have been 

evaluated by Priestley (1950), and White (1949), respectively. 

Tucker (1960), evaluated the mean fluxes of angular 

momentum directly and the eddy fluxes indirectly by means of 

estimates of the percentage of the net eddy transport effected 

at various levels (from Starr and White ;1952 , 1954. ). 	The 

net eddy flux across a latitude circle was determined by sub-

tracting the net mean transport from the total. The 200 mb. 

pressure interval used in the study gave sufficient resolution 

to show the mechanisms of tropospheric transfer but not those 

in the vicinity of the tropopsuse. 

The study showed that in general there is a small contri-

bution to the net horizontal flux of relative angular momentum 

from the mean circulation except in low latitudes where it vas 



the same order as the eddy flux. The mean meridional circulation 

was shown to transfer the angular momentum of terms involving the 

effect of the earthts rotation, in such a manner as to produce 

regions of convergence of advected angular momentum which balance 

corresponding regions of divergence of eddy flux or vice versa, 

so that the direction of vertical eddy flux is always downgradient. 

We shall interpret these results in Chapter 8. 

2.3.4 

	

	Correlations of Velocity Components and Their Relation to  

the Preferred Slope of Eddy Mixing 

Given a large number of simultaneous vertical and meridional 

velocity components, the preferred slope of eddy miring will lie 

between the regression lines of 1.5 and 4). 

Since the mean values of both -vend Ware an order of 

magnitude less than most individual observations, no significant 

loss of accuracy results from studying the observed components 

!rather than their deviations from mean values. 

A meridional section of vertical-meridional velocity co-

variance for January 1958, from values tabulated by Newell (1961), 

is presented in fig. 2.13. 	The values of G3 are due to Jensen 

(1960), and are based on the adiabatic method, so that they have 

the usual limitations. We observe a pattern of positive co-

variance with maxima it the upper troposphere near 35°N and 

70°N, and a negative covariance in the tropical lower stratosphere. 

These results imply northward moving parcels rising and southward 

moving parcels subsiding in the troposphere, and lower stratosphere 

in middle and high latitudes, and the reverse in the tropical 

lower stratosphere. 
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New Analysis of Vertical Velocities over the British Isles  

Vertical velocities were calculated at the standard levels 

100, 150, 200, 300, 400 and 500 mb., in the vicinity of Liverpool 

for 50 days in 1959 end 1960, selected for reasons discussed 

later in chapter 7. The method used was the thermodynamic 

method assuming adiabatic motion as described in Appendix 1. 

Corresponding values of the meridional velocity at Liverpool 

were computed from observed winds and scatter diagrams were plotted 

of 11 versus LAI for all levels. 

Those for the 100, 200 and 400 mb. levels are shown in 

fig. 2.14. 	There is a substantial positive correlation at and 

below 300 mb., but at and above 200 mb., the pattern is more 

obscure. 	This might be a result of a seasonal change in the 

mixing angle but the sample is too small to establish numerical 

relations. 	The observations occurring in each quadrant (1.7,43 

combinations, see fig. 2.14), were however tabulated, as given 

in Table 2.3, and the percentage frequency of observations by 

quadrant, level and season are plotted as 'vectors' in fig. 2.15, 

where the 'vector' direction simply indicates the quadrant in 

which the observations occur. 

In all but five of the cases studied the jet axis lay between 

200 end 300 mb., so the 300 mb., level and below may be considered 

characteristic of tropospheric motion and the 200 mb., level and 

above of stratospheric motion. 

We observe in fig. 2.15 that below 300 mb. in all seasons, the 

percentage frequencies ere, with one exception, greatest for 
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quadrants 1 and 3, that is northward moving parcels ascending 

and southward moving parcels subsiding. At the 200 and 150 mb. 

levels the correlation is not clear, but at 100 mb. there may be 

a positive correlation in spring end a negative correlation in 

summer and autumn. By comparison with seasonal sections of 

potential temperature in fig. 2.8 we see that the angle of mixing 

is generally in the same sense as the slope of the mean potential 

isotherms. 

Summary 

We have established that both mean and eddy transfers are 

necessary to maintain dynamical and energy balance in the 

atmosphere. 

Direct evidence of mean toroidal circulations from wind 

observations are restricted to regions below 100 mb. and show 

a direct circulation in low latitudes and an indirect circulation 

in middle latitudes. 

The preferred slope of eddy mixing was shown to be generally 

in the same sense aE that of the mean potential isotherms in 

both troposphere and lower stratosphere though we have not 

established whether the magnitude is greater or less. 

The relative contribution of the two types of motion in 

meridional transfers will of course depend on the sources and sinks 

of the property to be transported, but the evidence of energy 

transfer does suggest that the eddy motion is much less effective 

in low latitudes. 

Meridional sections of wind and temperature have been 

presented for comparison with subsequent analyses of tracers. 
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CHAPTER 3  

The Tropopause, Jet-Stream, Frontal Zone Complex 

3.1 Intent 

In this chapter we shall attempt to describe the temperature 

distribution in the atmosphere in terms of its major discontinuities. 

Having described the thermal structure, we incorporate the 

corresponding wind field in the model, since, both from con-

siderations of dynamics and energy, the two are irrevocably linked. 

Having presented the various models of the complex, a 

brief analysis of the mechanisms supposedly responsible for its 

formation and maintainance will be presented. 

3.2 The Tropoyause and Frontal Zone - a Descriptive Account of Their  

Thermal Structure  

The tropopause is defined in terms of static stability. 

The W.M.O., definition being: 

1. The first tropopause is defined as the lowest level at 

which the thermal lapse rate decreases to 2°K km-1  or less, 

provided also that the average lapse rate between this level 

'end all higher levels within 2 km. does not exceed 2°K km-1. 

2. then, above the first tropopause, the average lapse rate 

between any level and all higher levels within 1 km. exceeds 

3°K km71, then a second tropopause can occur and is defined by 

the same criteria as in paragraph 1. 	This tropopause can 

either be within or above the 1 km. layer. 

There exists an almost infinite variety of profiles in the 

region separating the two stability regimes and it is frequently 

difficult to distinguish where a meaningful boundary might exist. 
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This ambiguity has resulted in a variety of plausible inter—

pretations of the thermal structure. 

The front war initially conceived a: en extensive surface 

at which there existed a zero order thermal discontinuity. 

This surface was thought to extend from the high latitude 

tropopause downwards to the surface in mid—latitudes. 	This 

concept was later modified to a zone of transition between two 

roughly isothermal regimes, the surfaces of this zone being 

marked by discontinuities in the thermal gradients. 

The historical development of models of tropopause front 

cyclone relationships is presented in fig. 3.1 

Figures 3.1 a) and c) illustrate the concept of the front 

as a zero order temperature discontinuity throughout the depth 

of the troposphere, while in 3.1 c) a 'fold' was introduced into 

the postulated continuous tropopause surface above the upper 

tropospheric frontsl surface to explain the observed variations 

in temperature profiles. 	These variations ars more consistent 

with the model 3.1 e) of Matthewman (1955), in which the upper 

and lower surfaces of the frontal zone are analysed as continuous 

with the tropical and polar tropopause surfaces respectively. 

The model 3.1 d), showing a frontal zone extending through 

and reversing in slope Ft the tropopause which becomes less well 

defined in its proximity, lacks conviction, since there ere many 

inconsistencies in routine analysis. 

Figures 3.1 b) and f) illustrate the concept of the foliated 

tropopause. 	Pelmen (1933), postulated a multiple tropopause 

structure with lapse rate discontinuities forming over large areas 
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at roughly the same potential temperature, above and below the 

old tropopause, above the cyclone wave, (i.e., the new foliated 

tropopauses correspond: closely with isentropic surfaces). 

If rapid cyclogenosis took place the tropopauses were depicted 

as symmetrical with respect to the cyclone centre, as shown in 

fig. 3.1 f). 	This introduced the idea of temporal as well as 

spatial variation of the tropopause structure and it became possible 

to consider mass transfer taking place between the two stability 

regimes by the process of reformation of the tropopause at a 

different level. 

The role of the jet stream in this picture has been investigated 

by the Chicago school and Palmin (1948), showed the jet stream to 

be located just below the tropopause, directly above the 550 mb. 

position of the frontal zone. Several inconsistencies appeared 

in individual cross sections, and these were subsequently 

rectified by the Canadian school simply by postulating not just 

one but two and sometimes more jets, each associated with its own 

hyperbaroclinic zone. This work was reviewed by McIntyre (1959). 

Fig. 3.2 after Newton and Perrsen (1962), shows the characteristic 

distribution of the macro-scale features of the wind and temperature 

fields. This cross section was constructed from the study of 

a limited number of cases over the U.S.A., and so is representative 

of a section through the subtropical jet maximum which Krishnamurti 

(1961), showed corresponded to the semi-permanent low latitude 

upper level ridge position. 

Riehl (1962), has pointed out that a strong jet may exist 

without a corresponding sharp frontal zone in the upper troposphere, 
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in fact many strong jets pre observed when no stable layers are 

reported between 500-700 mb. and the tropopause. 

A recent analysis of temperature and wind distributions 

relative to the jet by Brundidge and Goldman (1962), illustrated 

the lack of uniformity of pattern, but wan restricted to too 

limited a number of cases to establish any definite evolution of 

the complex. On the basis of the cases considered, all unfortune-

ately in the region to the east of the long wave trough over North 

America, they classified the jet stream frontal zone complex into 

three types illustrated in fig. 3.3. 	Types I and III they 

considered es fundamental, with type II possibly being a transition 

between them. Type III showed a laterally narrow jet of great 

vertical extent, associated with a strong polar front sloping 

steeply up to the tropopause, and was generally found in entrance 

zone situations. Type I showed an isotach pattern broad and 

vertically thin associated with a shallow baroclinic layer 

(usually warm frontal) in the lower troposphere. This was 

generally found in the far exit region of the jet. 

In mid-troposphere the thermal structure, as revealed by 

Sawyer's (1955, 1957, 1958), analysis of Met. Research Flight 

transverses through frontal zones, is equally indefinite. 

Sawyer (1958), found, on examining the ricritontal variation of 

temperature at 500 mb., that well defined frontal zones with 

quite sharp changes in horizontal temperature gradient could 

only be identified on about half of the cases studied, end the 

proportion fell to less than a third at 600 mb. 	Temperature, 
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changes across other zones were diffuse and showed no sharp 

boundaries. 

The complex structure of many frontal zones and tropopauses 

has been thoroughly investigated over the U.S.A., by means of 

cross sections of potential temperature analysed on a meso-scale 

for selected storms. 	These analyses of Reed (1955), Danielsen 

and McLain (1955), and Reed and Danielsen (1959), and particularly 

that of Danielsen (1959), demonstrated that over large areas the 

arbitrary selection of a tropopause on macro-criteria was 

frequently ambiguous. 	This is illustrated by Fig. 3.4, which 

displays forcibly the laminar nature of the atmosphere with layers 

of large static stability separated by layers whose lapse rate 

is quasi-adiabatic. 	Danielsen (1959), demonstrated the temporal 

continuity of these stable layers over short periods by con-

structing isentropic trajectories and comparing the inversions on 

the final sounding with those on the original soundings at the 

initial points of the appropriate trajectories. 

Since the terms troposphere and stratosphere imply a macro-

scale division of the atmosphere Danielsen postulated that in 

order to apply the terms objectively, it is necessary to smooth 

out the micro and mesoscale thermal features revealed by his 

analyses. He smoothed the temperature by taking weighted 

running vertical mean values over nine successive pressure con-

tacts (about 5,0001 ) from the sonde record and defined a surface 

joining the maximum elevation of each smoothed isentropic surface 

as equivalent to the tropopause. 
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3.3 An Attempt to 

a Tropopause  

The time required to analyse the smoothed tropopause being 

Formulate Criteria for the Unique Determination of 

This definition results in the selection of the tropopause 

being no longer ambiguous but the analysis of any one tropopeuse 

surface becomes a formidable and doubtfully meaningful task. 

The observation that, both in the moso-and the smoothed analyses, 

isentropic surfaces intersect the tropopause suggests that the 

tropopause need represent no barrier to adiabatic exchange 

between the stratosphere and the troposphere. 
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prohibitive, we shall attempt to describe a set of criteria by 

which an objective unambiguous analysis of tropopause may be made. 

At present there is no consistent sequence of models of the thermal 

and wind fields in relation to the jet front complex under varying 

synoptic conditions. The fields may vary with position in 

relation to the jet maximum, except for broad quasi—geostropic 

consistency, and to the position with respect to the standing 

eddies. 	Analysis of winds and temperatures in situations of 

frontogenesis and cyclogenesis in these varying conditions might 

elucidate the evolution of the complex. 

The absence of a well defined frontal zone at the 600 mb. 

level below a jet, on many occasions, may be plausibly inter—

preted as indicating two separate processes of formation of the 

frontal zone, one in the lower troposphere decreasing in 

efficiency with height, and another operating at least to some 

extent independently near the jet level. The subtropical jet 

might then be considered as a case where only the upper tropo— 



spheric mechanism! is operative while the other jets are linked 

in some fashion with corresponding low level mechanisms. 

The anslysis of Brundidge and Goldman (1962), relating 

isotach configurations with frontal types, may serve es a 

starting point in synthesising models of thermal and wind fields 

of characteristic types for various stages of evolution of the jet-

tropopause-frontal zone complex. 

Study of a large number of cross sections suggest there are 

a limited number of characteristic types. As noted above, the 

presence of a frontal zone in the lower troposphere is not a 

sufficient condition for the existence of a corresponding upper 

tropospheric front, and the absence of such a well defined frontal 

zone may br may not imply a continuous tropopause surface. 

The cases may be roughly divided into three classes of thermal 

structure as illustrated in fig. 3.5, but it should be understood 

that these criteria are subjective. 

These models were evolved from study of cross sections 

through polar front type jets over Britain, but if, as postulated 

earlier, the subtropical jet differs from the mid-latitude jet 

systems by absence of a corresponding low level mechanism,. it is 

plausible that the same models may serve for it simply by deleting 

the lower tropospheric frontal zones from the models. If this is 

so, it suggests that the effect of the lower troposphere may be 

quantitative rather than qualitative, and we may begin an analysis 

of this nature by neglecting its influence. 
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We observe the similarity in tropopause and frontal structure 

between the models in fig. 3.5 and the corresponding Types in the 

isotach analysis of Brundidge and Goldman (1962), in fig. 3.3. 

In the limited number of cases studied by Brundidge end Goldman 

Type I was generally observed in far exit regions and Type III in 

entrance zone situations. Type II was postulated to be a 

transition between Types I end III. Many exceptions were noted 

to this general association in the cross sections examined in 

constructing the frontal zone models in fig. 3.5, but these may 

be due to uncertainty in deciding the appropriate jet criterion. 

The hypothesis thus require both statistical end case study 

confirmation. 

From fig. 3.5 we observe there should be no ambiguity in 

analysing the tropopause on stability criteria to the right of 

the jet looking downstream. When the ascent lies to the left 

of the axis the following criteria are used to define the tropopause: 

Model I — only one inversion at high level occurs so there 

is no ambiguity. 

Model II — the upper of the two lapse rate discontinuities, 

shown by the thick dashed lines, is chosen in spite of its not 

satisfying the W.M.O. stability criterion of 2°K km-1, though 

such a lapse discontinuity is satisfied at the lower level. 

Model III — no ambiguity exists close to end far to the left 

of the jet, but when the lower level stable zone is superposed by 

a layer of reduced stability above which there is either another 

lapse discontinuity or a gradual increase in stability, this 

upper maximum of lapse rate curvature, indicated by the thick 

solid line above the jet ,is chosen. 
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3.4 Tropopause formation and Maintainance  

The early attempts to explain the existence of a tropopause 

were based on theories of radiative equilibrium or in tens of a 

troposphere in convective equilibrium and a stratosphere in 

radiative equilibrium. 	These theories of Gold (1909), Emden (1913), 

Maler (1941), and Goody (1949), were critically appraised by 

Staley (1958). None satisfactorily explains the generation and 

maintainance of a discontinuity of lapse rate. 

While the gradient of potential temperature in the tropo- 

sphere is much less than that in the stratosphere, it is still 

in general statically stable but the additional feature of a 

horizontal temperature gradient implies that the troposphere may 

be dynamically unstable and a type of slantwise oonvection a 

common feature of the flow field (Charney, 1947, Eady, 1949). 

A review of the various processes which might contribute to 

the generation end maintainance of a tropopause will now be 

given. 

