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'Show us not the aim without the way,

For ende snd means on earth are so entangled
That changing one, you change the other too;
Eech different path brings other ends in view.'

Ferdinend Lessslle.



ABSTRACT

Following & eritical appraisasl of trecer properties and deta, an
attempt is made to elucidete the nuture and amount of trans-
tropopause exchange directly, and using ozone profiles for
Liverpool obteined during the I.G.Y., together with simulieneous
profiles of potential temperature, and horizontal end verticel
wind components.

Circuletion models in the troposphere cnd lower siratosphere
are eritically aprraiséd and e favoured system presented. A
model of trans-tropépbause transfer is postuleted from enalysis
of velocity components. The computed meen verticsl transfer 1s
the same order as the net trensfer inferred from stratospherie
residence times, suggesting the eddy mass trensfers meke a
minor contribution.

Climatological onelysic of the Liverpool profiles suggest:
1, Total ozonc observations mey not be used to infler infor-
metion on ozone profiles.

2. There zre two apparently distinet maxime in the seasonal
mean ozone st stenderd levels in the upper troposphere end lower
stretosphere. The later one (June/July) was found to increase
in megnitude with approach to the tropopause.

Ve attempted verification of the ncturc of locel (and mean)
transverse circuletions about the jet, inferred from evidence of
other investigestions, by interpreting horizontal profiles of mean
ozone across the jet in the troposphere and in the 100 mb super-
tropopause layer, endeevouring to subdue the effects of seasonal

and jet level variations. The profiles indiceted almost uniform



ozone in the 100 mb layer above the tropopause, but within the
troposphere higher ozone to the right of the jet looking down-
gstream, with a secondary though smaller ozone high to the left.
Using similar techniques we then essayed construction of
characteristic c¢ross sections of ozone, potential temperature,
end horizontal snd vertical wind components.

The contribution of both verticsl 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 2 mean direct
(Hedley) cell penetrating the tropopause in the tropics and
sub-tropies, and an indirect cell centred 150 mb below the polar
front wind maximum, with locel 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

l.1 Statement of the P'roblem
‘ The problem to be investigeted in this thesis is the exchange
of air between the stretosphcre end the troposphere. This is part
of the lerger problem of the general circulation of the atmosphere
and will be presented in this context.
In this chapter vwe shall review very briefly the nature of the
problem, end the techniquee svaileble for investigating transfer,
The division of the atmosphere into stratosphere and troposphere
is based on static stability, with = very stable stratosphere sur-
mounting a troposphere in which the lapse rate is still broadly
steble but comparsble with the ndisbatic. This thermel structure

end its mainteinsnce will be coneidered more fully in succeeding
chepters; at present suffice to say that thc tvwo reglmes sre

separsted on most thermal profiles by a sharp lepse rate discon-
tinuity. The concept that this lepse discontinuity, defined as

8 tropopause, constitutes a continuous lmpermeeblc boundary
jsolating the two lepse rate regimes but fluctueting in level in
sssociation with the fields of motion, has been treated with in-
creasing scepticism in recent yeers and observatlions now show that
the concept must be discarded.

Certain physicel properties of e fluid and trsce constituents
of the etmosphere mey be conservetive under limiting conditlons
discussed later in some deteril, end mey be used to infer information
on transfers. Vater vapour, ozone mixing retio ond ertificislly
produced redioisotopes (efter initiel rapid fellout due to gravi-
tetionel sedimentation) mey all be considered conservative in the

lower stratosphere and upper troposphere.



Observations of the verticel distribution of water vapour
over southern England by the British Met. Research Flight,
summerised by Tucker (1957), show that there is generelly e rapid
decrease of mixing rstio with prescure near the tropopause sand
that in conditions of large thermal lupse rate discontinuities
a Qmall frost point lepse discontinuity may exist. The technique
is not howsver woll mdapted to demonstreting the existence of a
sharp transition of hygrolapse.

Ozone in the stmosphere is produced predominently by photo~
chemical processes with a minor contribution from lightening
discherge. Since the high energy solar radistion effective in
producing ozone has been ebsorbed in ite downward peth to mid-
stretosphere the major ozone source is et or ebove this level,
Chemical reasctions, predominently et the earth's surfece to which
the ozone is transported,are continuously destroying ozons.
Estimates by Kroening end Ney (1961), of the rete of ozone removal
at the earth's surface of 6 x 1010 atoms/em2/sec., show that the
ozone destroyed there in the course of a year is of the same
order of magnitude as the totel hemispheric store. Since the
latter is mainly in the lower and middle stretosphere, this gives
e measurc of the mass exchenge taking plece between thet region and
the troposphiere end indicetes thet the mean life of lower and mid-
stratospherlic meterisl is somewhat lese than s yeer.

The ozone profiles over Englend measured by tre Met. Research
Flight end by Brewer and Milford (1960), snd Brewer(1960), from
radiosondes show repid incresse in concentrstion with height above

a level roughly corresponding to the tropopause. Discontinuities



in concentrstion lapse rates and thermesl lapse rates
freguently occurred at different levels.

With the introduction of radioactive isotopes into the
atmosphere by nuclesr explosions, the problem of estimating
atmospheric storasge and draingge retcs beceme one of blological
as well as physical interest. Gince the rete of surface deposition
was observed to increase with time in the walke of extended perlods
of (in part) high level injection of ertificielly produced redio-
i1sotopes, it was logzicel to look to the atmosphere ac & reservoir
of setivity. TIstimates of the lifetime of radioisotopes within
the troposphere reviewed by Sheppard (1953), very from s few days
to @ month - & time scale much less ti:zn thst 1ﬁferfed in the long
term studies of deposition. Thus it was logicel to consider the
stratosphere as a store with a finite leskege of esetivity by mees
exchenge with the troposphere.

Estimates of the stratospheric residence times have ranged
from seversl years (Stewart et al, 1958), to & yeer or less
(Martell, 1959, Machta and List, 1959, Feely, 1960, Feely end
Sper, 1960, end Staley, 1960).

The more recent and perhaps morec reliable estimates of the
period required for the removal of the activity of eir whose
origin is above the tropopesuse suggest thet the mass transfer from
stratosphere to troposphere in the course of = yesr is cbout the
order of the mass of the stratosphere, which is consistent with the
date on ozone.

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

from the poler then from the tropiesl strstocphere.