3.4.1 	Radiation and the Tropopause  

The mean radiative heating charts in fig. 2.9 show the 

uncertainty of the computations in the vicinity of the 

tropopause as a result of variations in the assumptions concerning 

the vertical variation of the component absorbers and the 

absorption spectra. While no quantitative conclusions may be 

drawn from these charts, it is instructive that where a con-

tinuous variation of absorbers is assumed, all calculations 

show a smooth vertical variation of cooling rates, suggesting 

no tendency for radiation, by itself, to produce a lapse rate 

53 



discontinuity, though calculations of seasonal distributions of 

radiative equilibrium temperatures by Manabe and Moller (1961), 

show minimum temperatures and maximum lapse rate curvature at 

levels consistent with the observed tropopause. 

Mdller (1941), and Staley (1958), show, by calculating the 

profiles of radiative transfer by water vapour for characteristic 

temperature and humidity distributions, that the tropopause is 

warmed relative to layers above and below, i.e., the radiative 

flux destroys the curvature of the lapse rate profile. 

Mdller (1941), suggested the tropopause might be maintained 

by infra red cooling above, by postulating the existence of a 

haze or cloud layer with its upper surface at the tropopause. 

In general, in a cloud layer the refraction and transmission 

of short wave radiation in stratus type cloud, greatly exceed 

absorption, for thicknesses up to 500 m. Computed values of heating 

by absorption of short wave radiation at the upper limit of cloud 

for particular values of cloud thickness, droplet size and vapour 

content, and of long wive cooling are 0.030c min-1, and 3°c min-1  

respectively. Thus if haze may be assumed to have similar 

radiative properties to stratus, the tropopause could be cooled 

by long wave radiation both night and day. Though there is 

some visual evidence not well recorded - for such a haze top 

to the tropopphore, there is no satisfactory evidence of the 

analagouo radiative properties of haze and cloud layers, though 

Brewer and Houghton (1956), suggest from radiative flux measure- 

ments from aircraft, that the emissivity of cirrus clouds is 

little different from that of a layer of water vapour of the same 

54 



thickness. If such a discontinuity did exist, however, the 

vertical gradient of the rate of radiative temperature change would 

be negative, with maximum cooling at the top of the layer, pro—

ducing a gradually increasing lapse rate with height, which 

might approach the adiabatic towards the top:of the layer. 

Observed profiles seldom exhibit such properties. 

A series of observations of radiative fluxes near the tropo—

pause by Suomi et al (1958), and Bushnell and Suomi (1961), show 

no major changes of cooling rate in the region of the tropopeuse, 

and tend to confirm the view that radiation, in general, acts so 

as to reduce the curvature of the temperature profile at the 

tropopause. 

3.4.2 	Convection (Vertical Overturning) and the Tropopause  

The concept of convection initially applied to the problem 

of tropopeuse formation was that of vertical overturning, 

resulting from an initially statically unstable lapse rate. 

The equilibrium profile would be a lapse rate between the dry and 

the saturated adiabatic because,while a parcel of air might ascend 

along the saturated adiabat. above the condensation level, a 

subsiding parcel would warm et a rate intermediate between dry 

and wet adiabatic as a result of evaporation of rain in the 

descending current. 	TAe high static stability in the stratosphere, 

due broadly to radiation, precludes the existence there of such a 

motion, and a sharp boundary might result. Even in the arctic 

night, however, where large and deep surface thermal inversions 

are produced, a lapse rate discontinuity is generally in evidence 

aloft, moreover, in the tropics and subtropics there is considerable 
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—spatial variability both-in-distributIon-and degree of cumulus 

activity, yet the tropopauso height shows remarkable uniformity, 

go that tropopause formation and mainteinance cannot be generally 

due to convection of this type. 

3.4.3 	Slantwise Convection and the Tropopause  

Slantwise convection, i.e., overturning in sloping planes, 

is a common type of atmospheric motion. Profiles of the rate 

of temperature change by slantwise convection may be obtained by 

evaluating, then combining, the meridional and vertical components 

of eddy heat flux divergence. 

Table 3.1 shows values of the function 

which is proportional to the flux divergence of mean meridional eddy 

transport of sensible heat at standard pressure levels and gives a 

(  
measure of the rate of eddy heating 	At 

kr 	(V-v)(1,, - CO 	
6-

-L3Y)4,,-Ad,
41 

obtained from Piexotol s (1960), zonally averaged eddy heat fluxes (V-r'). 

We observe in fig. 3.6 that these values may be analysed (though not 

very convincingly) consistent with a relative maximum cooling in the 

vertical profiles near the mean tropopause levels as extracted from 

the analysis of Goldie et al (1957). 	At about 55°N a reasonable 

value of • LVT)s21 of about 1.70K m.sec71  near the 

tropopause would result in a net cooling of 14x10 -2°K day-1. 

Vertical fluxes have not been evaluated as a function of 

latitude. 	However, using the temperature and vertical velocity 

values for Liverpool computed in the el,rrent study for 50 days, an 

attempt was made to evaluate the vertical fluxes at the 200 and 

300 mb. levels, since throughout the year these levels bounded the 

tropopause above and below. 	The mean vertical eddy flux divergence 

of heat was then converted to a mean rate of only 6x10-2°K day-1  

within the laye. 
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Thus while both the vertical end meridional eddy heat fluxes 

in mid-latitude contribute to maintaining the tropopause, the 

values computed above suggest the cooling is small. 	These values 

are clearly under-estimates and more realistic estimates await 

greater resolution in estimating the individual profiles of 

vertical and meridional fluxes and calculation of mean values of 

the fluxes with respect to the tropopause. 

3.4.4 	Small Scale Turbulent Flux of Enthalpy  

Staley (1957), has provided plausible arguments to support 

his thesis that small scale turbulent flux of enthalpy is 

divergent for positive curvature of the temperature profile, thus 

intensifying the existing curvature. He derived a formula for the 

rate of cooling by turbulence in the inertial sub-range, which 

showed the magnitude of the cooling by this mechanism to be 

several degrees per day, given an initial curvature of the lapse 

rate of 10°K km-1  km 1. 

3.4.5 	Inference  

It appears that the general location of the tropopause is 

determined by radiation and slantwise convection whereas the 

intensification of the lapse rate curvature may plausibly be 

attributed to the small scale turbulent enthalpy flux. 

3.5 Transverse and Vertical Velocity Components in Relation to the  

Jet Azdz  

The component Arca' the wind vector normal to the jet axis 

was computed for wind data over the British Isles by Murray and 

Daniels (1953). They constructed mean vertical profiles of the 

transverse flow and found maximum values of 10 kt. near the jet 
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level decreasing to zero about 150 mb. below the jet. 	From 

crude sections constructed from these profiles in fig. 3.7, 

we observe the component to be directed towards lower and higher 

pressure in jet entrance and exit regions respectively. 

A more recent analysis by Briggs and Roach (1963), of 

observations by the Met. Research Flight, illustrated by fig. 

3.8, shows a qualitatively similar distribution of transverse 

flow (though somewhat greater components) to that of Murray and 

Daniels (1955). 

Vertical velocities have been obtained using the adiabatic 

assumption by Endlich (1953); and from a simplified continuity 

equation 	0 2  by Briggs and Roach (1963), applied 

to observations on jet traverse flights by Met. Research Flight 

aircraft, assuming the rate of change of - Velocity in the direction 

of the jet to be negligible. 

Endlich (1953), found 3 hour average values of .D frequently 

exceeded 10 cm. sec.-  at both 500 and 300 mb., with the values 

being approximately equal at both levels. 	He further observed 

that the greatest velocities were to be found at or near the jet 

axis, and that valuer greater than 5 cm. sec71  were seldom found 

more than 300 miles from the jet centre. Regions of greatest 

ascent over a 10 day period he found to the east of long wave 

troughs, while subsidence was most intense west of the troughs. 

He noted, moreover, that the distribution of regions of ascent 

and subsidence along the jet'axis was irregular. 

Briggs and Roach (1963), assumed negligible vertical 

velocities 3.6 kin.. above the jet core level (i.e., level of top 
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traverse), and computed velocities for a particular jet. 

(October 3, 1960). 	These indicate slight descent well to the 

cold side of the core but appreciable ascent near the jet axis 

and on the warm side of the core especially just below the core 

level. 	The bias towards large ascent rates may be a result of 

an appreciable positive constribution from or of bias 

as a result of position relative to the jet maximull. 	No data 

were provided on the relation of the section to the synoptic 

features, but the relevant contour analysits show it to be in the 

entrance zone to the right of a longwave trough end in Chapter 8 

we find this is consistent with the proposed transfer model. 

Thus it appears that a convincing evaluation of vertical 

velocity distribution relative to the jet complex is overdue. 

3.6 New Analysis of Wind Components over the U.K., with Respect to  

the Jet  

The profiles of vertical and meridional velocity components 

computed for 34 selected days in 1960, were roughly analysed in 

relation to the jet, to help formulate a model of transverse 

circulations. 

The sample was divided into two groups - those to right and 

left of the jet axis - their respective mean vertical and 

meridional wind components calculated at standard pressure levels, 

and plotted in fig. 3.9. 	The isopleths are consistent with an 

indirect transverse cell centred below the jet axis. 	This agrees 

with the circulation suggested above for the exit zone, and in 

fact the observations in this study were biased in favour of exit 
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zones in the ratio 21/13 but meridional, not necessarily trans— 

verse velocity components, were evaluated. 

3.7 Conclusions  

We have seen from the statistical anslysis and case studies 

reviewed, that there is no model of the jet—tropopeuse-frontal 

zone complex which describes its development unequivocebly, but a 

scheme for consistent analysis was presented. 

Evidence has been presented of a direct transverse circulation 

in the entrance zone of the jet and an indirect circulation in the 

exit zone (and in the mean). 	In the upper troposphere, moreover, 

there appears to be an excess of subsidence to the left, and of 

ascent to the right, of the longwave trough positions. 
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CHAPTER 4 	 Tracers  

An atmospheric tracer may be a conservative physical property 

of the atmosphere, a trace gas,or a finely dispersed particulate. 

These will now be discussed in some detail. 

4.1 Physical Tracers  

Various non-uniformly distributed physical properties of 

the atmosphere are shown in Table 4.1 with a note on regions 

wherein conservatism may not be a plausible assumption. 	Sources 

and sinks are defined as regions in which the non-conservative 

effects result in positive and negative increments respectively 

to the mean value for that region. 

4.1.1 	Potential temperature,G,and wet bulb potential temperatureA,. 

In Chapter 1 we obtained: 

= - 	e 	Iv 4- a Cic-1\;jL. •1Y, 	1g4  r _101 . 

where ca is the diabatic heating per unit mass (see Table 4.1). 

The potential temperature in the free atmosphere is of the 

order of 300°K and ranges over ten or more degrees at any level 

in a short period disturbance (36-48 hr). 	This rate of change 

is large compared with the average rate:: of heating or cooling, 

evaporation and condensation apart, of 1-20K day-1  of Chapter 2 

but the latter is mainly cumulative and so 9 becomes increasingly 

non-conservative with time. 

We discussed in section 3.2.1 how the radiative cooling is 

not seriously altered by large thermal and gaseous absorber 

gradients such es we expect near the tropopause. 	If, however, 

the upper limit of haze or cloud layers correspond to this lapse 

change, the radiative cooling may increase by orders of magnitude to a 
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degree or more per hour, swamping the other effects. Flux 

observations by Bushnell and Suomi (1961) have never suggested such 

excessive rates of cooling but it may not always be justifiable 

to assume conservatism for A and 0,,, near the tropopause. 

4.1.3 	Absolute Vorticity 

The equation for absolute vorticity7k is: 

-.rACV.V)4 (-V:c7)V - viR A v7k5 A- VAS F 	 . 1.4, 

so that is conservative if: 

1. the motion is non-divergent (incompressible fluid). 

2. the tilting terms are zero (no deformation of the vorticity field). 

3. the fluid has no agy solenoids (autobarotropic). 

4. the floWis frictionless or F irrotational. 

The equation for the vertical component (-k ) of the absolute 

vorticity is: 

	

(. .)'c7 V, -t-O-Y, II v(43). lz 	22Cos4 	- 	+ .VA < • • • • • .4.1. k%. 	Ol A 	- 

2. 	%. 	4. 	5. 	6, 

The partial success of C.A.V. trajectories and barotropic 

forecasts suggests that for short periods the vorticity may be 

	

conserved in mid-troposphere 	level of non divergence) in the 

absence of baroclinic development, but in the vicinity of the jet 

and in the frontal zones in the upper and lower troposphere 
A 	-I 

the terms 1, 2 and 5, ere each of magnitude 10-9  -10-10  sec., 

and would be capable of producing large departures from con-

servatism (t-ti-‘0-4.sec!) in a period of 12 hours. 

4.1.4 	Potential Vorticity 

The potential vorticity obeys the equation: 

Ckvb-TA.) = 	(1) + .3( V 6 • V/s F 	 1.5. 
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It is only conservative if the motion is adiabatic and 

either frictionless, the frictional force irrotational, or the 

gradient of potential temperature perpendicular to the rotation 

of F. 

If n is a unit vector in the direction Ve,the equation 

may be written: 

d 	?(4 
at (_g( 	= 

where 11fl is the component of absolute vorticity normal to the 

isentropic surface and R, 	 2'.) denotes the 

	

cbc 	0 

component normal to the isentropic surface of the rotation of the 

frictional force. 

The component of absolute vorticity1e\,,may be written to 

a close approximation as 
	S.,+E 	'se + 

	where ‘e. 
h 
 is the 

component of relative vorticity normal to the isentropic surface 

and e is the relative vorticity evsluted from the projections 

on the horizontal,of the horizontal wind components on the 

isentropic surfaces. 

Now introducing the further excellent approximation 	.--GIV‘3  an ' fa% J W 

into equation 4.1 yields: 

(-(Ce# 	 v(2) + 

or 

Staley (1960), has estimated the orders of magnitude of the 

terms on the right hand side for large scale diabetic heating and 

friction to be ac follows: 
70e 	0_9)• 6  ,_, 	 14  0 

	

e-at dt - 	‘<6,4.1.-; 

/ON. .64 V\t, 	 °K 	cy-n-! 
-is 	 -% 

10 - to "14, 
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Since a representative value of potential vorticity in the 

lower stratosphere or a frontal zone is 2 x 10-8deg gm-lcm sec, 

over a 12-hour period the largest non-conservative effect above 

would result in a change of at least an order of magnitude less 

than this value, implying that potential vorticity might be 

assumed conservative for periods of up to a day. 	Staley (1960), 

estimated the individual potential vorticity change by means of 

isentropic trajectories for an extratropical disturbance and 

inferred that in the vicinity of the frontal zones potential 

vorticity was not conserved. 	In fact, large positive potential 

vorticity changes occurred in the lower stratosphere and in the 

upper troposphere on the cold side of the front while large 

negative values occurred in the frontal zone and around the 

entire periphery of the cold trough in the upper troposphere. 

4.1.5 	Measurement  

Vorticity measurements necessitate an accurate description 

of the wind field. 	The network of meteorological observing 

stations is sparse and the observational accuracy diminishes 

with height. 	These factors, together with the introduction 

of an arbitrary grid size from which the vorticity is calculated, 

introduce an upper limit to the resolution of vorticity estimates. 

Thus all physical tracers may be seen to have severe limita-

tions in application to periods exceeding a few drys. 

4.2 Gaseous Tracers  

Various trace gases are shown in Table 4.2, and we briefly 

consider their suitability for use as tracers. 
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4.2.1 	Water Vapour  

Water vapour is conservative in the absence of condensation 

and mixing,as perhaps in the stratosphere and to a limited degree 

in the upper troposphere. 

Measurements  

The humidity sensors used in radiosondes are without 

exception inaccurate above the middle troposphere (Middleton 

and Spilhaue, 1953), because of their excessive lag at low 

temperature. 

In the regions where water vapour is moderately conservative 

the temperatures vary within the range —40 to —900C., and 

sampling may be carried out by the frost point hygrometer of 

Dobson et al (1946), and Masterbrook and Dinger (1961); by infra—

red spectrometry of the sun at various heights and differencing, 

either from a balloon borne platform (Murcray et al, 1960), or 

from aircraft (Houghton et al, 1962); and finally by direct 

sampling using cooled vapour traps (Barclay et al, 1960, Brown 

et al, 1961). 

	

4.2.2 	Ozone 

Ozone is produced by photochemical processes by ultra— 

violet light, as discussed by Chapman (1951). 	It has been 

shown fairly conclusively that ozone below 30 km. is protected 

from photochemical dissociation by the ozone above that level 

(Nicolet, 1958, Dutech, 1956, Craig, 1950). 	The 50% recovery 

times at 30 km. are 3 days and a month for zenith and horizon 

sun respectively, and very much longer at lower levels. Thus 

ozone is essentially conservative for periods of at least a - 

few days near 30 km. and for much longer below this height. 
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Measurements  

Ozone measurements fall into two categories: - 

I. Total ozone in a vertical column above the station (this 

is a crude form of tracer since most of it occurs in the strato- 

sphere below the 30 km. level). 

2. 	Vertical profiles of ozone concentration or mixing ratio. 

Measurements of total ozone are made using the Dobson 

spectrophotometer on the sun, zenith sky either clear or clouded, 

and the moon,as radiation sources. The method utilises the 

differential absorption by ozone in two neighbouring wave- 
. 

lengths --3,200 A as described comprehensively by Dobson (1957). 

Measurement of vertical profiles may be made either by 

remote sampling by surface-based instruments, or by direct sampling 

instruments carried aloft by balloons, aircraft or rockets. 

The most used remote sampling method is the lUmkehri 

method which makes use of the differential absorption of ultra- 

violet from zenith sky light by ozone at various solar zenith 

angles. The technique has been described and methods recommended 

for interpreting the observatiJns by Ramanathan and Dave (1957), 

Diitsch (195,), and Matteer (1960). 

The profile may also be estimated for layers of finite depth 

from emission measurements in the 9.61- infra-red band. The 

method was described by Goody and Roach (195,), and has since 

been modified and critically appraizee'by , Walshaw (1960), Dave 

et al (1963), and Ooyoma (1962). 

Direct observations fall in two subgroups - those measuring 

the total ozone above the instrument at any instant in its flight 
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and differenoing,and those directly sampling the ozone in the 

air in the environment of the sampling device. 

The former method, initiated by E. and V. Regener (1934), makes 

use of the differential absorption of ultra-violet by ozone. It 

has been used from balloons (Regener, 1951), and rockets (Johnson 

et al, 1954, Hulbert, 1955), and has been refined for use on a 

radiosonde by Paetzold (1954). 

Environmental sampling may make use of the oxidation of 

potassium iodide by ozone (Regener, 1959, and Brewer and Milford, 

1960), or the oxidation luminescence device of Regener (1960). 

Comparison tests of the different instruments have recently 

been published by Moreland (1959, 1960), and Brewer et al (1960). 

These show considerable differences in simultaneous profiles from 

different types of instrument but good' qualitative agreement 

between instruments of the same type. 

4.2.3 	Carbon-14 Isotope in Carbon Dioxide  

014 is  produced from N by cosmic rays and by nuclear explosions, 

and becomes attached to form C1402. Its rate of production by 

cosmic rays is closely proportioned to the number of cosmic ray 

stars,which is a function of latitude and height (fig. 4.1), but 

independent of time.. Since the half life of 014  is 5,600 years 

it is conservative with respect to decay. 

Measurement  

A method of direct sampling has been used whereby a large 

volume of air is collected at a standard level compressed and 

analysed in the laboratory - Hageman et al (1959). 

72 



73 

Nia 
ki 
WI 

IIP 
it 

A 
i Qa iiilld  

Wiii  

5000 

9▪ 'too° 

1 000 

L. 
•a • 500 

20 

too 

o So 

-o 2,_o 20 

to 

0 	400 	Boo 

Oesek) mb. 

Fi9 .ire. 4. t . Si'ca ?coduckion fc[te 	a Sundion 	FfessuCe., 
curves cef SVC.c4.5$0.1e. 10661. iniuvais g,te  ol;splauzzil 200 

ct.ibvtl  the al)scissa.. 



4.3 Particulate Tracers  

Among possible particulate tracers Table 4.3 shows a 

selection of those with most obvious application to the problem 

under study. 

4.3.1 	Aerosol Particles of Radius 4 o•. 

Both the effects of sedimentation and coagulation place 

limitations on the use of particles as tracers. 

Fig. 4.2 from Junge et al (1961), shows the gravitational 

settling rates for spherical particles, calculated from the 

Stokes-Cunningham formula. We observe that the sedimentation 

may be neglected for particles whose radius is below 0.1)AA 

since the settling rates are less than vertical velocities 

commonly observed in the lower stratosphere. Junge et al 

(1961), also estimate the half life of particles as a result of 

coagulation with a background population of larger particles 

self coagulation being neglected. 	The results, in Table 4.4, 

show that coagulation may be neglected in the size range 0.01 - 0.1f, 

Measurement  

Vertical profiles of sub-decimicron particles arc obtained 

using a balloon borne automatic recording Aitken-nuclei counter 

with a chamber pressurisation device described by Junge et al (1961). 

4.3.2 	Artificially produced Radioactive Isotopes  

In addition to considerations of gravitational sedimentation 

and coagulation, radioactive isotopes depart from conservatism 

as a result of radioactive decay. 	Their sporadic injection in 

time and locality further complicates the interpretation of their 

four dimensional distribution. 
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In each nuclear explosion radioactive debris, produced by 

vapourisation and irradiation of the environment results, on 

subsequent recondensation, in an initial particle concentration 

spectrum probably heavily weighted towards small radius. 	In 

megaton bursts these particles are injected into the stratosphere 

where quasi-horizontal winds distribute them approximately in 

a zonal belt around the hemisphere and gravitational settling 

out of larger particles takes place. 

As a result of the increase of sedimentation velocity with 

height (fig.4.2), at any instant the spectrum of debris con-

centration will be more biased towards larger radius with increase 

in pressure. 	This may result in L,  departure from conservatism, 

unless we limit sampling throughout the stratosphere to the same 

particle size range, and may aid in interpreting the results of 

distributions later presented. 

If the half-life is long compared with the period of the 

motion being studied, radioactive decay may be neglected, if not, 

provided the isotope concentration has not recently been dis-

turbed by a fresh injection, the decay may be removed for a 

specific isotope by normalising all activities to a fixed time. 

Particulates are removed from the atmosphere both by wet and 

dry deposition but the physical processes are not clearly under-

stood (Greenfield, 1957, Small, 1960, Itagaki and Koenuma, 1962), 

and the relation of strength of sink to concentration is corresphnd-

ingly lacking in precision. 
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Radioactive isotope concentrations are, in general, so 

minute that sampling requires time intervals of hours to 1-:&-!'!1. 

Deposition measurements have been made either by collection 

of the total deposition over a given area, including the precipi—

tation during the period, or by exposing a one foot square gummed 

film 3 feet above the ground for 24 hour periods — the rainfall 

during the period washing over the film not being collected. 

Welford and Collins (1960), by analysing simultaneous samples 

from the various types'of collectors, viz. tub, pot and funnel, 

together with gummed film, concluded that the various collection 

type samplers gave consistent results but there was no obvious 

correlation between them and the collection by gummed film. 

Air concentrations are measured by passing a considerable 

volume of air through a filter at the earth's surface, on 

balloons (U.S.) and on aircraft flights (U.S. end U.K.). 

Attempts were also made to measure surface air activity by 

means of one foot square cheesecloth screens mounted in a vertical 

plane normal to the airstream, but Lockhart et al (1959), found 

little correlation with simultaneous sampling by the standard 

filter technique. 

We have suggested earlier that conservatism may only be a 

plausible assumption for particulate tracers if s limited size 

range is collected at all levels. 	In fact, as we observe from 

Hollandls (1959), efficiency height plots in fig. 4.3, the 

millipore filters commonly used remove the largest particles with 

highest efficiency, and the millimicron particles which form the 

bulk of the population with the least. We presented plausible 
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reasons that the activity may be concentrated in larger mean 

particle size with increasing pressure and the variation in 

collection efficiency may further accentuate this non-

conservative effect. 

4.4 Data and Projected Analysis  

Information now available on the distribution of potential 

temperature, water vapour, ozone and radioactive matter will 

now be presented; in Chapter 5 from a climatological viewpoint 

and in relation to the jet front complex in Chapter 6. A new 

analysis of U.K. data will follow in Chapter 7. 
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CRAFTER 5 	A Climatological Analysis of Tracer Distributions  

5.1 Intent 

The various tracers will be analysed, where possible, in 

terms of meridional and zonal distributions, either for the 

year or season, but their interpretation in relation to the 

transfer through the tropopause will be postponed to Chapters 

6 and 8. 	Some correlations of total ozone with features of the 

temperature field will be examined in investigating eddy transfer 

in the lower stratosphere. 

5.2 Water Vapour 

A summary of the water vapour observations in the upper 

troposphere and stratosphere is presented in Tables 5.1 and 5.2. 

From flights listed in Table 5.1 between the equator, 

England and Iceland, meridional sections for winter and summer 

have been constructed in figs. 5.1 and 5.2 (after Roach and 

rurgatroyd, to be published). 

The observational sample is limited but should give a reliable 

qualitative description of the distribution in low latitudes. 

In high latitudes there was a period in January and February, 

1962, when much higher frost points than usual were observed during 

Met. Research Flights from Leuchars. 	The approximately fivefold 

increase in mixing ratio suggests the observations might have 

been unreliable, but they ern not inconsistent with other mixing 

ratios throughout the lower stratosphere, nor with the transfer 

model discussed in Chapter 8. 	Moreover, Tucker (1957), evaluated 

mean profiles of frost point for observations in various tropopause 

height ranges over southern England, and showed the frost point 

80 



cl•tv) yo &or ‘. 

A.-.1.1  )0.10i\  

• r..4?u'"fis 	rt'I°G 
'reVaV+0/iTbA.S. Y'010  S 

	

-apvQs0.1,-,..,. 	{,..!.A. c—KL  

	

_bpo....01,„.1, 	3,,,loa ,o..._ 

	

' -a puoso rp5.3 	.1.0.01,   c--c-Dcr_ 

	

. Zif)‘-1°S°7°.) 	'ILI ' CI (....bQ 

• "Liwiontnitis 

• gs_s_z 

o9-5-81 
*SS - 9 -61 

cmmaz..‘irc.i.z. t.s 
Ito 
To 

E&•4-9Z 'Zrc.-1-1 

6 

I 
I 
1 
Z 
I 

k, 
L < 
S 

t`‘..0  
No 

C'..So t 
M.S01 

r,„st. 
rt.Soi 

co 'S 
r.„51. 
. Cr% 0 0 l 

N.ZS 

1..2.% 

14.01, 

NI.OY 
W.Gs 
tv.oir 

fl 
Naot.. 

14. Ls 

`:, GO 	rt, ii, 	,.,,,,".3s  
,,960 	fp e 	1°r 6-0 

(.3,969 	ro r, t-ver).01A)  

Q961.-) 	r' 41' "YD-)nki 
Q9601.9c,ta2 'tool w9s,ow 

Q3960 PLQI  41\  oojci uraks-obi  

(:y560 	1) \II; &21%12.1 

cossi) 	' r 47 4ro)Y°9 
• r .1. \A 	p=-.17Nroe,90  L.°svzs st.Seldio • 91 2111'"°1 -)p^4 :1x,1 -ntespS. 	UCI l'ON)iSIO 

'Sjr.tirat-met>15t.t! 2)U.K39-u-0011-0Ct 
-apt2t.".4  • 1.kktit 	rttacrt, 	San FIN t.vv S31 CO 	rf.r)!..11 ran So  suz, 	yas (21 0  - a • S. ZE191,1 

.y1SoPp-92 ,..t.  191.)t.Lua )1-3-acle-, mos 

	

6 	".11:72rSD -11-QP V 'V 	k‘l 13 	`1 	6 
reof.7010)0a4--014 	uf. 	ro4u0.(A, 

	

yap Luo),C,  tA 	ki...,,ocl. 	AS0,3 

Tr4‘'s.C^ 
rat.10.3.40, 

I.....Asi.„„As 
rz,ww,,c, 

INv 
11° 

),3‘.....0s 

V 
10 

2.1 

L. 

CAA. 
9t7 

S 
,z31 

Ltvo lo -virobj 9 ? 	9 

,.cpro,N DA 19119,4 

	

- N .1_9 	SA _W  
s?..reiti Lros t.\:a-togiu.ro3 

p` 016"So 	CN4'.,-,.-3.'n 

P"v1C7̀r2 	''' 	\-1'9  ! I\ 
''DP"S 

Fu"+9 	'cl 	l''-'''')1 
13,..-nbu3 So 	‘,1...1..-.A 

096r) 	kai zas 9 tAxi46soli 

(96f) 	61ya>1  
(096') 	irac'll'ali 

(Ls61)altiarlei  1  pc-i :pH 

ctsc,i) 	rapo 1 

(9g6I) 	r 1' Pc-1111H 
Qrs60 	LIV•L'AP I° 
(fseo) to -r fho)A11,1,4 
(...s,G,-.) 	'[x, 1{-a uouwoci 

.1,011aw crAma,voloraSc\O uocoga s sAyS" 13  io 1,4  1-1;  vc3o-1 'a-JuayzEael uo ...1.0 /0,0.90 

'-‘40113 vpyrrosya fcr'f.Z9lo_)0-a_tralt  LIS! -r..)Ce) Dyik 	t.).! 	n u 	7›.1-kra U.4 

LI 24Z tzko-r.3A.s 	etAfY> ZoraLvdso d 	ti4  t.,!tv c•-+ •Diat.)tm 	nYaS9c) 	• 1.5 211191 

19 



1'"4)11 u4 	5.1(`*71) Qp) !AP 1.u, 

01  so  s.1:,,n-)  or)  
\e-r, 

101A 	IAA 	ru-0 -aU0}0 	1,01.1o2, 	yout)•?!..raN ' • 1-y •ajr‘Z,!i 

.0S 01 .0Z .0, 	.OL 	.09 	.0G 

..z , 	. iNi  io 	 
oDasii. 

11,11 11. _...iii .0111 
s.o. 

. 
--- 

/ 

__- - 
... 

...• 	... 
..- ... 	, 

... 

.., 
...- ' 

01 

	5.40.3 ...,,_„---7---. 
 

__— 

— — -- 

- 

I 

i 	
--
\..- 

\ 

..- 
, 

..- 

..- 

	

„.• 	... 

	

...” 	.-- 

.." 
..." 

• - 

\ 
- t 	1 \ \ \ 

____ 
1 	v  

-- 	i 	' 	t 	1 

\ 	\ 	‘ 

I 	

1._ 

 1 	

_ 

	

/ 	i, 	oz in 

	

ol 	SI 
01' " °8  

0001 

OOL 

00c 

00Z, 

OS 

00 

ze 

003 

o0. 



'4°S 
'cl 
'42 

40 150 20 16 
- / / / 	 

/ 	/ 

t 
 

• Z .r 1 
- - 

/ 

2 

- 

83 

100 

150 

200 

300 

400 

0 

00 

5. 0 ID 

1 __, _  ____.  1000 
le 	Co° 	So' 	40' 	30. 	20' 	le 	0* 

riet;c1;pac- J 	er.....1;on 	oy otonc ...-161  11.,,;01:f 	n-11%.:no rei..to-s. in  Sun-mac( 
_ _ — Ozone uolurne, rei:x:1 Ca.}:o 	Cun;f% of Co 15) 

lAuvaktItkt In : A ;11,1 CDA to 	Cu/y-111-s. trn. ter '''') 

8o• 

C;(3ufe 5.2. 



at a given level in the lower stratosphere to range over 15°K, 

with changes in tropopause height, and it is to be expected that 

this variation will be at least as noticeable in higher latitudes. 

No information is currently available on zonal variations in 

water vapour. 

The series of observations of water vapour up to the middle 

stratosphere in Table 5.2, are restricted to a 15°  latitude belt 

about 45°N and between 00  and 105°W, and are presented in fig. 5.3 

with M.R.F. for comparison. 

In general the humidity mixing ratio appears to fall with 

height to a level between 150 and 200 mb, then increases once 

more to a value at a height of 50-25 mb, about an order of 

magnitude greater than the mean value at the tropopause over 

England. 	Mastenbrook (1963), has shown, by comparing ascent 

and descent vapour profiles in August, September, October and 

April, over the U.S., that the apparent increase in mixing ratio 

in middle stratosphere probably results from contamination from 

the balloon, and casts reasonable doubt on all balloon observations. 

He shows the mixing ratio to vary between .01 and .04 gm kg-1, 

to at least 30 km. 

The results of Houghton and Seeley (1960), using a spectro— 

scopic method appear consistent with the concept of the dry middle 

stratosphere. 