An investigation of trensfer mechanisms ldeally involves
following a preselected parcel of eir. The simplest device, if
physicelly reelizeable, would be 2 zero 1ift balloon which would
feithfully record the recultent motion of ell systems to which
it was expoeed, of scele greater then the balloon. The practicel
alternative is the labelling of the parcel by means of some con-
servative property which may be used ss & trecer.

Transfer of materisl between the stratosphere and tropossphere
mey be effected by either mean or eddy motions, the spatio-
temporal scale of mesn defining the possible implication of eddy.
Their relative contributions have yet to be estcblished and the
details of the procesces have not yet been elaborated.

The Equations QGoverning Atmospheric Transfer

We will now present the various smoothed equetions specifying
fluid flow in the atmosphere, snd see what their implicetions are
in investigeting transfer,

In all subsequent sections the following notstion will be
used:

f 1+ density

«x 3+ specific volume

? 3 pressure

V ¢ velocity

W 1 zonsl component of velocity

v ¢ meridional component of velocity

W ¢t vertlical companent of velocity

g ¢ any conservative entity in amount per unit masss of air

1)

enguler velocity of the earth's rotation



t potentirl energy

t+ tempersture

3 potentisl temperature

t+ speocific heet at conetent prescure

ges conctent for 1 gm. dry elr
R

X

energy ndded Lo unit mesc of cystem Ly disbatie heatling.

e

l1=titude

t lonritude

¢ vortielty

1t potentiel vortlcity

s frietionel force

Bm 9 s e Y © xR o oo 4 e

1 1T+ Tay +RTa is the x component of the vizcous
etrecs tcnsor where 2, S' end ®  are unit vectore in the
Xy Y, end.-a directions resnectively.

Vector guentitics nrc denoted by mesznn of e eub-ber, egtg M

A mezn velue is defined by en integrel of the form —'f_) = :“:- Tﬁz\;.dk,

ond at any instent the fleld mey be represented by two comggggnts,

the menn snd the deviotion =s follows ‘\D=T> +P' where‘a‘ is the
instantanecous deperture ?rom the mezn volue.

In the atmogpherc ’%‘ 6 wherees % = which allows
the approximation P=P  in most instencec.

The equation of continulty of mene is:

%‘f + V.fV=0

By iniroducing the notation of merne nnd deviections then, smoothing,

we obtein 20 —
4 _’_bft_\_v.f\-/go..........

10
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If ve postulete the exirteonce of eny conservetive entity S per

unit rness of iy
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The ejustion of motion, for a unlt moce of cir derived Trom
ttevtonte lavw of rote of chenpe of momentum, in torms of velocitice
mencured relastive to o aycten of sxes roteting vith the enrth,

nmey bo expressed ar follows:
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where the forees celing ‘n the unit ceor ore, in srder of
rppoerance on the rirhttan? oide of this eszuotiomg

1l The coriclis force resultin~ fror the rots tion of the sratom,
2. The geopotentisl rreulting from the net componont of srevity

cnd contrifurel ©oree.

1l

Sug



5s The prescure gradient force.

4,  The frictional force f resulting from the divergence of the
viscous stresses Tﬁ end the virtual eddy stresses -F o ete.
Thie eguation may be converted into the aebsolute vorticity

equation by teking the curl of both sides.

c(%\ = - T\(VV_) ¥ (—HVBT_{ - VR U + A= R PRt 2
Since the atmosphere is not eutobarotropic, fe. VX nV% 70,

ve will consider an alternative function, the potentiel vorticity

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

ax  _ _ -~
smoothed continuity equetion gr =X V:¥  to 1.4 then multiplying

by x V0 ( © 1s potentisl temperature) the equation becomes:
d.___ _, dve _ __ - - S
a EIORY - &Y. G - XUB A VY + X TEIRATH-EVE U E-0.

or %E&V?).TQF &3(.&7(%%‘) - % VQ.VX\VH + & V. V&€
i 2. 3,

In this equation term 2 ic identiczlly zero since © is s function
of o« end P thus the complete equetion of potentiel vorticity mey

be written:

e d -~ - _
g—;g a <5<V6-*>()=“*K-V(£§+&V9-VA&E -

The thermel trensfer equation may be derived by subtraeting
the dynamic energy equetion, obtained from 1.3, from the first lew

of thermodynamics:

dr _ d W, T W

dk— %[o(ﬁ"' aq,‘\"ofilchr—a-ﬁ_‘kl&jj]-\-‘gz-ﬁgk... e e e ‘6,

vhere 3? 1= the rate of diebatliec heating per unit mess of eir.
Introducing the potentiel temperature ensbles us effectively

to combine the individusl rate of chenge of temperature snd the

adlebatic temperature change resulting from pressure varistions



135
as follows:

K 2c
Cy(%\ d&' Ex-%*‘ }\\%y\j +’[;L'i2_'_;-i'\l$\ C T

Smoothing thie becomes:

i"‘? = -‘q(\%}& \%—? + \j'_v%' + i’[_\'x%yn-\—'(g‘%_‘,@%%'il g
Clearly none of the properties whore 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 appropriste
sections we will consider under what conditione we are justified
in mecking this asssumption for various tracers or properties.

1,3 Proposed Procedure of Analysis

Wle must investigate to whet extent we can clarify the transfer
mechaenismes and their conncetion with the observed fields of
wind and temperature by the use of tracers.

The transfer equations which are cuperficially simplest
are those assoclated with the mass contlinuity equation.

Here the investigetion 1s one largely of scele, the scele
dependence being associated with the smoothing process involved
in the datn measurement and snalyslis. Since we are concerned
with investigating the transfer between stretosphere and tropo-
sphere the problem is further complicated by the leck of knowledge
concerning the processes forming ond meinteining the tropopasuse
discontinuity itsclf. This complexity does not necessarily meke
the problem intractable for even if individual paths of percels
cannot be determined it may be possible, and is of great interest,

to determine the integreted exchange seross the mesn tropopeause
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level by either,or a combinetion of the mean end eddying motlion
at various times and locetions.