While the absolute values of humidity measured by balloon— 

borne instruments may be unreliable, qualitative seasonal 

variations were investigated by plotting mixing ratio values et 

20 and 30 km levels extracted from all available profiles on a 
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seasonal abscissa, and it was apparent that little variation in 

mixing ratio occurred at the higher level but at 20 km. there 

appeared to be a distinct maximum of mixing ratio in the winter-

spring seasons. 

5.3 Ozone 

In the following treatment we will be concerned with totel 

ozone,00in the vertical, and with vertical profiles expressed 

in terms of mixing ratio,Z , at pressure 	. 

5.3.1 	Total Ozone,  

The meridional and zonal variations in the total ozone 

amount, Dv  ere best illustrated by London's (1962): seasonal 

northern hemispheric analysis in figs. 5.4 - 5.7. 	The ozone 

amount is observed, at almost all longitudes and seasons, to 

increase with latitude to 50-80°N, then remain constant or 

decrease slightly northwards to the pole. This is consistent 

with McDowall's (1963). time latitude section of ozone in 

fig. 5.8, constructed from observations made at different 

longitudes, and with such differences as are shown in simultaneous 

observations et Srinugar (550N, 800E), and Tateno (55°N, 1550E), 

as discussed by Ramanathan and Kulkurni (1959). 	In section 5.5 

such differences will be shown to be related to the position of 

the standing eddies. 

5.3.2 	Vertical Profiles of Ozone and Three-Dimensional Distributions  

The most intensive investigation of ozone distribution in the 

upper troposphere and lower stratosphere has been carried out, as 

with humidity, by the British M.R.F., using a modified Brewer type 

chemical sampler. 
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From data collected in summer and winter detatchments from 

England south to the tropics,tentative seasonal meridional sections 

hove been prepared, (figs. 5.1 and 5.2 after Roach and Murgatroyd 

unpublished). 

A summary of ozone vertical profile measurements is presented 

in Table 5.3. 

The inconsistency between ozone profiles measured by 

different devices was illustrated by the intercomparison tests 

of Brewer et al (1960), and is even observed in lUmkehri profiles 

derived using different computation techniques, (Nitsch, 1960). 

Ramanathan and Kulkarni (1960), assembled spectra for nine stati ono 

extending from 10 — 70°N latitude, inferred profiles by a uniform 

technique and presented the results as cross sections for March, 

July and November (fig. 5.9). 

Fig. 5.10 shows representative summer and winter cross sections 

obtained by modifyinglth high latitude distributions in fig. 5.9 

by introducing the mean profiles for Churchill end Moosonee from 

Matteer and Godson (1960). The secondary maximum, which is not 

nearly so prominent over European stations, is thus introduced into 

the sections, making them more representative of zonal mean sections. 

The concentrations have been converted to mixing ratios below 

30 km. in fig. 5.11. 

5.4 Radioactive Isotopes from Nuclear Weapons  

5.4.1 	General 

The irregular distribution of nuclear explosions in space and 

time makes special caution necessary in seeking the meteorolitical 
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significance of observed distributions of the isotopes produced. 

It will, however, appear that certain distributions are unquestion- 

ably of high meteorological significance. 

5.4.2. 	Activity at and Near the Ground  

Both air and rain samples may be evaluated, for total activity 

or better for individual isotopes. Unfortunately there has been 

little consistency in sampling by the various measuring agencies, 

with resulting difficulty in synthesising the results into a 

useful four dimensional distribution. 

The meridional distribution of radioactive fallout over a year 

may be estimated either by soil sampling or, if dry deposition is 

negligible, from rain sampling. The former method, used extensively 

since 1955, as reported by Martell (1959) and Alexander et al (1960), 

while not a particularly good technique has the advantage of being 

the one method from which rapid estimates of the world-wide 

deposition may be made, without an extensive programme - of instrument 

standardisation and considerable computation. For this reason 

no attempt has been made to tabulate the extensive data sources 

but only to present consistent data analysis. 

We observe a similar pattern (fig. 5.12) of meridional 

deposition of SC°  obtained from soil sampling in successive years 

(Alexander et al, 1960), and from measurements of CP in rain 

(Stewart et el, 1958), - a mimimum at:the equator bounded by distinct 

maxima in the 30 - 50° latitude belt in both hemispheres with values 

decreasing thereafter with latitude to at least 70°N and 60°s. 

The meridional variation of mean annual rainfall is shown as 

a histogram in fig. 5.12. The mid-latitude maximum corresponds 
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closely with that of deposition but the high tropical rainfall 

has no obvious counterpart in the deposition pattern. 	Thus 

the deposition is not solely s function of the rainfall amount, 

and if we arc to interpret these and other deposition results 

unambiguously in terms of activity in air, we must detect the 

relation between them. 

The meridional variation of annual values of c77°  concentration 

in rainwater in fig. 5.13 for different sets of years from 

Stewart et al (1958), and Crooks et al (1960), shows a minimum 

in the tropics, a maximum near 40°N, a decrease to 60-700N and 

a final increase towards the pole. 

The empirical studies of Stewart et al (1959), Crooks et al 

(1960), Bliechrodt et al (1959), Storebo (1959), Small (1960), and 

Alexander et al (1960), are in general agreement with Stewart 

(1958), that the monthly mean values of specific activity in 

rainfall are approximately proportional to the concentration in 

the air through which it falls, so that the former can be taken 

as a climatological measure of the latter, except in low latitudes. 

The close correspondence in the meridional and seasonal variations 

in the gross fission product activity in surfnce air along 80°W 

(Lockhart et al, 1959, 1960 a,b), and in specific activity in 

rain (Staley, 1962), in fig. 5.14, provide further confirmation 

of this relation. 

We observe the position of the meridional mid-latitude 

maximum of both properties exhibits a seasonal N - S fluctuation. 

The concentration of Gee  in rain at mid-latitude stations 

from 1954 - 1962, is shown in fig. 5.15 (from Crooks et al, 1961, 1962). 
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A seasonal variation with strong spring maximum and autumn minimum 

is evident throughout the period and is apparently little influenced 

by the incidence of injections. From the inventory of nuclear ex-

plosions presented graphically at the top of fig. 5.15, we see that 

there were no high yield stratospheric bursts in the years 1955, and 

1959 = 1961, yet the spring maximum remained obvious in each year. 

5.4.3 	Activities in the Free Atmosphere  

In fig. 5.16 we observe a fairly distinct negative correlation 

between the mean monthly Cs concentration over England in the lower 

stratosphere at 47,000' (Peirsen et al, 1960), and in the air near 

the ground (Oambray et al, 1962), with maxima in the lower troposhere 

in May and minima-in-October and vice versa et 47,000'. The mean 
_ 	. 	. 51 

tropopause pressure is not simply related to the Cs values. 	The 

positive correlation observed with eat 47,000' in 1958 and 1959 

becoming negative-in 1960. 

Two specific radioisotopes were injected during the testing 

schedule as detailed below: 

gas 
1. Tungsten 185 isotope, 1.,3 , was injected at a height close to 

25 km during the Hardtack series of tests at 12°N in summer 1958. 

2. Rhodium 102, Rh102, war injected at 30 km during the Orange 

test at 17°N latitude in August, 1958. 

They were sampled later in the stratosphere from aircraft 
go 

and balloons, together with Sc  which was injected in all tests, 

and their distributions are shown in figs. 5.17 - 5.22. 	Distribu- 

tions of excess C14 from balloon sampling of CO2 by Nageman et al 

(1959), rare shown in figs. 5.23 and 5.24. 	We observe the following 

features: 

100 
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1. Where a maximum exists in the vertical profile the height 

of this maximum varies little with time, and rises toward the 

equator. 

2. Concentrations are barely detectable in the tropics to 

a height of 15 — 16 km. 

3. The tropical lower stratosphere appears to be relatively 
eo 	14 

poor in Sr and excess C in winter compared with summer. 

These figures give no direct information on the transfer 

from stratosphere to troposphere, however, their interpretation 

will assist in forming an integrated picture of the general 

transfer problem. 

5.5 Correlation Studies and Deductions Concerning Eddy Transfer  

in the Lower Stratosphere  

Analyses relating the total ozone with features of the 

upper tropospheric and lower stratospheric temperature fields 

have been carried out by Meetham (1937), Normand (1951, 1953, 

1954), Gowan and Leppard (1953), and Johansen (1955), to name 

a few, end the current view may be stated as follows: 

1. 	The high correlations between total ozone,0e and either 

temperature,T, or potential temperature, , in the lower strato—

sphere, suggest that variations result from the same mechanisms. 

This assumption is supported by the drop in correlation coefficient 

with the introduction of a 48 hour time lag either way between the 

respective types of data, as shown in Table 5.4. 	The higher 

correlation observed with e thanT suggests the vertical advection 

is important since the horizontal advection will be similar for each. 
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2. The correlation between 07_and temperature just above the 

tropopause diminishes in winter. This might either be the 

result of a seasonal variationof the ratio of the horizontal 

to the vertical gradients of ozone and potential temperature 

or the varying influence of more than one transfer mechanism. 

3. The correlation with the tropopause height is significantly 

lower in winter,during the time of the polar night vortex,than 

in summer, moreover, Normand (1951), found that in winter the 

correlation coefficient with temperature may increase or decrease 

with height for successive 26 day periods, suggesting variations 

in winter may not be associated with tropospheric disturbances. 

Ohring and Meunch (1960), found Ozwas generally more highly 

correlated with temperature at 100 mb. than 50 mb. for European 

stations during 1956 and 1957, but the sample was not sufficiently 

representative to detect seasonal variations in the correlation 

coefficients. 

Normand (1953), took 3 day mean values of Oat Oxford and 

temperature in the upper troposphere (300 — 500 mb. thickness) 

and found a close relation between the deviations from their 

respective seasonal mean values, but noted some major inconsistencies 

in winter. 	Johansen (1955), found similar results for Tromso. 

Godson (1960), computed ten day running mean values of total 

ozone and 100 mb. temperature at several stations for four winters 

and showed a distinct relation between the time series of the 

smoothed parameters. The wave number of the stratospheric 

system associated with the polar night vortex is generally two 
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(Hare, 1960, 1962), compared to that of three to six (Saltzman 

end Peixoto, 1957), predominant in tropospheric circulations, so 

the rate of propagation of the former, (and the associated local 

temperature change), if both systems are of Bossby wave type, 

would be expected to be much slower, and the high correlation 

between longer period systems in winter suggests an association 

with the polar night vortex system. 

4. The highest positive,Cit, 4 correlation was found (see 

Table 5.4), by Normand (1951), at 18 km., and Ohring and 

Meunch (1960), using 100 mb. charts ( N  16 km.), found that 

high total ozone was associated with high temperature, low 

geopotential height, south winds and cyclonic curvature at 

that level. The horizontal gradient ofOzis generally 

directed equatorward over the range 35° 65°N, so an ozone increase 

with south wind implies a simultaneous subsidence which over— 

compensates the negative meridional advection (i.e., predominant 

mixing slope is poleward and downward). The correlation coeffi— 

cients 	showed little seasonal change. 

Ohring and Meunch (1960), concluded from the above analysis, 

and from a study of average departures of total ozone from the 

spatio temporal mean in relation to the standing eddies, that 

the total ozone maxima and minima occurred slightly in advance 

of the long wave troughs and ridges respectively. 
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CHAPTER 6 	Tracer Distribution Relative to Synoptic Features  

6.1 General  

The obvious lack of uniformity in tracer distributions 

observed in Chapter 5, may be used to elucidate atmospheric 

transfers either climatologically by noting associations between 

the tracer distributions and corresponding features of the fields 

of wind and temperature, and establishing correlations between 

such parameters, or by individual case studies. 

6.2 Associations in the Mean Distributions with Respect to Axes  

Fixed on the Earth's Surfaces  

In the cross sections of ozone mixing ratio and water vapour 

from Meteorological Research Flight information, shown in figs.5.1 

and 5.2, we observe that the tongue of ozone-rich air with low 

water vapour content dips down rather markedly in subtropical 

latitudes from levels normally in the stratosphere to levels more 

characteristic of tropospheric air. 	By comparison with the 

independently drawn mean cross sections of wind and potential 

temperature in figs. 2.3 and 2.14, we observe that the tongue 

apparently coincides with the region in the vicinity of the wind 

maximum, where the isentropic surfaces sweep down from the more 

stable stratosphere into the troposphere, which may be interpreted 

as corresponding to the upper tropospheric frontal zone on indivi-

dual cross sections. Unfortunately no section for another 

longitude than that of figs. 5.1 and 5.2 is available to support 

or contradict this apparent relationship. 

,D ,, 
The middle latitude maximum of annual 	concentration in 

rain, shown in fig. 5.13, also suggests some connection between 
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the stratosphere-troposphere transport and the tropopause-jet 

stream-frontal zone complex. This is further supported by the 

coincidence of the mean maximum wind position for 80°W and the 

maximum in surface air activity at that longitude shown in 
fig. 5.1%. 

We observe a distinct relation between the distribution of';(" 

deposition on a hemispheric chart (fig. 5.5) after Alexander et 

al (1960), and the position of the mean wind maximum from Crutcher 

(1961). While the wind maximum in the Crutcher sections is 

probably more closely related to the sub-tropical jet than the 

polar front, the regions of maximum deposition correspond to 

the regions of confluence of the two jet systems, i.e., to the 

southeast of the troughs of the middle latitude standing eddies. 

It seems plausible thet the mechanisms of transfer may be quali- 

tatively similar in both systems, combining where the jets 

become indistinguishable. 

While the meridional variations in deposition end in air 

activity may be related tentatively to the mean position of the 

jet front complex, the seasonal variation remains to be related 

to the wind distribution. 

It seems plausible to look for similar transfer mechanisms 

associated with the jet complex of the polar night vortex to 

those in the troposphere, end it does appear that transfer 

there is also associated with the westerly jet maximum. 	The 

polar stratospheric jet is a winter-spring phenomenon and it is 

during this period that the lower polar stratosphere shows its 
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highest ozone values of the year, (see fig. 5.11). 	Figs. 6.1 and 

6.2, obtained by subtracting successive seasonal mean total ozone 

amounts, from London (1962), also show a general increase in 

middle and high latitudes in the lst and 4th quarters. Moreover, 

the correspondence between the disproportionately high ozone 

increase in fig. 6.1, and the region of greatest baroclinity in 

the polsr night vortex over arctic Canada in spring (Hare, 1960, b) 

where short period thermal waves have been observed (Boville et al 

.1961), suggests that a major part of the downward transfer may 

be effected by eddy rather then mean motion. 

6.3 Associations Between Tracers and Synoptic Features  

6.3.1 	Water Vapour  

Analyses of M.R.F. data on water vapour distribution have 

been carried out relative to such features as the tropopause by 

Bannon et al (1957), Murgatroyd et al (1954), Helliwell et al 

(1956), and Tucker (1957); fronts by Sawyer (1955, 1957), and 

Miles (1962); and jet streams by Tucker (1957), Murray (1956), 

and Briggs and Roach (1963). 

Vuorela's (1957), analysis of dewpoint depression below 400 mb. 

in selected jet-front complexes over western Europe, suggests 

that air in the frontal zone is frequently subsiding relative to 

its environment, end this inference is supported for mid- 

tropospheric levels by Sawyer's (1957). observation from M.R.F. 

frontal traverse data, that the frontal zone is frequently dry 

relative to its environment. 
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In the upper troposphere, information from jet traverse 

flights h've been analysed by Murray (1956), end Briggs and Roach 

(1961), and indicate the existence on many flights of a fold in 

the mixing ratio isopleths suggesting an intrusion of relatively 

dry polar stratospheric air into the troposphere below the jet axis 

in the region corresponding closely to the frontal zone. 

On some flights only two traverses wore flown resulting in 

considerable subjectivity in analysis, but on flights like that 

shown in fig. 6.3, the resolution was sufficient that this would 

not radically alter the pattern. 

Tucker (1957), inferred a direct transverse circulation about 

the jet axis in entrance zones and an indirect circulation in 

exit zones, from an analysis of average frost point departure 

from the mean value for standard levels above and below the jet 

axis in fig. 6.4. 
6.3.2 	Ozone 

Brewer (1960), presented a series of ozone sonde ascents 

together with simultaneous temperature profiles in all seasons 

indicating discontinuities in the ozone concentration lapse rate 

at the tropopause level on many indiVidual flights, but a coherent 

three dimensional analysis was not attempted. 

Briggs and Roach (1963), analysed the ozone distribution with 

respect to the jet-front complex for individual cases (e.g., fig. 6.3) 

and statistically, as previously discussed in relation to humidity. 

The mean distributions shown in fig. 6.5 suggest that the 

intrusion of stratospheric air down the frontal zone below the 

jet is not a persistent feature of the pattern of transport. 
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6.3.3 	Artificially Produced Radioactive Isotopes  

Miyake et al (1960), could detect no systematic variation 

in the integrated activity C in the tropospheric air column 

associated with the changes in surface Weather conditions (see 

Table 6.1), but found it to be related to the position of the jet 

axis and the presence or absence of a marked 500 mb. cold trough. 

The integrated activity' in the rain bearing tropospheric layer 

is plotted, on en abscissa of distance from and ordinate of pressure 

of the neighbouring jet axis, as a circle whose area is proportional 

to'C' in figs. 6.6 and 6.7 for cases with or without a 500 mb. trough 

in the vicinity. 	The highest values of ceare observed to occur 

when the jet is situated above or a little north of the sampling 

.station and when the jet axis occurs at lower levels. 

During the month of March, 1960, an extensive series of obser-

vations ofGc
SS 
 ,c(

9 o 416and(:concentrations in the upper troposphere 

and lower stratosphere vies made over the U.S.A. Danielsen et al 

(1962), analysed these observations together with simultaneous 

values of potential temperature and potential vorticity statistically 

and by means of care studies, in the investigation of stratospheric-

tropospheric exchange processes. 

Therhich was injected into the troposphere largely within 

a stable layer between potential temperatures of 330-350°K in the 

French tests in the Sahara, shows a maximum in this A range through-

out the sampling programme (fig. 6.8), but we observe a minimum in 
Ass 

the ratio of k..) toVe within this 0 range in fig. 6.9, implying that 

although air from which these samples were extracted was classified 

as stratospheric, much of it must have had tropospheric origin. 
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Fig. 6.1. Air activity in rain bearing layer and 
position of a jet stream which has no neigh-
bouring trough at 500 mb. 

Surface area of each circle shows 
relative activity. 
0 indicates the position of observa-
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A
tm

os
ph

er
ic

  p
re

ss
ur

e 	
I r

ob
) 

100 

150 

200 

250 

500 

350 10 



080 

310 

aco 

.)‘ 55o 
0 

C 

344 

330 

52o 

34) 

119 

01 	1 	.3 .4 .5 .c. .7 Si. 	1.0 	t 	3 	4 5 c 1 8 9 kr 

CI x 106  Cwt. sec .deg. 1,17'  
-3 

F .lort. 	68. 	R elal-', , 11 	.-,e4,: ,s-: vs 	Sr '69  Cc, +IC-+1; C ,l „,,-1.,.., 	0.„,,,,1 s , ,, _ Li .,,, cp,• z, 

	

'-': potec 4,3-1 	i,'"Ipe,co tore , e , 3-, i 	o 1-  ent , ci..1 	vcci ,:.kr 	P, 	ir.,- ,,,,,,.,„;..,.;,,I - „, ,,-..lc 

al- 	Va.< i Go S 	Ile.: 11-1\''S 	oNJe-( 	a Ft A”. cci 	^F n.-n • ()kit ( D0-•..i1., , •,, -..1  t,N.,--...$ ) 

'3 	4 .5 *8 1 8 9 Itt 	2 	3 	4 5 € 1 8910 

F.crre 6.9. RQic11:0" 	 rr 
Vat; ors 	over a yeA-;cscl 4 a ,flion4{-1 o 	eJ u s 	 e 

turipc, calo re, A , ci.nd 	\.) o 	 obse-N.1-.0ns rnacie. 

1 , 
)91-s,3eers W 85  Cone_enk-ral•:onS o. tc S;vrtul}oneooS Values  

105  CPA. see. deg. cri71  

196 



The iaopleths of Sr activity in figs. 6.10 and 6.11, 

drawn consistent with the values plotted over the regions 

sampled in flight paths normal to the cross sections as indicated 

by the heavy bars, show a tendency for air of stratospheric origin 

to intrude into the troposphere in the region below the jet on 

some occasions. 

6.4 Case Studies and Analyses of Particle Trajectories  

Case studies require an accurate four dimensional description 

of the atmosphere in order that individual parcels may be followed 

through successive stages of their history and related to the 

persistent features in analysis, viz. fronts, tropopauses and 

jet streams. 

The case studies of Reed and Sanders (1953), and Reed (1955), 

investigating the thermal structure of particular cyclones in 

the upper troposphere and lower stratosphere at successive 

stages of development, showed that a pre—existing frontal zone was 

not a prerequisite for cyclogenesis. In fact, frontogenesis and 

cyclogenesis took place simultaneously associated With large 

horizontal gradients of vertical velocity which tilted the 

isentropic surfaces in the vertical. 

Reed (1955), Danielsen (1959), Staley (1960), and Danielsen 

et al (1962), showed cases of mass transfer from stratosphere to 

troposphere within the stable layer below the jet, tracing 

specific air parcels by trajectories based on conservation of 

potential temperature and potential vorticity over 12 hour 

intervals. 	Staley (1960), moreover, noted the existence of 

exceptionally dry air as measured by standard humidity elements 
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in routine radiosonde ascents, at the final point of those 

trajectories suggesting subsidence from the lower polar 

stratosphere. 

Staley (1962), interpreted' vertical profiles of -ray 

activity, made from aircraft observations on days when a dry 

baroclinic zone either existed or was anticipated within the 

troposphere, in terms of transfer. 	Where maxima in the ...ray 

activity profiles occurred, they were roughly equivalent in 

height to the stable layer, but, as shown in Table 6.g, maxima 

were only noted on about half the cases, suggesting that the 

existence of en upper tropospheric frontal zone was not a 

sufficient condition for subsidence to take place from strato- 

sphere to troposphere. 	Isentropic trajectories were constructed, 

on those days when observations were suitable, to verify the 

origin of air at the edges and the middle of the baroclinic 

zone. The results in Table 6.3 show that in each case of 

observed high activity in the frontal zone, at least part of 

the air in the stable layer was of stratospheric origin, whereas 

in cases showing no activity maximum the air was found to originate 

within the troposphere. 

6.5 Summar, 

There is considerable evidence of adiabatic transport from 

the lower polar stratosphere into the troposphere down the 

frontal zone below the jet stream end this appears to be the only 

region of rapid concentrated intrusions. 
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Such intrusions are not apparent on mean distributions 

and appear on rather less than a half of the individual sections 

suggesting such transport only takes place under limiting syn-

optic conditions. 

There is no direct evidence of transport in the opposite 

sense in the region of the front on any occasions, though this 

would be less easily detectable appearing as a relatively moist 

ozone poor region over an ill-defined region to the left of and 

about level with the jet axis. The excessively high humidity 

values observed in the winter sampling, by M.R.F., of humidity 

in the lower stratosphere in high latitudes, from Leuchars, 

(Roach personal communication), may be evidence of this effect. 

The evidence of transverse circulations from analyses of 

velocity components in Chapter 3, and from Tucker's analysis of 

humidity in section 6.3.1, suggest the circulation is direct in 

entrance zones and indirect in exit, thus the dry ozone rich 

intrusions are anticipated in entrance zones and possibly a 

mass transport from troposphere to stratosphere via the frontal 

zone in exit zones. 
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CHAPTER 7, 	New Analysis of U.K. Data 

7.1 General  

This chapter will follow a similar pattern to that of the 

preceeding two chapters, a climatological study of the temporal 

variations of selected tracers over the U.K., the relation between 

such tracers and the flowfield, then an investigation of the cycle 

of transfer associated with the jet stream by means of representa-

tive cross sections constructed by incorporating all available 

consistent data. 

7.2 Data - Consistency and Preliminary Analysis  

The data available for analysis were listed in Chapter 4, 

and we shall first examine them' for consistency. 

From Table 7.1 we see that on less than ten days out of the 

entire sample do any two types of data sampling take place 

simultaneously. Furthermore, the different types of sampling 

take place at locations separated, at times, by over a hundred 

kilometers. 

The nature of the various sampling techniques results in 

highly variable data smoothing. The airborne radioactivity 

measurements over the U.K., required flight passes of 1 - 4 hours, 

in order to collect a measurable sample, depending on the sampling 

level. Horizontal smoothing resulting from this sampling procedure 

was consequently over a minimum distance of 100 km. and frequently 

much more. These flight paths were oriented randomly with 

respect to the macro-features of tropospheric structure. 	Since 

sampling involved such prolonged flights, it was seldom practicable 

to sample more than two levels on any day. The lack of vertical 
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consistency in sampling is illustrated by Table 7.2. 

These imperfections in sampling led us to concentrate 

initially on ozone and temperature leaving appeal to radio-

debris to special cases. 

The original data were converted to ozone mixing ratio,)0 

and potential temperature, 0 . Temperatures were extracted 

from Daily Weather Reports and the potential temperatures read 

off 1:0?-grams directly. 	The Brewer ozone sonde (bubbler-type) 

, -1 
data, over Liverpool, give concentration Va in units of c.,,,I.571-.N). ohn, 

so that mixing ratio , xo = 7 	 5  .5.86 ..1.5.1111D 	and the ozone 
re. 	1). 

in a finite vertical column is 	J 	c'. 	or 
-4f x-GY. .  

The choice of the most suitable method of evaluating the total 

ozone in a finite column is dependent on the section of the pro-

file over which it is desired to carry out the integration 

(Appendix 2). 

Observations of total ozone, made with Dobson spectrophoto- 

meters, were also available for Oxford and Eskdalemuir. 	While 

we have shown in section 5.3 that the vertical profile for a 

given total ozone for different loctions may be extremely variable, 

there is some evidence to the contrary (Mateer and Godson, 1960), 

for specific locations. 	The correlation coefficient between total 

ozone at Edmonton and Moosanee, and the ozone in the 12 - 18 km. 

layer from Umkehr profiles was 4. 0.97. 	rateer and Godson (1960), 

noted a small apparent negative correlation (- 0.36) with the 

ozone between 0 - 12 km., which may be considered as the tropo-

spheric layer, so it is reasonable to investigate the possibility 
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of increasing the information on profiles from the larger sample 

of total ozone observations. 

In addition to the data on tracers, information on the 

synoptic situation was extracted and tabulated on each day on 

which an ascent was made. 	Cross sections of potential temperature 

and wind speed were drawn in a plane through Liverpool orthogonal 

to the nearest jet axis. 

The following parameters were then extracted: 

1. The tropopause pressure at Liverpool (using the criteria 

stated in section 3.2). 

2. The pressure at the level of the jet axis. 

3. The distance from Liverpool to the jet axis, positive values 

to the right of the axis looking downstream. 

4. The location of Liverpool with respect to jet entrance 

(confluence) jet maximum and jet exit (affluence) zones. 

5. The location of Liverpool with respect to long wave troughs 

and ridges. 

These data were extracted using 500 mb., 300 mb., and 200 mb., 

contour analyses and tropopause height charts of M.O., which were 

re-analysed where necessary to maintain temporal continuity and 

spatial consistency, and the above cross sections. 

7.3 Investigation into the Relationship Between Total Ozone Amounts  

and Vertical Distributions over Liverpool. 

While observations of the total ozone amount at Oxford (53°N) 

and Eskdalemuir (55°30'N), were made over the period of this study 

many of the values at Eskdalemuir were missing on days of the 

Liverpool (53°20'N) ozone sonde ascents, so for consistency the 
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Oxford values were used. 

The profiles were defined for this study by integrating the 

ozone over the following layers: 

1. The surface to the tropopause , 

2. The 50 mb. end 100 mb. layers directly above the tropopause 

(13?1,:-6°  and 
-WO 

111"r respectively. 

so 
3. The surface to the 50 mb. level , 103 P.- 

, 
4. The 50 mb. level to the top of the atmosphere, LoAs. WeS 

obtained by subtracting 3. from the total ozone amount for Oxford. 

The techniques used ere presented in Appendix 2. 

Inspection of the time series in fig. 7.1, suggests the total 

ozone is most strongly positively correlated with the tropopause 

pressure and with the ozone in the column below 50 mb. as other 

workers have found. The correlation with the ozone above 50 mb. 

is negative, consistent with, though less than, Mateer and Godson 

(1960) values for Moosanee and Edmonton of — 0.79 and — 0.76 

with ozone in the 24 — 36 km., end 36 — 54' km., layers respectively. 

The tropospheric ozone shows no simple relation with the other 

integrated ozone amounts or with the tropopause pressure. 

These time series, together with scatter diagrams, not shown, 

suggest the correlation could be improved by removing the seasonal 

variations. Three monthly running mean values of the various 

parameters were plotted, and a smoothed curve drawn through them 

in fig. 7.1. 	The deviations of individual values were then 

abstracted and plotted on scatter diagrams in fig. 7.2. 

We observe that while a positive correlation exists between 
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the deviations from seasonal mean values of total ozone, ozone 

below 50 mb, and tropopause pressure, the regression factors vary 

with season, and the correlation is not sufficiently high to infer 

one variable from another. In any case in investigating the 

problem of transtropopause exchange the tropospheric ozone is an 

important factor and it bears no obvious relation to the total 

ozone. 

7.4 Climatological Analysis in Relation to Transfer Within the - 

Lower Stratosphere  

7,4.1 	Total Ozone  

Observations of total ozone amount,C)t  , for Oxford, measured 

by Dobson spectrophotometer, are presented in a time series, together 

with simultaneous observations of potential temperature at several 

levels for Liverpool throughout 1960, in fig. 7.3 

We observe in fig. 7.3, that from March to November, of the 

observed fluctuations ofot and G those of short period (few days) 

show greatest correlation. The magnitude of the temperature 

fluctuations decreases with pressure suggesting the origin of the 

systems to be the troposphere. 

In winter and spring the highest correlation appears to be with 

systems of 2 - 3 weeks period whose amplitude increases with decreasing 

pressure suggesting dominant influence of systems of stratospheric origin. 

These time series, together with the interpretation of correl- 

ation coefficients of ( and features of the temperature and wind 

fields in section 5.5 suggest that the ozone changes in the lower strato- 

sphere may or may not be associated with tropospheric disturbances. 
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7.4.2 	Ozone Mixing Ratio end Potential Te:merature at Selected  

Levels 

Observations of ozone mixing rFtio,x., and potential temper- 

ature, e , were extracted from the originel profiles for the 

standard levels - 50, 70, 100, 150, 200, 250 and 300 mb. 	Time 

series of both individual values and of three monthly mean values 

are shown in fig. 7.4. Many ascents failed to reach bthe higher 

levels so two sets of mean values were computed for test of 

consistency, the first including only values from the ascents 

reaching the 50 mb, level and a larger sample reaching 150 mb. 

The mean values computed from the two different samples, while 

exhibiting the same general features, showed differences, particularly 

in winter and spring, amounting to 30-60% of the amplitude of the 

seasonal variation at the levels considered. 	This lack of con- 

sistency illustrates the danger in evaluating a seasonal mean value 

from such a restricted sample. 

Considering only the consistent data of ascents reaching 50 mb, 

we note in fig. 7.4 a tendency for the maximum observed in March and 

April at 70 mb (-18 1cm) to become less obvious as we proceed down-

wards, while another maximum in June/July becomes more pronounced 

close to the tropopause level, end indeed dominates at the 300 mb 

level. Since two distinct maxima are present at 150 and 300 mb, the 

retardation in occurrence of the dominant maximum at higher pressure 

does not appear to be a result of a downward propagation of the same 

maximum. DUtsch (1962), computed monthly mean ozone concentrations 

for Arose from an extensive series of Umkehr ozone profiles for 
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the 6, 12.5, 17, 21.5 km, and higher levels. 	His seasonal 

curves in the lower stratosphere for 21.5 km (45 mb), 17 km 

(70 mb), and 12.5 km (180 mb), indicate the maximum et the same 

time as observed above, but the tropospheric maximum (6 km) 

occurred in mid May. 

In Chapters 3 and 6 we presented evidence that the dominant 

transfer through the jet is probably lint-ed to the jet axis, 

so the delay in occurrence of the tropospheric ozone maximum 

at Oxford (56°N) to that at Arose (47°N) may be a result of 

the jet axis being later in reaching the more northerly station. 

We now infer the origin of disturbances in the lower 

stratosphere from variations in ozone mixing ratio, 	, at 

standard levels, as represented most simply► by the range,"k 

i.e., the difference between the highest and lowest values 

occurring during the period. 