In order to elucidete the climetology of the transfer
processes, we will collete and present systemeticelly, information
on the atmospheric flow and transfer data from & survey »f the
literature, end interpret it in terms of consistency with
alternetive transfer models. In order to clerify the physics
of the processes, e survey will be made of the current knowledge
relating cheracteristic tracer distributions with specified synoptic
situations. An attempt will then be mede to enalyse recent
messurements of selected tracers, méde over the U.K., snd present
them in such e menner as will assist in the exploretion of the

stratospheric-tropospheric trensfer mechanlems.
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CHAPTER 2 Olimatologicel Analysis of Veloeity, Temperature

end Flux Distributions

2.1 General

Any enquiry into the nature of the mechanisms of exchange of
air betveen troposphere and stretosphere requires that we first
obtain a coherent description of the nature of the boundary
between the two domains end of the fields of wind end temperature
above ond below it. We shall present the current state of know=-
ledge on these natters.

The three dimensionel specificstion of thermal and flow
fields may be presented by either: a series of hemispheric cherts
of streemlines, isotschs end isotherms at finite pressure inter-
vals or a number of egually speced meridional cross sections of
wind components and tempersture, or preferably by both.

We observe obvious zonel essymetry in the temporal mean
temperature distribution on isobaric surfaces over the northern
hemisphere in 1950, (eg., figs. 2.1 end 2.2 from Piexoto, 1960).
Similar standing waves occur in the temporely smoothed streamline
enelysis of Heastie end Stevenson (1960), for high latitudes, and
mey be inferred in low lstitudes from Krishnemurti's (1961),
analysis of the subtropieal jet stresm of winter. Thus in order
to construct representative meen meridional seetions, we must

perform a zonal smoothing by integrating eround circles of latitude
'\:+—

i.e., UH ZVJ *d)\ where Y- ‘j b

Any sceler property may now be expressed in “the form $ = [W_\+\¥ *'%

-
where } 1is the devistion of the temporsl mesn velue of VY st a

selected longitude from the zonsl mean veslue, i.c., the contribution

1 .
from standing waves, vhils 4715 the component resulting from trensient eddies
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2.2

Mean Distributions

2,2.1

Mind

A chronolo-ical survey of analysics of meridionsal sections
of tempcrsl mesn velue of winde 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) anslyses, 1llustrated for selected
latitudes snd seesons in figs. 2.3 end 2.4, show a persistent
low letitude west wind meximum situzted close to the 200 mb
level. This meximum remains obvious on the winter zonel mean
section in fig. 2.5, constructed from values computed from
Crutcher's (1961) individuel sections.

A second west vind meximum situeted In higher latitudes
is evident nt certain selected meridians but asbsent from others
end alro from the zZonnl mean section., This meximun reflects
the influence of migratory temperste zone jet streams which
execute wavelike oscilletions of large amplitude. In averaging,
the zonal component is spresd more or less uniformly over the
whole latitude range of the oscilletion.

Hemispheric charts of the seasonzl mecn velues of meximum

wind constructed from the Crutcher (1961) meridionsl eross

sections show an apparent spirel pattern of jet streams eirculeting

about & point displaced from the geogrephle pole towsrds east
Asls and the Aleutlians, This agreep with the 200 mb. isotach
analysis of Wege (1957), but Krishnemurti (1961) cleims the
subtropical jet of winter ic continuous eround the world.

The zonel mesn value of meen meridional wind, from Tucker's

18
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(1959)anelysis, ore shoun in fig. 2.6, and show good qualitative
agreement with the more recent enalysis of Palmén end Vuorela
(1963) in fig. 2.5, made using the Crutcher (1961) meridional
velocities. They indicate e direct circulstion in low lstitudes
end an indirect cell in middle latitudes but evidence is not yet
available sbout 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 availeble is that of
Hurgatroyd (1957), shown in fig. 2.7, in which he incorporeated
all the observations then aveileble, from s variety of locations
and utilising several measurement tcchniques, in cherseteristie
seasonal sections. Since these sections were prepared much
additionel informstion on the wind field hes been collected by
releasing perachutes, piastic belloons, or chaff, from rockets
between 60 and 80 km., sbove ground, ond tracking their descent.
(eumf Kempe ,1960:, Mesterson et sl ,1961}, en? the Joint
Scientific Advisory Group of the lMeteorologicel Rocket Network,
(1961%).

2.2,2 Tempereture

A chronological survey of mean meridional snelyses of
temperature is shown in Table 2.2,

From the characteristic seasonal cross sections of temperszture
in fig. 2.7 (from Murgatroyd ;1957 ), it is epporent that the
etmosphere may be divided into streta with different thermsl

cheracteristios, These are:;
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1, The troposphere = below 10~15 km., the thermal lspse rate is
close to thet for pseudo-adiebatic ascent]-WPK fm:! end horizontsl
gradient of temperature directed towards the equator in both winter
and summer hemispheres.,

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

rate drops to 19K M:l

over the winter pole, becomes isothermel
in winter mid-latitudes, end becomes negetive over the tropics
end in the summer hemisphere. Since the lapse rate change
occurs at s higher level over the tropics than over the poles,
the lapse rate reversal in the summer hemisphere ensures there
e poleward directed horizontel temperature gradient. 1In the
winter hemispherc the horizontel tempersture gradient is
directed polewards in the tropics but reverses in high lotitudes
consistent with the incresse of lapse rate with latitude.

%+ The middle stretosphere - from 20-30 km., The tempersture
continues t> drop with height st sbout 19K kmsl over the winter
pole to & minimum between 25350 km. of 190°K. In the summer
hemisphere the temperature increasses at about 0.5%K k7!
resulting in a2 horizontel tempereture gredient directed from the
winter to the summer pole, the magnitude of the gredient increasing
with height.

4,  The upper stratosphere - from 30-55 km. The temperature
inerenses vwith height et 2 rate of approximstely 39K kot

Since the lepse rate does not vary greatly with letitude the

horizontal gradient remeins directed from winter to summer hemi-

sphere throughout the region.



2.3

2.3.1

The directions of the meridionel gredients of meen temperature
in the troposphere and lower stretosphcre sre readily observable
in the zonsl meen sectionz of potentinl temperature in winter end
summer in fig. 2.8 from Heastie snd Stevenson (1960).

Turbulent Mixing as a Transfer Process.

There is conslderable turbulence ascocisted with the above
mean motions, the dynemicel necessity for which wes first
demonstrated by Jeffreys (1926), and it hes been dfscussed by
Eady (1950), end Sheppard (1954). Further deductions on the
existence and nature of transfer by both meen and eddy motion mey
be mede from observations on the thermal and flow fields in two
ways: by studiéa of balence requirements in meridional transfer
of energy end momentum snd by direet anaelysis of simulteneous
zonel meridional =nd vertical components of velocity.