The variance (or range 20) of ozone over three monthly 

periods may be expected to be a function of the mean mixing 

ratio gradient,, (? !.(bbeing evaluated over the intervals 
.?? 	A' 

50 - 70, 70 - 100, 100 - 150, 150 - 200, and 200 - 250 mb, for 

each profile) of the horizontal gradient&‘, not available, and 

the wave disturbance activity at that level. The normalised 

variance, represented by the ratio 	will be a function of 
"Or 

the activity of fluctuations end fig. 7.5 shows the seasonal 

variation of this function throughout the lower stratosphere. 

The lack of correspondence between the times of maximum 

activity at 50 and 70 mb, end closer to the tropopause suggests 
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the origins of the fluctuations to be different, though it is 

not possible to deduce from fig. 7.5 whether the high valuer in 

March are or are not a result of tropospheric disturbances. 

The variation of mean ozone mixing ratio, X„, end normalized 

ozone variance, •R/ ' x „ , throughout 1960, arc shown in fig. 7.6. 

We observe a delay of one or two months between the period of 

maximum variance, in fig. 7.6, and the maximum ozone at all 

levels, which suggests the eddy transfer is only partly respon- 

sible for the spring build-up over Liverpool. 	The secondary 

maximum ozone in June - July, which increases with proximity 

to the tropopause, is not associated with any wave activity 

maximum, implying a meridional circulation to be its cause. 

The circulation model deduced in Chapter 8 will be shown to 

provide a plausible explanation of this maximum. 

We conclude from fig. 7.6 that the mean ozone mixing ratio, 

(-i:)1,1 at a given level, p, 	the net effect of seasonal variation 

of the transfer mechanisms, resulting from both variation of the 

different jet complexes with which they ere probably linked, and 

seasonal variation in their relative transfer efficiency. 

Representative mean values, Tce , were estimated assuming a 

fluctuation of wave number one, drawn as a best fit through all 

individual, xo , plotted on a seasonal abscissa, so that the 

maximum and minimum corresponded approximately with their 

positions on the curves of computed unrepresentative means, w-,„ 

and in such a way that continuity of vertical profile was 

maintained. 	Seasonal values of dv  (d3  in the shortest distance 

from Liverpool to the jet axis), were estimated from the most 

probable position of the jet axis in 1957 and 1958, (Crossley, 1961). 
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The corresponding deviations of potential temperature CZ 	) 
= 

end tropopause pressure (pT
-_ 

) were extracted and are shown with 

the other deviations in fig. 7.7. 

We observe a good correlation between the tropopause 

pressure deviation, and the potential temperature and ozone in 

the lower levels in the stratosphere, but the relation between 

the tracers and the jet axis is obscure. 	The lack of association 

between (x,„--51L) and (6-e ) values at different levels suggests 

the transfers in the lower stratosphere are not the result of a 

single mechanism. 

7.5 Climatological Analysis in Relation to Transfer Between Strato-

sphere and Troposphere  

Ozone mixing ratios and potential temperatures analysed in 

this section were smoothed over 40 mb. intervals. 	Ozone values 

were smoothed by evaluating total ozone over 40 mb. layers 

(o( mean mixing ratio), and corresponding values of potential 

temperature extracted froml4grams. 

Data were extracted et 40 mb. intervals from 80 to 400 mb., 

thus spanning the tropopause on all ascents. 	Time sections of 

individual values and three monthly running mean values, together 

with corresponding values of tropopause pressure, sre shown in 

figs. 7.8 and 7.9 respectively. 	There is no obvious relation 

between the mean values in fig. 7.9, but individual values in 7.8 

show negative correlations between the tropopause pressure and 

both tracers throughout the lower stratosphere, the correlation 

being greatest in each case close to the tropopause, and greater 

for A than for ozone. 	Where a jet is present within 1000 km.,  
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of Liverpool, the height of the axis was estimated from cross 

sections, and the mean value (which is not, of course, consistent 

with the other parameters for Liverpool), is shown in fig. 7.9. 

To analyse transfer through the tropopause it was decided 

to extract and analyse data relative to the Liverpool tropopause 

height, and relative to the jet axis. 	The ozone mixing ratio 

and potential temperature values were smoothed as before over 

40 mb layers from 140 mb below, to 140 mb above the corresponding 

tropopause height and jet axis level. 	The values, plotted as 

time series in figs. 7.10 and 7.11, respectively, show a 

fairly good positive correlation between the deviations from 

their respective mean values at all levels. 	The variance is, 

however, large, and we proceed, in subsequent sections, to 

investigate possible causes. 

7.6 A Rough Analysis of Transfer with Respect to the Jet Axis UeinE 

Ozone Integrated over Specific Layers  

7.6.1 	Intent 

In this section we investigate transfer capacity with respect 

to the jet axis, by studying the mean horizontal profiles of mean 

ozone mixing ratio in the troposphere and in a 100 mb layer above 

the tropopause. 	The scatter of individual observations about 	the 

mean value is shown to be marginally reduced by removing the effect 

of seasonal variations. 	Indirect evidence is provided that the 

instrumental errors do not seriously effect the mean distributions 

and that the greatest changes in transfer capacity along the jet 

axis occur on its left side. 
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7.6.2 	Investigation of Horizontal Profiles of Mean Ozone Mixing  

Ratio in the Troposphere and in the 100 mb Super-Tropopause Layer 

The integrated ozone within the troposphere, OT  and the 

100 mb super-tropopause layer, Os , were converted to mean mixing 

0
-3 

ratios by the equations 	
_ q., .03 

and ex2.)s- 9•°s•t6s  

respectively, wherepl  is the tropopause pressure in mb end 0,and Os  

are in gm cm-2. 

Figure 7.12 shows all values of (') and C.z.,:j5  respectively, 

plotted against an abscissa of distance from the jet axis. 

Throughout the analysis one unit distance will be equivalent to 

60 nautical miles (111 km). 	The thick dashed lines in the 

figures are the smoothed horizontal profiles obtained from mean 

values for three adjacent units of distance. (e.g. menn value at 

a distance Z from the jet axis = 

The maximum tropospheric ozone mixing ratio,N, was found 

at over 200 nautical miles (370 km) to the right of the jet axis, 

the minimum (about half the magnitude of the maximum) 60-100 

nautical miles ( 150 km) to the right of the jet, and values 

slightly greater than the minimum value (1 maximum), but fairly 

uniform in magnitude to the left of the jet. 

The maximum stratospheric mean mixing ratio,N, is also 

greatest at over 400 km to the right of the axis with a minimum 

value (4maximum) at the jet and increases to the left to a value 
4 
5 of the maximum value500 km left of the jet axis. 

The horizontal profile of the ratio of the spatially 

smoothed values of tropospheric to the stratospheric mixing ratios 

is shown in fig. 7.13, and may be considered to give the tropo- 
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sphere mixing ratio which would result from a hypothetical 

uniform source above the tropopause. 	This diagrem suggests 

that the vertical transfer process is most effective just to the 

left of, and over 400 km to the right of, the jet axis. 

The scatter of observations in fig. 7.12 is attributable to 

three factors: 

1. Seasonal variations. 

2. Instrumental errors. 

3. Variations along the jet front complex. 

and we consider these factors in order. 

The envelopes on fig. 7.12, enclosing the observations in 

each quarter, strongly suggest both variance and mean values, at 

a given distance from the jet axis, vary with season, as is to 

be expected on the basis of earlier work, end we proceed to 

eliminate seasonal effects by multiplying each observation by 

the ratio of the appropriate annual to seasonal mean value. 

Estimates of consistent seasonal mean values with respect 

to the jet axis for different months are derived by dividing the 

sample into four ranges of distance from the jet axis, (the mean 

values within each range being about equal and each range con-

taining about the same number of observations), drawing best fit 

curves of seasonal variation for each range, then adjusting the 

horizontal profiles in each month• drawn through the average range 

values so derived, for consistency with the annual mean profiles 

in fig. 7.12. 	Values are tabulated for each month and unit 

distance from the jet axis lend corresponding annual mean values 

computed. 
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The scatter of observations about the new mean horizontal 

profiles (not shown) is about the same as that before eliminating 

the seasonal variation, but the horizontal profile of the ratio 

of the tropospheric to stratospheric ozone mixing ratios, shown 

in fig. 7.14, suggests that the most effective transfer appears 

to take place well to the right of the jet axis. 

Brewer end Milford (1960), claim instrumental errors through- 

out any one flight are mainly systematic, i.e., error at any level 

will be a constant percentage of the observed value , Ep= 

where ET, represents the instrumental error at level p , and e is 

a constant for a given profile. 

The relative importance of variations in (,x„)4  due to changes 

in instrumental error will be studied. On any single profile the 

ratio of 
(2(b)
A  for any two levels 'Q, and 1),, will be unity, and this 

? 

applies equally to the mean values in the troposphere and in the 

100 mb super-tropopause layer. 

If we abstract mean values (_,c,)7  and ()c.,)s, corresponding to each 

individual observation, from the values tabulated by month and 

( NI 
distance from the jet, as described above, the deviations L,../. 

and Ns will be composed of instrumental error, E , and 	

/

non- 

systematic deviation 	attributable to changes along the jet- 

front e. , (x-YT 	6c-)-r 	(ZIP): 4-  

	

complex. 	 ET. 

Ot.) 

	

The ratio 	C 
&'cs - Cx%4  
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is unity if 

 

We can draw no conclusions on the relative importance of the 

two contributions to the deviation in a given profile, but individual 



values of the ratio -R plotted versus an abscissa of distance from 

the jet axis in fig. 7.15, show large departures from unity 

implying large variations in distribution take place along the 

jet complex. 	Of particular interest is the large scatter in the 

vicinity ofl andto the left of the jet axis, implying — to the 

extent that the sample is adequate — that this is the region of 

major variation along the jet front complex, i.e., the region where 

most rapid, possibly localised, transfersbetween stratosphere and 

troposphere take place. 	The smaller variance to the right of 

the jet suggests that large departures from the mean values are 

more likely attributable to instrumental error and that transfer 

between the two regions is there more diffuse. 

The implications are thus: 

1. Major transfer from stratosphere to troposphere takes 

place well to the right of the jet axis. 

2. This transfer appears to be effected by rather slow 

processes over a large area. 

3. A second region of maximum exchange is left of the jet 

axis and transfers in this region appear to be more intense, 

though possibly localised, than those to the right of the axis. 

7.7 Construction of Normalised Cross Sections for Characteristic  

Situations  

In cross sections relative to the jet axis, we wish to 

incorporate, as well as isopleths of ozone mixing ratio and 

potential temperature, a wind field either in isotachs or some 

function of the wind in terms of its value at the jet axis. 

From inspection of the individual profiles and the time 
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series in figs. 7.10 and 7.11, it is obvious that the height of 

the jet axis or tropopause strongly influences the profiles of 

ozone and potential tempersture. 	The profiles were plotted in 

the tropopause ranges - above 250 mb, 250-300 mb inclusive, and 

below 300 mb, and the scatter was seen to increase with jet 

height and with height above the axis. 

Fig. 7.16 gives distribution of mean ozone mixing ratio and 

potential temperature with respect to jet pressure and we observe 

that both tracers increase rapidly with height. 	Profiles were 

plotted on a new vertical logarithmic scale (e= log ?:'&) and 
S 

values extracted for arbitrary levels equispaced relative to the 

jet level. 	The new profiles still showed considerable scatter. 

The possible causes of this variance arc instrumental error, seasonal 

variations, and variations relative to the jet axis. 

Neglecting instrumental error, (c.5. results in section 7.6), 

we attempt to isolate the transfers relative to the jet by 

removing the variations which result from changes in jet level 

and season. 

This process of normalisation requires three stages: 

1. Determination of characteristic jet stream profiles of 

ozone properties as a function of season and jet level. 

2. Taking the ratio of values ofaproperty at standard levels 

to the corresponding values on the characteristic profile, i.e: - 

quotient is then unity in the vicinity of the characteristic 

profile. 

3. Re-introducing the vertical gradients by multiplying each 

quotient by the annual mean value for that level ifor a jet at 270 mb. 
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We require that the characteristic profiles be representative 

of the same column, preferably close to the jet axis. 	This is likely 

to be so if only profiles at the jet axis are considered, or the 

property gradients are continuous and similar on either side of the 

axis. 

The latter qualifications may be considered as roughly satis-

fied for ozone and potential termperature, (c.f. Briggs and Roach, 

1963,) however, this is patently not so for scalar wind or wind 

components. The vertical profiles of wind through the jet axis 

were available and the characteristic jet profiles for wind were 

constructed from these values. 

7.7.1 	Cross Sections of Ozone Mixing Ratio and Potential Temperature 

The characteristic jet stream profiles were estimated by a 

method of successive approximation utilising seasonal and vertical 

continuity. 

Observatioris in each quarter, for a given level relative to 

the jet axis on Itheheight scale, were plotted on an abscissa 

of jet level pressure. Plausible best fit curves were drawn for 

each season. 

A first approximation was then obtained of the seasonal varia-

tion of the property considered, for specific jet level pressures, 

by drawing curves through the best fit values just determined, and 

removing any obvious departures from smooth curves as unrepresenta-

tive of seasonal variations. 

Any necessary corrections were then made to the original best 

fit curves. 	When required, the process of approximation was 

repeated tgo produce © family of seasonal mean values corresponding 



to different jet pressure levels for the particular height 

Vertical profiles were then drawn to ensure vertical con-

sistency,and values tabulated for each month and jet level 

pressure. 	Of the ten levels considered in the analysis, six 

were evaluated directly as described, and the remaining four 

obtained by interpolating between these values. 

The normalised values were plotted on en abscissa of 

distance from the jet axis. 	There was considerable scatter but 

after smoothing, as in section 7.4, a fairly distinct pattern 

emerged for ozone mixing ratio and potential temperature and 

the results are presented graphically on a linear pressure scale 

in fig. 7.17, for three jet criteria - entrance zones, exit zones, 

and the complete group of observations. 	The distribution of 

these profiles in relation to the jet axis, from which the sections 

' were prepared (Table 7.1), indicates that the section to the right 

of the jet in the entrance zone is most unreliable. 

7.7.2 	Cross Sections of Scalar Wind Field  

In section 3.2 we postulated characteristic isotach patterns 

in entrance and exit zones which would result in different 

vertical profiles for the two regions. 

Study of the individual wind profiles through the jet axis 
4t. 

plotted for consistency on the vertical scale, showed no obvious 

grouping of profiles of characteristic form in a particular class 

of jet region. 	Mean profiles were computed of wind speed re- 

lative to the jet value for each class and are given in fig. 7.18 a). 

Mean profiles of fractional wind speed at the jet axis for 
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each quarter and for various groups of jet levels are shown in 

figs. 7.18 b) and c). 	We observe greater variation in these 

profiles than in fig. 7.18 a), which suggests the variations 

expected in changing synoptic situations may be obscured by 

seasonal and jet pressure effects. 

The procedure followed in determining the characteristic 

profiles from fractional wind speed at the jet axis, for different 

months and jet levels, and the subsequent normalisation end 

analysis of the fractional winds, was identical with that desc— 

ribed in section 7.7.1 for ozone. 	The results are presented 

graphically in fig. 7.19. 

7.7.3 	Cross Sections of Vertical Velocities  

The vertical velocities computed in Chapter 3 were smoothed 
over 24 hour intervals and so are not strictly consistent with 

the data so far studied in this section. 	However, a corresponding 

analysis was attempted. 

Profiles were drawn through the values of vertical velocities 

computed for standard levels and values from these converted to 

the Z. height scale es before. 	Individual values extracted at any 

given level were generally found to be much greater than the 

corresponding mean value. 	Since the latter was less than the 

error in evaluating the vertical velocity, it was decided to 

ignore the seasonal effects in computing the spatial mean values. 

The computed values are shown on a linear pressure scale in fig.7.20. 
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CHAPTER 8 	Exhange of Air Between the Troposphere  

and the Stratosphere 

8.1 General  

We now attempt a synthesis of the data presented in earlier 

chapters. 

The possible processes of exchange of air between troposphere 

and stratosphere are: 

1. Mean transverse circulations through the tropopause. 

2. Dissolution of the tropopause at one level and reformation at 

another. 

3. Vertical exchange by small scale eddy transfer. 

4. Slantwise exchange by large scale mixing. 

We proceed from a climatological analysis of the transfer 

mechanisms in the troposphere, lower stratosphere, and between 

troposphere and stratosphere to a formulation of a physical model 

of exchange as related to the jet stream,frontal zone complex. 

8.2 An Analysis of General Circulation in the Troposphere and Lower  

Stratosphere  

A qualitative estimate of the variation in dominance of mean 

meridional and large scale eddy transfers with latitude, in the 

troposphere, may be inferred from energy balance and energy 

conversion studies. 