Informetion on atmospheric transfer from belance studies.

The tronsfer of an entity s per unit mass into unit volume
is given by the flux convergence -V.-€Y¥S. 1In chepter 1 we
sav how the transfer of variourc trecers might be expressed in
the form:

20ps) _
)

“V'VYS * non conservative terms

Integrseting over an arbitrery volume U with surface aren_E;'

this becomes:

,}%jﬁ.fsd&r -- jff Vo Sd3+non conservetive terme

If the flux is evaluated over a zonal smmular ring, the
zonel component will vanish identically end the trensfer equetion

for & complete annuler ring mey now be written:

25
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3| Fado- %L{es\,] AJ:J« ﬂ

Y
where the integrels within the brackets sre evalusted over the

Fm+y
W%\J_PS * ihoﬂ-cor\suvo}'\ue *m\%. :
- 2

/

intervel specified efter the bracket.

In practise the flux integrasls are evelueted by eonsidering

spatial mean velues of the properties inside the integral as

. dictated by the size of annuluc considered. The accurscy of
this approximstion is clearly limited by the correlation between
the variables in the integral within the integrating intervel;
end thelr respective variances.

Studies of balance ere of two kinds - those involving net
meridional transfers over the complete depth of the antmosphere
and those involving trensfers through ennular rings of finite
depth.

The studies of energy snd angular momentum trensfer will
now be briefly coﬁeidered.

243024 Energy Bslance Studies

Energy enters the atmosphere by short end long wave
radiation end by convection of sensible (C,T) and latent (Lr)
heat. The heat budget for any volume is determined by the
vertical fluxes of rediation together with the verticel and
merldional fluxes of latent end sensible heat, neglecting
viscous dissipation.

The radietive fluxes are functions of the distribution of
absorbers, emitters and tempersture; the type, thickness and
amount of cloud, end the spectra, which are pressure and

temperature dependent,of the contributory redisting gases.
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London (1957), utilised e stotisticel model of the clour,
weter vepour and tempersture distributions to compute the net
radiative sources and sinks of energy below 100 mb. for four
seasons (fig. 2.9). Ve observe a resultaét cooling of from
0 to 2°K day’l with a maximum cooling mainly in the lower tropo-
sphere (2-5 km.),

Mean annuel rates of temperature change due to Manabe and
Mdller (1961), are shown in fig. 2,10.

Caleulations of the raedistive cooling rates in the strato-
sphere have been mede by Ohring (1958), Brooks (1958), end
Murgetroyd end Goody (1958), to altitudes of 55, 50 and 90 km.,
respectively, Their results presented grephieslly in fig. 2.11,
suggest a level of maximum rate of cooling 1,2°K day’l at 25 lm.,
from 10° = 70° N in winter end 1.1°9K dey™l at 20 km., from
60° - 90° § in summer. .

Now huving eveluated the radiative effcets it should be
possible to estimate the meon end eddy components of the
transport of energy in the forms: sensible (G1), potential (q%:),
end latent (Lv), necessary for belance.

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 trensfer equation 1.6 mey be writtem:
d . g W
g)dl' CCPT+3% L(‘3= fa:‘:v + Z'\LX.%L_,_ -]Ls’%\’\-j_‘_:\t;’%i“g
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This reduces, efter adding the product of the energy function

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

R G SR AT S e

Considering the net meridionel flux ascross verticel valls ex-
tending from the surface to infinite helght in a form indiceted
by equation 2.1 snd substituting for each flux integral the
appropriste mean and eddy terms (e.g.f fC?T\f“Azl_—, ﬁ?f.{ﬂi{;&*‘ﬁ’ CY::TJ‘ ‘:':‘B
i1t becomes clear thet the eddy contrightion to energy trensfer is
effected by the sensible and letent hest transfers.

Starr and Vhite (1954) estimeted the contributions of the
eddy trensfers of sensible end letent heet to the energy tran-
sport. Their values sre shown in fig. 2.12 together with
estimated values of the northwaerd energy trancport recuired for
balance, derived from celculstions of the verticelly integrated .
net budget of radiastive heating. These show the energy tran-
sport to be almost entirely due to eddy flux in middle and high
latitudes but e meridionel circulation to be necessary in low
lntitudes.

2e343 Momentum Balance Evidence of Trensport by Mean lieridional

Circulation.

For the pattern of zonel motion shown in fig. 2.3 end 2.4,
we see surface friction extractes westerly momentum from the mid-
latitude atmosphere and injects it into the lower latitude
atmosphere. This source and sink must thereforc be balanced

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

angular momentum per unit mass might be written:

r
%me | Pmyde + [pede v | QT dz o2,
» z g z

vhere Nl=tuk*4lﬂz is the absolute sngular momentum ‘e the
distence from the earth's axis,dﬁ the projection ofdZ on the
meridionel plene and T, the totsl zonel frictionel stress at
the boundary.

The balance equation for an enmnuler ring widh—leorissutcd
surfeses bounded by the pressure surfecesp, and pm., and vertical

surfaces of letitudesd, andd.,, mey be written:

"Mt

3 Prow S % Perrr o P S N i‘k’mu 'S
= u > D) * ule W + | Plectar Toddy - - 24
e L S e R e

"

which may be expressed in terms of mesn and eddy trensfers.

The surface and frictionel torque effects have been
evelueted by Priestley (1950), and White (1949), respectively.

Tucker (1960), evalucted the mean fluxes of enguler
momentum directly cnd the eddy fluxes indirectly by means of
estimetes of the percentage of the net eddy transport effected
at various levels (from Starr and \hite , 1952 , 1954 ). The
net eddy flux across a latitude circle was determined by sub-
tracting the net meen transport from the totel.  The 200 mb,
pressure interval used in the study gave sufficient resolution
to show the mechenisms of tropospheric transfer but not those
in the vicinity of the tropopouse.

The study showed that in general therc is a small contri-
bution to5 the net horizontal flux of reletive engular momentum

from the mean c¢irculation except in low letitudes where it was



the same order as the eddy flux. The mean raridionsl clrculation
was shown to transfer the angular momentum of terms involving the
effect of the eerth's rotation, in such a menner as to produce
regions of convergence of esdvected angular momentum which balence
corresponding regions of divergence of eddy flux or vice versa,

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

We shall interpret these results in Chapter 8.

2.3.4 Oorrelations 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 mixins will lie
between the regression lines of v and W.

Since the mean values of both U and L3 sre an order of
magnitude less than most individusl observations, no sirnificant
loss of accurecy results from studying the observed components

&ather then their deviations from meen values.

i A meridionsl section of vertical-meridionsl velocity co-
varience for Jenuary 1958, from values tebulated by Newell (1961),
is presented in fig. 2.13. The walues of (J are due to Jensen
(1960), and are besed on the adiabatic method, so that they have
the usuel limitations. Ve observe a pattern of positive co-
varience with maxime 4r the upper troposphere near 35°N and

70°N, end & negative covariance in the tropical lower stratosphere.
These results imply northwerd moving percels rising and southward
moving parcels subsiding in the troposphere, and lower stratosphere
in middle and high letitudes, and the reverse in the tropicel

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

Verticel velocities were oamlculated at the standerd levels
100, 150, 200, 300, 400 and 500 mb., in the vicinity of Liverpool
for 50 days in 1959 and 1960, selected for reasons discussed
later in chapter 7. The method used wes the thermodynsmic
method assuming adiabatic motion ms described in Appendix 1.

Corresponding values of the meridional velocity at Liverpool
were computed from observed winds and scatter diagrams werc plotted
of VU versus WJ for all levels.

Those for the 100, 200 and 400 mb. levels are shown in
fig. 2.1%. There is s substantial positive correlstion at and
below 300 mb., but at end above 200 mb., the pattern is more
obscure. This might be & result of a cessonal chenge in the
mixing sngle but the semple is too small to estzblish numeriecal
reletions. The observations occurring in each quadrant (U, 3
combinections, see fip. 2.1%4), were however tsbuleted, es given
In Teble 2.3, and the percentege frequency of observstions by
quadrant, level and season are plotted es 'vectors' in fig. 2.15,
where the 'vector' direction simply indicates the guesdrant in
which the observations occur.

In 8ll but five of the osses studieg the jet axis lay between
200 end 300 mb., so the 300 mb., level end below may be considered
cheracteristic of tropospheric motion nnd the 200 mb., level and
above of stratospheric motion.,

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

percentege freguencies sre, with one exception, grestest for
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quadrents 1 end 3, that is northward moving parcels ascending

end southward moving parcels subsiding., At the 200 and 150 mb,
levels the correlation is not clesr, but at 100 mb. there may be
e positive correlation in spring end a negative correlation in
summer end autumn. By comparison with sessonal sections of
potential temperature in fig. 2.8 we see thet the angle of mixing
is generslly in the same sense as the clope of the mean potentisl
isotherms.,

Summery

We haeve estrblished thet both mesn and eddy trensfers ere
necessary tn maintain dxnamical and energy balance in the
atmosphere,

Direct evidence of mean toroidsl circulastions from wind
observstions ere restricted to regions below 100 mb. and show
a direct clirculation in low letitudes and an indirect cireulestion
in middle letitudes.

The preferred slope of eddy mixing was shown to be generally
in the same sense a: thet of the mean potentisl isotherms in
both troposphere end lower stratosphere though we have not
estoblished whether the megnitude is grester or less,.

The relative contribution of the two types of motion in
meridional transfers will of course depend on the sourees and sinks
of the property to be trensported, but thec evidence of energy
transfer doer suggest that the eddy motion is much leses effective
in low latitudes.

Meridional sections of wind and temperature have been

presented for comperison with subsequent enelyses of tracers.
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The Tropopesuse, Jet-Streem, Frontal Zone Complex

Intent

In this chapter we shall attempt to describe the tempereture
distribution in the etmosphere in terms of its major discontinuities.
Having deseribed 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.

Heving presented the various models of the complex, a
brief enslysis of the mechanisms supposedly responsible for its
formetion snd maintainance will be presented.

The Tropopause asnd Frontal Zone - a Descriptive Account of Their

Thermel Structure

The tropopause is defined in terms of static stability.
The W}«0., definition being:
l. The first tropopeuse is defined ss the lowest level at
which the thermal lapse rate decreasses to 2°K km~! or less,

provided also that the average lepse rate between this level

‘end ell higher levels within 2 km. does not exceed 2%K xm~1,

2. lhen, sbove the first tropopsuse, the average lspse rate
between any level end ell higher levels within 1 km. exceeds
39K lan™r, then a sccond tropopause can occur and is defined by
the same criterie s in psragraph 1. This tropopause csn
elther be within or mbove the 1 km. layer.

There exists en almost infinite variety of profiles in the
region seperating the two stability regimes and it is frequently

difficult to distinguish where s meaningful boundary might exist.



This ambiguity has resulted in e veriety of pleusible inter-
pretations of the thermel structure.

The front war initislly conceived ar en extensive surfece
at which there exirted a zero order thermel discontinuity.
This surfaéc was thought to extend from the high latitude
tropopesuse downverds to the surfaoce in mid-latitudes. Thie
concept vwas leter modified to a zone of trancition between two
roughly isothermsl regimes, the surfeces of this zone being
merked by discontinuities in the therms=l gradients.

The historical development of models of tropopguse front
cyclone reletionships is presented in fig. 2.1

Figures 3.1 2) and ¢) illustrate the concept of the front
as a zero order tempersture discontinuity throughout the depth
of the troposphere, while in 3.1 ¢) a '"fold' wars introduced into
the postulated continuous tropopcuse surface above the upper
tropospheric frontael rurfeoce to explein the observed variations
in temperature profiles. These variations arc more consisteﬁt
vith the model 3.1 &) of Matthewman (1955), in which the upper
end lower surfeces of the frontal zone are anelysed as continuous
with the tropical end polar tropoprusc surfaces respectively.