We may infer from fig. 2.10, showing the net poleward energy 

transfer required for meridional heat balance, end the eddy heat 

transfers of Starr end White (1954), that the transport is almost 

entirely due to eddy flux in middle and high latitudes, but a 

meridional cull is necessary in low latitudes. 
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Lorenz (1955), estimated the energy generation, conversion 

and dissipation, integrals over the northern hemisphere and 

showed the potential to kinetic energy conversion of eddies was 

much greater than that of mean motion. 	Tucker (1959), estimated 

the energy conversion in low latitudes by mean meridional cir-

culation to be the same order as the total, implying the con-

tribution of mean meridional motion in higher latitudes must be 

small or possibly energy consumin.,. 

These combined results suggest the Hadley cell exists almost 

undisturbed by eddy mixing in the tropics, but slantwise con-

vection contributes strongly to the net transfers elsewhere. 

In the stratosphere we shall attempt to account for observed 

tracer distributions by transfers excluding large scale eddy 

turbulence, then see how its incorporation in the model will 

resolve many apparent inconsistencies. 

Seeking to interpret the observed meridional gradient of total 

ozone and the absence of diffusive separation in the stratosphere, 

Dobson (1929), postukted a model of transfer incorporating 

slow large scale meridional overturning and small scale vertical 

eddy diffusion. 	He proposed (fig. 8.1) that air rose through 

the equatorial tropopause, spread polewards and downwards through 

the middle and high latitude tropopause, end that vertical eddy 

mixing took place through the tropopause and lower stratosphere. 

Brewer (1949), estimated mean velocities for this circulation 

from profiles of water vapour in middle latitudes. 

The balance equation for a conservative property in the middle 

to high latitude lower stratosphere, neglecting horizontal advection 
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may be expressed by: 
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• 8.1 

 

where K is the vertical eddy diffusivity and S the value per unit 

mass of any conservative tracer. 

Neglecting vertical variation in cw and K, and integrating, 

the equation becomes: 

- `D. 
st  - se 

whereRis the height measured from the tropopeuse, and;and So  

Fre the values of S at the tropopause and in the upper part of the 

descending current respectively. 

Brewer (1949), applied this equation to humidity profiles 

in middle latitudes, and found reasonable agreement in many 

cases for a value ofg of about -5x10-5 cm-1. 	In the absence of 

any measured value of K in the lower stratosphere, he proposed 

a reasonable value of 103 cm2  sec-1 , which impliestol...-3x10-2  cm sec-1  

or 25 m day-1. 	This would r'-sult in adiabatic warming by subsidence 

of about 0.25°K day-1, which might reasonably be compensated by 

radiative cooling as indicated by fig. 2.9. 	The complementary 

heating required in the tropical stratosphere does not appear con- 
il 

sistent with the radiative heating rates in fig. 2.9, but the com-

putations of mean annual rate of temperature change, by Nanabe 

and Moller (1961), in fig. 2.10, indicate a possibility of slight 

heating in this region. 

Murgatroyd and Singleton (1961), calculated a meridional 

circulation sufficient to transport heat between the mean radia-

tive sources and sinks, as evaluated theoretically, in the strato- 

sphere. 	Below 30 km they found risinF air over the equator with 



outflow towards both poles and descent towards the tropopause 

in high latitudes in both hemispheres. 

The suggestion in section 5.2 that the stratosphere is 

almost uniformly dry (.01 - .04 gm kg-1) to an altitude of 

30 km throughout the year (Mastenbrook, 1963), is consistent 

with the Brewer-Dobson circulation model. 	The apperent winter-

spring maximum of humidity in the middle latitude lower stratosphere 

suggests the meridional circulation may be sro(NcieCduring this 

period. 

The meridional velocity in the lower stratosphere which 

would provide continuity with the subsidence rates derived by 

Brewer, is of the order of 0.2 m sec-2  which would generate 

zonal motion by conservation of angular momentum at a few metres 

per second per day. 	This could conceivably be disposed of by 

eddy diffusion so is not obviously inconsistent. 

Interpreting the ozone distribution quantitatively demands 

a knowledge of the source strength en(' the rate of leakage of 

ozone through the tropopause. 	The latter is unlikely to be greater 

in summer than in winter, nor is there much seasonal variation in 

the source strength and distribution, so differences in seasonal 

distribution are likely to be due to variations in transfers. 

The observed sprint build-up of ozone in the winter lower strato-

sphere is thus consistent with maximum circulation strength in 

winter and spring, and little or no circulation in summor which 

is apparently consistent with the interpretation of humidity. 

The generally lower ozone mixing ratios in the summer lower strato-

sphere (fig. 5.11), in spite of the seasonal increase or source 
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strength at a given level, could be accounted for by the poleward 

arm of the meridional cell being confined to a lower level during 

this season, and consequently the descending current being 

relatively poor in ozone. Moreover, the decrease in slope of 

the ozone isopleths in summer (fig. 5.11), implies a weakening 

of the circulation. 

The low ozone concentrations in the tropicsl lower stratosphere 

(Ramanathan and Kulkarni, 1960) in all seasons, which are less than 

would be expected from photochemical equilibrium (Dutsch, 1956), 

strongly suggest a slow ascendinr: current. 

The obvious features of the analysis of radioisotopes presented 

in section 4.3 may be summarised an follows: 

1. Low concentrations in the lower stratosphere relative to 

02 
the tropopause of V°, W 	

0
, and excess C14, are observed 

in low latitudes, in figs. 5.17 - 5.24, consistent with the slow 

ascending current of the Brewer-Dobson model. 

2. Figs. 5.23, 5.24, from Hagernan et al (1959), show the 

tropical lower stratosphere to be poorer in excess 014  in winter 

than summer, in each hemisphere, implying that the mean ascent, 

and consequently the meridional cell, is stronger in winter than 

summer. 
90 

3. The axis of maximum concentration of Sc in figs. 5.21 and 

5.22, slopes downward from the equator towards the poles in 

both hemispheres, end shows little vertical displacement with time, 

in spite of being injected by all nuclear bursts, and consequently 

having a highly variable source. 	This is apparently inconsistent 
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with the Brewer circulation since the ascending and descending 

currents of the meridional cell would be expected to advect 

,90 
the levels of maximum "z$c along with them. 

,26 
4. 	The axis of maximum concentration of k-.) in figs. 5.17 — 

5.19, like Sr, slopes downwards from the equator towards the 

poles in both hemispheres end shows little vertical displacement 

with time. 	A plausible resolution of this apparent inconsistency 

with the Brewer circulation lies in the discussion of sampling 

technique and variation in sedimentation rates in section 4.3. 

From fig. 4.2 we observe the sedimentation rate increases with 

height and with increase in particle size with a resulting tendency 

for only the smaller particles to be advected upwards in the 
vbs 

ascending current. The 22 km level of maximum W in the tropics 

could represent the equilibrium level between mean ascent and 

sedimentation of the larger particles. 	The relatively higher 

collection efficiency of the sampling filter for larger particles 

shown by fig. 4.3, will further accentuate the maximum. 	This 

possibility fails fails to account for the meridionel spread of the( 

the lack of meridionel movement of the concentration maximum, 

and the lack of subsidence in the middle latitude level of 

concentration maximum over the period considered. 

Stebbins (1960), from analysis of the rate of change of 

,as 
vertical profiles of U) , estimated values of the vertical 

eddy diffusivity of 103  cm sec-1  in the tropical stratosphere, 

and 4x104 cm2  sec-1  in middle latitudes. 	This latter value is 

over an order of magnitude greater than the value assumed by 

Brewer (1949), and would result in a much faster meridionel cell. 

170 



Eliaseen (1952), has shown that zonally symmetric thermal 

and momentum sources and sinks induce meridional overturning. 

These two mechanisms are linked in a complex non-linear fashion 

and make a general theory relating the zonal flow and the meridional 

circulation extremely difficult. 

We now invoke the concept of large scale eddy mixing in an 

attempt to explain any inconsistencies. 	In section 2.3.4 we 

presented evidence of eddy mixing in the lower stratosphere from 

an analysis of zonally averaged covariance of vertical and 

meridional wind components, and showed the mixing angle implied 

by the correlations was consistent with the slope of the mean 

isentropic surfaces. 	The slope of the mean potential isotherms 

is downward towards the pole over the entire hemisphere in the 

summer lower stratosphere but reverses in higher latitudes in 

winter. 	The analysis of the limited atservetions for Liverpool 

in section 2.3.5 strongly suggests a seasonal variation of mixing 

slope in the lower stratosphere consistent wit* the reversal of 

horizontal gradient of potential temperature. 

The counter gradient eddy heat fluxes noted in the lower 

stratosphere by White (1954) and Peixoto (1961), suggest these 

eddies to be energy consuming, i.e., forced so the mixing slope 

will be greater than that of the mean isentropic surfaces. 

No such direct evidence of eddying motion exists in the 

middle stratosphere,'however, by analogy with the tropospheric 

systems, transfer by waves associated with the polar night vortex 

seems plausible, end in section 6.2 seasonal mean distributions 

of ozone were interpreted as evidence of eddy transfer by transient 

eddies. 
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The Brewer-Dobson model of stratospheric circulation is 

modified in fig. 8.2 to incorporate a pattern of large scale eddy 

mixing consistent with the preceeding data interpretation. 

The apparent spring maximum in the seasonal variation of 

humidity in the middle latitude lower stratosphere (section 5.2) 

may now be interpreted as due to both increased eddy mixing above 

the tropopause and increased moisture transport from the troposphere. 

The meridional sections of ozone mixing ratio in fig. 5.11 

are also consistent with the pattern of eddy mixing shown in 

fig. 8.2. 	The generally lower values observed in the summer 

lower stratosphere might then be partially accounted for by the 

lower levels to which the stratospheric eddy mixing was confined 

in the absence of the polar night jet. 

Newell (1961), hes estimated the horizontal flux of ozone 

by transient eddies in the lower stratosphere. 	In the absence 

of a sufficient number of vertical profiles of ozone, he assumed 

the total ozone anomaly to approximate that in the lower strato- 

sphere (12-24 km). 	In section 7.3 we showed that the correlation 

between ozone in the lower stratosphere over Liverpool was much 

lesF than over Canada, in fact both the correlation coefficient 

and the regression factors vary with locality and season, but the 

flux estimates should be of the correct order. 	Newell estimated 

the horizontal eddy flux from 25 stations, for three monthly 

periods throughout the I.G.Y., using for alternative estimates, 

the winds at the 50 mb and 100 mb levels. In middle latitudes 

he found the eddy flux directed polewards for both estimates, with 
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strongest flux in the 1st and 4th quarters, but for three 

stations north of 60°N, where the stratospheric isentropes 

reversed their slope in winter, it was found to be southward. 

These results are consistent with the proposed eddy transfer 

pattern. 

Newell (1961), attempted to evsluete the relative contributions 

of the various transfers to the lower stratospheric spring build- 

up of ozone in high latitudes, examining the ozone budget north 

of 55°N. The evaluation of both mean meridional transport 

\.-61V11)1 and that by standing eddies US i;\ 	\_6)-5)1 

require an accurate evaluation of mean meridional velocity and 

mean ozone. 	The sample used by Newell is clearly too small 

to be representative and so the results can at best only represent 

a rough approximation, and might even be incorrect in sign. 

Newell estimates a zonal temporal mean meridional velocity for 

the 100-25 mb layer, directed poleward, of 6 cm sec-1  during 

the first quarter. 	His reasons for adopting such a value are 

unconvincing, (he takes estimates of the wind in this layer in 

summer by Barnes (unpublished), which are directed equatorward, 

reverses their direction, but keeps the same magnitude). 	However, 

since this value is consistent with an upward extrapolation of the 

value at 100 mb of Palmen and Vuorela (1963), and the computed 

value of Mureatroyd and Singleton (1961), it may not be unreasonable. 

On the further assumption that a third of the total ozone in a 

vertical column is involved in the lower stratospheric transport 

processes, Newell estimates the transports across 50°N due to 

transient eddies, mean advection and standing eddies to be 9.0x109 
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1.4x109 and 2.5x109  atm cm cm2  sec-1  respectively. 

Furthermore, Newell estimated the net mean rate of change 

in integrated mean ozone within the polar cap, from Godson's 

(1960), meridional profiles of total ozone, as 9.0x109  atm cm cm2  

sec-1, which is somewhat less than the amount transferred by 

total eddy flux. 	This too suggests eddy transfers exert a 

dominant influence in the middle and high latitude lower stratosphere. 

Finally, the introduction of the scheme of large scale eddy 

mixing helps to explain the distribution of certain radioisotopes. 

vats 
The U-.)  debris which was injected at 12°N in summer 1958 appeared 

to spread polewards and downwards in a manner consistent with 

eddy mixing along a slope somewhat greater tl-an that of the mean 

isentropes, implying the eddy motion to be energy consuming. 

The evidence presented then appears consistent with the 

model in fig. 8.2. 

8.3 Transfer Across the Tropopause  

Relative Contributions to Transfer from a Climatological  

Viewpoint 

The mean tropopause height in fig. 8.3 (from data of Goldie 

et al, 1957, and Staley, 1962), is considerably lower in winter 

than in snrmer except in low latitudes. 	The surface pressures 

also show an annual variation with maximum in January and minimum 

in July, the amplitude of the change varying with latitude as shown 

in fig. 8.4. 	(Zonal mean values in January and July were computed 

from hemispheric charts of mean monthly pressure in Brunt, 1934.) 

The seasonrl change in stratospheric mass due to mean 

tropopause height was computed by means of the formula:- 
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Macs change 
	Ce 	 cAck 

where &FT  is the seasonal change in tropopause pressure and 4 

latitude. 	Summation is carried out over 50  intervals in Table 8.1 

and the total seasonal change islanc1,30.3 g. 	The corresponding 

mass change in the column from the surface to the top of the 

atmosphere resulting from trans-equatorial transfer, is also shown 

in Table 8.1 (27T, 4.82 g) and only amounts to 15% of the change 

in the stratosphere. 	So even if the entire trans-equatorial 

transfer was effected within the stratosphere, there must still 

be a net mean mass transfer upwards through the tropopause in 

winter and downwards in summer of 21rq.25.5 g. 

New interpretation of ozone and radioisotope distributions 

in the tropical stratosphere (see section 8.2) indicates mean 

ascent takes place in both summer and winter hemispheres, but is 

less in summer than winter. 	If we assume the seasonal mean mass 

transfer from troposphere to stratosphere in winter to take place 

within 200  latitude of the equator, the mean rate of ascent 

necessary to effect a transfer of 2-KCe.25.5 g ( 	g) would 

be 0.29x10-1  cm sec-1  (0.55x10-1  cm sec-1). 	These values do not 

allow for the ascent due to the Hadley-Brewer cell in summer, but 

a mean ascent in the tropical lower stratosphere consistent with 

Brewer's (1949), estimate of subsidence in mid-latitudes would be 

about .35x10-1  cm sec-1  which would suggest transtropopeuse velocities 

of about 0.2x10-1  and 0.5x10-1  cm sec-1  in summer End winter 

respectively. 

The evidence in section 8.2 justifies our asserting that 
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vertical transfer in both troposphere and lower stratosphere, in 

the tropics, is due predominantly to a mean direct meridional 

circulation and there is some evidence in sections 2.2.1, 3.5 and 

3.6, of an indirect cell associated with the jet complexes. 	The 

relative contributions of the mean transfer by these systems to 

the net transfer are evaluated from meridional sections ofVC-i 

Palmen and Vuorela (1963) computed zonal mean values of the 

mean meridional wind Cut to a height of 100 mb from Crutcher's 

(1961) cross sections of three monthly mean values et successive 

10°  longitude intervals around the globe for winter. 	No similar 

summer section of '.U1 is available so consistent values were 

computed for the 100, 200 and 300 mb levels from the equator 

to 55°N latitude from Crutcher's original sections. 	Mean values 

of horizontal divergence were then obtained from the equation:- 

\_76-1 
rt.  `4, 

Profiles of VS. 	then drawn from 1p--001=6) down to 

the 300 mb level and the vertical velocities V31 were estimated 

by graphically integrating downwards by means of the equation:- 

r13 
 - 	1: v. C;63 

We observe from the results in fig. 8.5 that mean ascent 

rates at the tropical tropopause are qualitatively consistent 

with the preceeding indirect estimates. 