The model 3.1 d), showing = frontal zone extending through
and reversing in slope =t the tropopeuse which becomes less well
defined in its proximity, lacks conviction, since there ere mony
inconsistencies in routine enalysis,

Figures 3.1 b) snd f) illustrate the concept of the folieted

tropopause. Pelmen (1933), postuleted a multiple tropopruse

structure with lapse retec discontinuities forming over large creas

=



29

20

Pole &0* 30°

20

o) B"e(bneb €] 32}

@0°

30°

o

Pole 60* 30° o*

&) Bjerknes 8 Falmén (1937)

T T 20 T T 20 v T
st /. [TH N
£ 2
<
~ 10 4 10} .
_I..E g -
e
9
= 5t 45
o] 1 A ] N i -
C L ) .
Pole o L 0" Pole 60" 30* o High p.

d)Bu‘gg(ubssﬂzubjmossﬁ e\) Mnﬂ\eu}nm L\95.’D

Low P.
f) po.lme:r\ (_\‘533)'

F;aure 2.1, A“‘unoi-'\:e, Modols cf ‘YLQ *fo?opausg.s,(o“'m\ 2one Low\?\w‘

L2



3

at roughly the same potentisl temperature, cbove and below the
old tropopsuse,ebove the cyclone wave, (i.s., the new folicted
tropopauses correspond: ~ closely with isentropie surfaces).
If repid cyclogenosis took plece the tropopauses were depicted
as symmetricel with respect to the cyclone centre, ss shown in
fig. 3.1 £). This introduced the idea of temporal as well es
spatiel veristion of the tropopause ctructure ond it become possible
to consider mass trensfer taking plece between the two stability
regimes by the process of reformation of the tropopause at s
different level. .

The role of the jet stresm in this picture has been investigated
by the Chieago school and Pelmén (1948), showed the jet stream to
be locsted jJust below the tropopause, directly above the 550 mb,
position of the frontal zone. Several inconsiséencies appeared
in individuel crocs sections, and these were subseguently
rectified by the Canadien school simply by postulating not just
one but two and sometimes more jets, eanch associsted with ite own
hyperbaroclinic zone. This work was reviewed by McIntyre (1959).
Fig. 3.2 efter Newiton and Perrsen {1962), shows the cheracteristic
distribution of the macro-scale features of the wind snd tempereture
fields. This cross section was constructed from the study of
8 limited number of cases over the U.S.A., =nd so is representative
of 2 sectlon through the subtropicel jet maximum which Krishnamurti
(1961), showed corresponded to the s@mi-permenent low latitude
upper level ridge position.

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

without e corresponding sharp frontal zone in the upper troposphere,
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in feet many strong Jets rre observed when no stable layers ere
reported between 500-700 mb. and the tropopeuse.

A recent enalysis of temperature and wind distributions
reletive to the jet by Brundidge and Goldmen (1962), illustrated
the lack of uniformity of pattern, but was restricted to too
limited a number of cases to esteblish sny definite eVOlﬁtion of
the complex. On the basis of the cases considered, asll unf'osrtune-
ately in the region to the east of the long wave trouch over North
America, they classified the jet stream frontal zone complex into
three types 1llustrated in fig. 5.5; Types I and III they
considered es fundementsl, with type II possibly being a transition
between thems Type III chovied a leaterally narrow jet of greet
vorticzl extent, ascocinted with a strong poler front sloping
steeply up to the tropopcuse, and was generally found in entrence
zone situctions. Type I showed an isotach pattern broad end
vertically thin sssoeleted with a shallow barocliéic layer
(usually warm frontel) in the lower troposphere. This was
generelly 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. Resesrch Flipght
trensverses through frontel zones, is equally indefinite.

Sewyer (1958), found, on examining the horlichtel variation of
temperature at 500 mb., that well def'ined frontal zones with
quite sharp changes in horizontal tempersture gredient could
only be identified on about half of the cmses studied, end the

proportion fell to lesc than a third at 600 mb. Temperature.
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changes across other zones were diffuse end showed no sharp
boundaries.

The complex structure of many frontel zones end tropopeuses
has been thoroughly investigated over the U.S.A., by meéns of
cross sections of potential temperature enalysed on e meso-scele
for selected storms. These anslyses of Reed (1955), Danielsen
end McLain (1955), end Reed and Danielsen (1959), end particulerly
that of Danielsen (1959), demonstrated that over large areas the
arbitrary selection of a tropopause on mesro-criteria vas
frequently embiguous. This is illustreted by Fig. 3.4, which
dispiays forcibly the laminar nature of the atmosphere with leyers
of large stetic stebility separsted by layers whose lapse rate
is quasi-adiesbetic. Danielsen {1959), demonstrated the temporel
continuity of these stable layers over short periods by con=-
structing isentropic trajectories and compering the inversions on
the final sounding with those on the originsl soundings at the
initiel points of the eppropriate trejectories.

Since the terms troposphere and strestosphere imply a meeio-
scale division of the atmosphere Danielsen postulated that in
order to apply the terms objectively, it is necessary to smooth
out the micro end mesoscale thermel features revealed by his
enalyses. He emoothed the temperature by teking weighted
running verticel mean values over nine successive pressure con-
taots (about 3,000') from the sonde record end defined a surface
joining the meximum elevation of each smoothed isentropic surface

as equivalent to the tropopause.
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This definition results in the selection of the tropopeuse
being no longer ambiguous but the enalysis of any one tropopeuse

surface becomes a formidable and doubtfully meeningful task,.

. The observation that, both in the meso-and the smoothed enslyses,

isentropic surfeces intersect the tropopsuse suggests that the
tropopause need represent no barrier to adisbatic exchange
between the stratosphere and the troposphere,

An Attempt to Formulate Oriterie for the Unique Determinaotion of

e Tropopause

The time required to analyse the smoothed tropopause being
prohibitive, we shell attempt to describe a set of eriterie by
vwhich an objective unambiguous snalysis of tropopesuse mey be made.
At present there is no consistent sequence of models of the thermsl
end wind fields in relation to the jet front complex under varying
synoptic conditions. The fields may vory with position in
relation to the jet maximum, except for broad quasi-geostropic
consistency, snd to the position with respect to the standing
eddies. Analysis of winds and temperatures in situstions of
frontogenesls and cyclogenesisg in these varying conditions might
elucidate the evolution of the complex.

The ebsence of a well defined frontal zone at the 600 mb.
level below a jet, on many occesions, may be plausibly inter-
preted as indiceting two separate processes of formetion of the
frontel zone, one in the lower troposphere decreacsing in
efficiency with heizht, and another opereting at least to some
extent independently near the jet level. The subtropicel jet

might then be considered as & cese where only the upper %iropo-



spheric mechanism: is operative while the other jets are linked
in some fashion with corresponding low level mechaﬂisms.

The snelysis of Brundidge end Goldman (1962), relating
isotach eonfigurations with frontsl types, mey serve es &
starting point in synthesising models of thermel end wind fields
of characteristic types for various stages of evolution of the jet-
tropopause-frontal zone complex.

Study of & large number of cross gections suggest there ere
g2 limited number of characteristic types. As noted asbove, the
presence of & frontel zone in the lower troposphere is not a
sufficient condition for the existence of & corresponding upper
tropospheric front, and the sbsence of such a well defined frontal
zone mey br may not imply a continuous tropopeause surfece.

The cases mey be roughly divided into three classes of thermsl
etructure as 4llustrated in fig. 3.5, but it should be understood
thet these oriteria asre subjective.

These models were evolved from study of cross seotions
through polar front type jets over Britain, but if, es postuloted
earlier, the subtropicel jet differs from the mid-latitude jet
- systems by nbsence of e corresponding low level mechsnism;. it is
plausible that the same models may serve for it simply by deleting
the lower tropospheric frontal zones from the models. If thie is
so, it suggests that the effect of the lower tropospheré may be
quantitative rather than qualitative, and we mey begin en snalysis

of this nature by negleoting its influencs.
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Wie observe the similority in tropopeuse end frontal structure
between the models in fig. 3.5 end the corresponding Types in the
isotach enalysis of Brundidge and Goldman (1962), in fig. 3.3.

In the limited number of cases studial by Brundidge end Goldmen
Type I wec generally observed in far exit regions and Type III in
. entrance zone situations. Type II wes postulated to be o
transition between Types I end III. Meny exceptions were noted
to this general assoclation in the eross sections examined in
constructing the frontal zone models in fig. 5.5, but thece mey
be due to uncertainty in deeiding the appropriaste jet eriterion.
The hypothesés thus require both statistical end caese study
conf'irmation.

From fig. 3.5 we observe there should be no smbigulty in
analysing the tropopause on stebillty criteria to the right of
the jet looking downstream. VWhen the cscent lies to the left
of the axis the following criteris ere 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 discontinulties,
shown by the thick dashed lines, 1s chosen in spite of its not
satisfying the #.M.0. stebility criterion of 29K km=l, though
such a lapse discontinuity is satisfied et the lower level.

Model III - no ambiguity exists close to end far to the left
of the jet.'but vwhen the lower level steble zone is superposed by
8 layer of reduced stability above which there is either another
lapse discontinuity or a gredusl increase in stability, this
upper meximum of lepse rete curvature, indicated by the thick

golid line above the jet .is chosen,
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3.4 Tropopsuse formetion and Meinteinance

The early ettempts to explain the existence of e tropopause

were based on theories of radietive equilibrium or in terhs of =

' troposphere in convective equilibrium ond e stratosphere in
redietive equilibrium. These theories of Gold (1909), Emden (1913),
Méller (1941), end Goody (1949), were criticelly appreised by
Steley (1956). None setisfactorily explains the generation and
maintainance of a discontinulty of lepse 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 steble but the additional feature of =
horizontel temperature gradient implies thet the troposphere may
be dynemically unstable and a typs of slantwise convection a
common feature of the flow field (Charney, 1947, Eady, 1949).

A review of the various processes which might contribute to
the gene;ation end mainteinance of & tropopause will now be
given,

3.h.1 Radistion end the Tropopause

The mean radietive heating charts in fig. 2.9 show the
unéartainty of the computations in the vicinity of the
tropopause as a result of wariations in the assumptions concerning
the vertical varistion of the component ebsorbers snd the
absorption spectra. While no quantitative conclusions mey be
drawn from these charts, it is instructive that where 2 con-
tinuous variation of absorbers is eseumed, 211 calculations
show a smooth verticel variatlon of cooling retes, suggesting

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



disecontinuity, though calculations of sessonal distributions of
rediative equilibrium temperatures by Menabe and Meller (1961),
shov minimum temperatures and meximum lepse rate curvature at
levels consistent with the observed tropopause.

Méller (1941), end Staley (1958), show, by calculating the
profiles of resdietive transfer by water vapour for cheracteristic
tempercture and humidity distributions, thet the tropopause is
warmed relative to leyers above and below, l.e., the rediative
flux destroys the curvature of the lapse rate profile.

Mdller (1941), suggested the tropopauce might be maintained
by infra red cooling sbove, by postulating the existence of =
haze or cloud layer with its upper surface et the tropopsuse.

In generel, in a cloud layer the refraction and trensmission

of short wave radiastion in stratus type cloud, greetly exceed
absorption, for thicknesses up to 500 m. Computed values of heating
by ebsorption of short wave radistion at the upper limit of cloud
for particular values of cloud thickness, droplet size end vepour
content, end of long weve cooling are 0.03%¢ min-l, end 3% min-1
respectively. Thus if haze may be assumed to have similar
redistive properties to stratus, the tropopesuse could be cooled
by long wave radirtion both night and day. Though there is

some visual evidence -~ not well recorded - for such & haze top

to the tropopphere, there ic no setisfactory evidence of the
analagous radiati§e properties of haze and cloud layers, though
Brewer and Houghton (1958), suggest from radistive flux measure-
ments from eircraft, that the emissivity of cirrus clouds is

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



thickness. If such = discontinuity did exist, however, the
vertical gradient of the rete of radietive temperature change would
be negative, with meximum cooling ot the top of the layer, pro-
ducing s graduelly increassing lapse rate with height, which

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

Observed profiles seldom exhibit such properties.

A geries of observations of radiative fluxes near the tropo-
pause by Suomi et al (1958), ond Bushnell and Suoml (1961), show
no major changes of cooling rste in the region of the tropopeuse,
end tend to confirm the view thet radistion, in general, acts so
as to reduce the curvature of the temperature profile at the
tropopeuse.

3.4.2 Convection (Vertical Overturning) and the Tropopeuse

The concept of convection initially epplied to the problem
of tropopeuse formetion was that of verticel overturning,
resulting from en initielly staticelly unsteble lapse rate.