The general features of fig. 8.5 are incorporated in the 

model of meridional circulations in fig. 8.6. 	In this figure 

the vertical transfers 0‹ 	, are the mean vertical mass 

fluxes through the tropopeuse in high middle end low latitudes 

-. 8.4 

17, 
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respectively, associated with the circulstione in fig. 8.6, and 7

is the seasonal stratospheric-tropospheric mass exchange 

reflecting tropope.uae pressure changes already calculated to 

lie between vq.30.3 g and 2'Tri-e..25.5 g, so that the tropospheric-

stratospheric balance is maintained in accord with the following 

equations: 

In winter 	oe, + 	+ 	(L. .. 	. . 	8.5 

In summer 	oe, 	= 	-‘" 	- • . ..... . . 8.‘ 

The northern limits of the descending mean current in winter 

and summer at the 200 mb level, from fig. 8.5, are 37°N and 47.5°N 

respectively. 	The mean position of the subtropical jet, 

evaluated from the Crutcher (1961) cross sections of scaler wind 

speed, were 27.5°N (consistent with the ehtimate of Krishnamurti, 

1960), end 37.5°N. 	It appears reasonable to assume the vertical 

velocity reversal is associated with the jet. 

The mean mass fluxes %, , 2S, , and 	as defined above, 

have been evaluated and are given in Table 8.2. 	Corresponding 

values of o',, and 004, were deduced from equations 8.5 and 8.6, giving: 

&, : oe, 	= 	26.9 : 105.6 : 109.2 (or 114.0) 

: 	= 	38.1 : 177.6 : 109.0 (or 104.2) 

The alternative values of the o! transfers, represent limits 

encompassing the actual value. 	The bracketed values representing 

the transfers if the total seasonal transequatorial transfer is 

assumed to take place entirely in the stratosphere, and the other 

if entirely in the troposphere. 

The ratio 	suggests the postulated indirect circulation 

associated with the jets is responsible for the greater part of 

182 



183 

the total transfer by mean vertical transfers, (three times as 

much as the tropical circulation in winter and four times in 

summer). 

There is only about 10% seasonal variation in the mass trans—

fer by the indirect cell and the maximum transfer is in winter. 

This is consistent with the seasonal and meridional variations 

in radiodebris concentrations shown in fig. 5.14. 

Information presented in section 1.1 suggests that the mean 

residence time of air in the lower and middle stratosphere is 

somewhat less than a year — ranging from a few months in the lower 

extratropical stratosphere (Martell, 1959), to a year or more in 

the tropical middle stratosphere. If then the stratospheric 

air is completely changed in nine months there is an annual mass 
2 

exchange between troposphere and stratosphere of icIrce. 25Q gm. 

The mean mass exchange by mean vertical transport over a 

year may be estimated, from Table 8.2, by (;,-ipz = 21fc, 280 gm, 

which suggests that the total annual transfer may be accomplished 

by mean motions. 

The estimate of total mass transfer from stratospheric 

residence times may be somewhat low since there may well be an 

exchange of air in the vicinity of the jet between troposphere 

and stratosphere without depletion of the lower stratospheric 

radioisotope concentration, the transverse circulations about 

the jet axis simply causing an oscillation of much the same 

air between the two regimes. 
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8.3.2 	Trans-tropopause transfer as inferred from evidence of  

tracers. 

The evidence on tranE-tropopause transfer presented in 

the last section derives from our evaluation of the field of 

mean vertical velocity in the neighbourhood of the tropical 

and near extratropical tropopause, and of seasonal mass trans- 

fer between stratosphere and troposphere deriving from the 

fields of mean pressure and from estimates of stratospheric resi- 

dence times. 

We have seen, moreover, (Chapters 2 and 3), that the 

direct evidence on the extratropical meridional circulation from 

observations of wind is inconclusive. 	Tucker (fig. 2.6) 

found evidence of an indirect cell, Palmen and Vuorela (fig.2.5) 

of a direct out to 100-200  poleward of the subtropical jet, 

and our own (limited) analysis for Liverpool suggested an 

indirect cell centred beneath the jet. Murray and Daniels 

(fig. 3.7) and Briggs and Roach (fig. 3.8), distinguishing 

between entrance and exit zones of middle latitude jets, found 

direct circulation about the former and indirect about the latter. 

We shall now, in conclusion, summarise the further 

evidence which has been extracted in the present research (and 

otherwise) which lends support to the ideas expressed in figs. 

8.2, 8.6, and Table 8.2, and may be used to help resolve the 

inconsistencies concerning circulation models noted in the 

last paragraph. We shall also point out where further 

elucidation is called for. 



One of the most important of our present findings is the 

maximum of mean tropospheric ozone observed to the right of 

the jet axis in fig. 7.14. 	I suggests (to the extent that 

tropospheric transfer adds no complication) that stratospheric—

tropospheric transfer is greater to the right of the jet axis. 

This inference is supported by the distributions of integrated 

tropospheric radiodebris of Miyake et al (1960), in figs. 6.6 

and 6.7, which also exhibit maxima to the right of the jet axis. 

Such distributions are consistent with a mean indirect 

circulation about the jet in which the transverse transfers 

across a sloping or broken tropopause may be as important as 

the vertical transfers. Upon this circulation may perhaps 

be superposed a largescale circulation of the Brewer—Dobson 

pattern. The contribution to net transfer close to the middle 

latitude jets of the latter circulation, is inferred to be 

minimal since — a further important finding — the secondary 

seasonal ozone maximum in the lower stratosphere in June/July 

(fig. 7.6) increases with proximity to the tropopause and is 

dominant near 300 mb (fig. 7.4), implying greater intensity 

of circulation near the tropopause than well above it. 	The 

June stratospheric ozone maximum in fig. 7.6 may be explained 

by assuming the ozone in the lower polar stratosphere to be 

increased in spring by the processes discussed in Section 8.2, 

which would result in a greater meridional ozone gradient in 

the late spring and, for the same transverse circulation, an 

increase in ozone in the lower stratosphere in the vicinity 
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and to the right of the jet axis from increased equatorward 

advection. This secondary maximum should be absent at more 

norLherly stations remote from the jet axis and this requires 

confirmation. 	(The summer maximum cannot be explained by 

seasonal motion of the jet axis neglecting meridional circulations. 

The observation in the mean sections (fig. 7.17) that ozone at 

constant pressure is greater to the left than right of the jet 

axistoould then suggest the inconsistent result that ozone at 

constant pressure in the middle latitude lower stratosphere should 

be a minimum in summer when the mean jet axis is furthest north.) 

Sporadic intrusions of stratospheric air from the lower 

polar stratosphere into the troposphere in the vicinity of 

the frontal zone below the jet axis have been inferred from 

humidity and ozone data by Briggs and Roach (1963) - fig. 6.3; 

from G.(90 by Danielsen et al (1962) - fig. 6.10 and 6.11; and 

from activity maxima on vertical profiles by en isentropic 

trajectory technique (Staley, 1962) - Tables 6.2 end 6.3. 

These are clearly inconsistent with transfers by a mean indirect 

(z.$)T circulation. The secondary maximum in6z;)s to the loft of 

the jet axis in fig. 7.14, suggests that direct cells alternate 

with indirect about the jet, an inference supported by Tucker's 

(1957) analysis of humidity in relation to the jet in fig. 6.4, 

and the interpretation of velocity components in Section 3.7. 

The combined evidence suggests that these intrusions may take 

place in a direct circulation in entrance zones, and a simple 

dynamical analysis by Sawyer (1958), supports this inference. 

Simple models of such transverse circulations are shown in fig. 8.7. 
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In spite of the postulated dominant influence of the indirect 

circulation, we lack conclusive direct evidence of its importance 

from trecers. 	Transfer will, in ell cosec, be more resdily 

detectable over short periods to the left of the jet where it 

takes place across greater tracer grneiente, but there is no evidence 

of e merked ozone poor region in the lower stratosphere to the left 

of the jet maximum as we would anticipate in exit regions. 

Confirmation of the trenrfer models in fig. 8.7 war attempted 

by construction of characteristic cross section but neither the 

vertical velocity nor the trecer distributions with respect to 

the jet in figs. 7.20 and 7.17 suggest a simple rin,-le cell 

circulation in my or the jet regione considered, tlloueh there 

is e good correlation in all sections between there 1.araTeters. 

The lack --rr distinct circulation p!tterns is probably a consequence 

of the unrepresentative sample. 	C-awyerss (1958) dynamil 

analysis showed that curvature vorticity edvection is capable 

of producing a field of vertical velocities in the upper tropo-

sphere and lower stratosphere of the exec or"er sa those produced 

by sheer vorticity nOvection, end th-t increasing the cyclonic 

(anticyclonic) curvature of the jet axis would produce E. field 

of vertical velocities resultin7 in upper tropospheric fronto-

genosiV(Prontolysis) end downward (upward) macs transfer to the 

left of the jet. This deduction, eupnortcd erpiricelly by 

Endlichls (1953) finding that greatest subsidence (arceA) in 

the upper troposphere occurred west of the long wrve troughs 

(ridges) end east of the long wave ridges (troughs) implies, as 

does the analysis of wind components in nection 7.7, thp'. the jet 
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front model proposed in Section 3.3 (p.52) is inadequate unless 

we restrict the analysis to straight jets or consider a more 

statistically representative sample. 

In summary therefore we regard the wind and tracer studies 

undertaken here and previously to imply the following modes of 

stratospheric-tropospheric transfers: 

A mean direct (Hadley) cell penetrating the trapopause 

in the tropics and subtropics,..d an indirect cell, centred 

about 150 mb below the polar front jet maximum in middle 

latitudes ,and large scale eddy transfers by transverse 

circulations about the jet axis in entrance and exit zones of 

the jet together with transverse transfers to the left of the 

jet axis associated with the loncr wave trough and ridge systems. 

There is little evidence of a Brewer-Dobson type circulation 

making an appreciable contribution to the net transfer. 

We regard the following aspects of the problem as unresolved: 

1. The relative contributions of the mean and eddy motion 

to the net transfer, since the horizontal profile of mean tropo-

spheric ozone across the jet axis is inconsistent with the results 

of the mean vertical mass transfer analysis in Section 8.2. 

Independent estimation of the magnitude of the exchange by eddy 

mass transfer directly, by means of characteristic cross sections, 

was not practicable since the sample was not representative. 

2. The relationship of the subsidiary ozone maximum in the 

time series in the lower stratosphere in relation to latitude 

(and mean jet position). 
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8.4 Maintainance and Movement of the Tropopause in Relation to  

Proposed Circulations. 

The present study has not contributed any notable clari-

fication of the problem of tropopause formation end main-

tainance. But we should examine briefly whether the exchange 

processes discussed above arc consistent with what we know of 

tropopause structure. 

A tropopause formed in low latitudes as a result of radiation 

and wet convection would presumably be advected poleward by the 

upper limb of the Hadley cell as far as the subtropical jet. 

Similarly a tropopause formed by convection and radiation in 

colder air north of the polar front jet - at a lower level than 

in low latitudes, partly because of the smaller buoyancy from 

latent heat and greater stratospheric ozone - would presumably 

be advected equatorward as far as the jet to the south by an 

indirect circulation about the polarfront jet. 	(There is no 

evidence of a mean indirect cell associated with the subtropical 

jet though we have postulated similar local transverse 

circulations.) 	The tropopause is not an isentropic surface 

and so it is reasonable to expect air to move freely through it, 

the lapse curvature being maintained by radiation and the 

motion processes discussed quantitatively by Brewer - and 

probably, on a scale comparable with cyclone eddies, by a 

field of divergence associated with the jet circulations. 

This is broadly consistent with the observed tropopause structure. 

Moreover, in the jet entrance, where the transverse circulation 

about the jet is reversed, we would expect to find some 



characteristic difference in tropopause structure and limited 

analysis in section 7.7 supports this contention. 	The 

radiation field and its effect on tropopause reformation 

will change with change in circulation because of the dominant 

importance of cloud distribution. 	These are matters for 

further investigation. 
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Appendix 1  

Evaluation of smoothed vertical velocities in the upper troposphere 

and lower stratosphere: 

The thermodynamic equation for unsaturated sir may be written:- 

di' 
= 	 ra 

where Pay--(1)?0, represents the temperature profile of the atmos-

phere with which a parcel undergoing dry adiabatic motion would 

remain in thermal equilibrium, 

giving : 	6J w 	..... 
- Cld 4- In 

On the infrequent occasions where the atmosphere is statically 

unstable, i.e. ;LT  4- rot  4 0 the denominator _aid* 31) 	, 

otherwise it is negative. 
	In the troposphere -)T . — 	so care 

must be taken in estimating the lapse rate there, but in the 

Fir
4
r.
:t stratosphere 5() and the denominator tends to -VA 

be derived more conveniently from potential temperature profiles. 

Since realized values of .51  in the upper troposphere and 
lower stratosphere are generally large compered with the likely 

rate of radiative heating or cooling 	1°K day'l) we shall neglect 

the latter in our evaluation of 43. 

Equation 2 refers to instantaneous values and becomes after 

smoothing: 	- c.J 01,1 	--a:7tA_V :i79. 	y 

Vertical velocities were evaluated smoothed over a 24 hour 

interval and an area about the size of Great Britain, and layers 

of 40 mb thickness. Temporal mean values were obtained by taking 

averages of the observations 12 hours preceeding and succeeding 

the required time, isee, kt1-2.‘,r. 
-V;  *73  

Evaluation: 
Denominator az(r 	cv  '?1 

and may 
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Cad 4-4) was evaluated directly from radiosonde profiles in the 
troposphere, but in the stratosphere where a time section of q'had 

already been evaluated on a linear - scale, it was estimated from 

the equation: 
	?L`3 	Cad 	

4 

i•e• C 

The ratio was assumed constant since 	and the range 

of () (305-335°K at 300 mb) is about 10% of its mean. The 

vertical gradient of P was evaluated over a layer from 20 mb above 

to 20 mb below the required level. 	(Smoothing over a 40 mb 

vertical interval is consistent with that over a horizontal dis-

tance of 3-400 km, and a time of about 12-hr.). 

Local change term: 	where75and-r;are the 

temporal mean values at times 4;±12-hr. The temperatures were 

spatially smoothed over a 250 km 'square', Leuchars-Hemsby-

Camborne-Aldergrove, by combining their respective values with 

four times that at Liverpool and dividing the total by eight. 

Horizontal advection term: V-N7,--T . 	The mean vector wind 

was evaluated from the Liverpool valuesand vg, no spatial 

smoothing was considered necessary sinceV was not highly variable 

over the 300 km spatial smoothing area. 

Charts of `C were analysed over an area incorporating the 

British Isles and Northern Europe - the analysis procedure of 

drawing smooth isotherms introducing some degree of spatial 

smoothing. -VO was extracted from these charts. The eddy 

transfer term vIc771  was neglected though it may be as large as 

the mean adveotion in cases of rapidly moving waves. 



Appendix II  

Integration of ozone in finite vertical columns.  

Tropospheric Integrated Ozone. 

-s 
= 5-8G 10 x 

In the troposphere
I' 
 0 but 

° 

ael8 	T . .0 (N-.)c  ' 	14\iere 
Te 

	

-c, 	, ,, 1 c,.x.  ,. 8.10x lc, x t..- —7:  K. 

Consequently the ozone in the troposphere may be evaluated as 

follows: °T [o)\;:, 
T.  

8.Io  x to-6x 	''s  105  

8•26 x 	
6 	

.A • 
t.VA  

In the troposphere e l-. 300°K and the summation was carried 

out over small intervals of ID (i.e, small ci'• the variations in 
1p 

and ..which are independent functions of ? ). 

Now over the range 1000-100 mb," approximates to a straight 

line and sums were evaluated over layers diminishing in thickness 

from 300 mb in the lower troposphere to 50 mb near the tropopause 

where the vertical ozone concentration profile is liable to greater 

changes. 

Stratospheric Integrated Ozone. Ozone in a layer between the 

tropopause and a pressure 's in the stratosphere 

- 

J 
[ 	

oz. 
01 	

?   -r. 

	

. 
	 8 

	

T6 	T-T‘• 
In the stratosphere 11-constant on any given day 

ITS 
	

SZC xT x 1 0 	
t CI LI,. 

SISC0 )(=r--14.(0-7.  

9 	A), ° 
13,,k kr, p 	 toi;)e og 	s = 

Odle-)  c..cAus,,An = ‘.3‘, v. 1 c:;4;- l f__ 
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The area on a F c:1 —? chart was estimated in such a way that 
kek 

Y% 4-1 

I'110  -) ,1,,, (a ). 1 unit. 
e NO' 	

Since 1 unit represents the ratio 

of 1000 to 100 mb an overlay scale was constructed to read off the 

area directly in terms of this unit. 
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