The eaquilibrium profile would be e lapse rete between the dry and
the seturated adiabastic because,while a percel of air might ascend
along the seturated ediebet. sbove the condensation level, a
subsiding parcel would warm et a rate intermediate between dry

and wet adiebetic es a result of evaporation of rain in the
descending current. T.ae high static stebility in the stratosphere,
due broadly to raodistion, precludes the existence there of such e
motion, and a sharp boundary might result. Even in the arctic

night, however, wherc large and deep surface thermal inversions

are produced, a lapse rate discontinulty is generaslly in evidence

aloft, moreover, in the tropics and subtropics there is considerable



. -gpetiel varisbility both -in-distribution and degree of cumulus
activity, yet the tropopruse height shows remerksble uniformity,
§o thet tropopause formetion and mainteinence cennot be generelly
due to convection of this type.

3.4.3 Slantwise Convection and the Tropopause

Slentwise convection, i.e., overturning in sloping plenes,
is a common type of atmospheric motion. Profiles of the rate
of temperature chenge by slantwisc convection mey be obteined by
evaluating, then combining, the meridionel and verticel components
of eddy heet flux divergence.

Teble 3.1 shows velues of the function % L{;}Q#‘— L;;%3¢_m¥%.
which is proportionsl to the flux divergence of mean meridionel eddy
trensport of eensible heat &t stenderd prescure levels and gives a

- & 5 (0)e- (07 e-
mezsure of the rete of eddy heating (CF? A~ GF (70, L\.(; DL M’)

obteined from Piexoto's (1960), zonelly everaged eddy heat fluxes (;CE).
e observe in fig. 3.6 that these values may be snelysed (though not
very convincingly) consistent with a relative meximum cooling in the
vertical profiles near the mean tropopeuse levels as extrected from
the enelysic of Goldie et el (1957). At about 55°N e reasonable
value of %G:T\“)G; LG‘?\"}S}S of sbout 179K m.secs! near the
tropopsuse would result in = net cooling of 14x1072°% day~l.

“5 Verticel fluxes have not been eveluated as & functign of
latitude. However, using the tempersture and vertical velocity
velues for Liverpool computed in the cirrent study for 50 deys, en
sttempt wes mede to evelucte the verticel fluxes at the 200 and

500 mbes levels, since throughout the yerr thece levels bounded the
tropopause above and below. The mean verticel eddy flux divergence

of heet was then converted to o mean rate of only 6x10~29K day~!

within the layeﬁ.
|
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Thus while both the vertical end meridionel eddy heat fluxes
in mid-latitude contribute to meinteining the tropopeuse, the
values computcd above suggest the cooling is smell. These values
are cleerly under-estimates and more realistic estimates await
greater recsolution in estimetirg the 1ﬁdividua1 profiles of
vertical end meridional fluxes snd calouletion of mean values of
the fluxes with respect to the tropopause.

344 Small Seale Turbulent Flux of Enthalpy

Steley (1957), has provided plausible srguments to support
his thesis thet smell scale turbulent flux of enthalpy is
divergent for positive curvature of the tempereture profile, thus
Intensifying the existiﬁg curveture. He derived a formule for the
rate of cooling by turbulence in the inertial sub-renge, which
showed the magnitude of the.cooling by this mechanism to be
several degrees per dey, glven an initiel curvature of the lapse
rete of 10°K lurl knl.

3.4.5 Inference

It eppears that the general location of the tropopause is
determined by radiation and slantwise convection whereas the
intensification of the lepse rate curvsture mey plausibly be
attributed to the small scale turbulent enthalpy flux.

3.5 Trencverse end Vertical Velocity Components in Relstion to the

Jet Axirs

The component v of the wind vector normel to the jet axis
was computed for wind deta over the British Isles by Murray and
Daniels (1953). They constructed mean vertical profiles of the

trensverse 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 towsrds lower and higher
pressure in jet entrence and exit regions respectively.

A more recent enalysis by Briggs and Roech (1963), of
observetions by the Met. Resegrch Flight, illustreted by fig.
3.8, shows a quelitetively similar distribution of trensverse
flow (though somewhat grester components) to that of Ilurray and
Deniels (1953).

Vertical velocities have been obteined using the ediabatic
assumption by Endlich (1953)% end from s simplified continuity
equation ?;%-* 2§€'= ) by Briggs end Roech (1963), applied
to observations on jet treverse flights by Met. Research Flight
aircreft, assuming the rate of chenge of -Velocity in the direction
of the jet to be negligible.

Endlich (1953), found 3 hour everage values of W frequently
exceeded 10 cm. sectl at both 500 end 300 mb., with the values
being approximastely equal at both levels., TIe further observed
thet the greatest velocities were to be found at or near the jet
axis, end that valuez greater than % cm. secTl were seldom found
more then 300 miles from the jet centre. Regions of greetest
ascent over a 10 day period he found to the eesst of long wave
troughs, while subsldence wes most intense west of the troughs.
He noted, moreover, thet the distribution of regions of ascent

and subsidence elong the jet 'sxis wase irregular,

Briggs end Roach (1963), assumed negligible vertical

velocities 3.6 km.. sbove the jet core level (i.e., level of top
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treverse), and computed velocities for a particular jet.
(October 3, 1960). These indicate slizht descent well to the
cold side of the core but sppreciable ascent near the jet exis
and on the werm side of the core especinlly just below the core
level. The bias towerds lerge sscent rates mey be a result of
an appreciable positive constribution from f%ﬁfﬁ) or of bias
as &8 result of position relative to the jet maximun. No deta
were provided on the relation of the section to the synoptic
features, but the relevant contour anelysés show it to be in the
entrance zone to the right of a longwave trough 2nd in Chapter 8
we find this is consistent with the proposed transfer model.

Thus it appears thet a convineing evelustion of verticel
velocity distribution relative to the jet complex is overdue.

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

the Jet

The profiles of vertical and meridionel velocity components
computed for 34 selected deys in 1960, were roughly anelysed in
relatlon to the jet, to help formulate a model of transverse
circulations.

The sample was divided into two groups - thosc to right and
left of the jet sxis - their respective meon vertical and
meridionsl wind components calculeted at stenderd pressure levels,
and plotted in fig. 3.9. The isopleths sre consistent with en
indirect trancverse cell centred below the jet exis. This agrees
with the circulation suggested above for the exit zone, and in

fact the observations in thic study were bissed in favour of exit
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zones in the ratio 21/13 but meridionel, not necessarily trans-

verse velocity components, were evaluated.

Conclusions

Ve have seen from the stetisticel enclysis and cose studies
reviewed, thet there ic no model of the jet-tropopecuse-frontal
zone complex vhich describesits development unequivocebly, but &
scheme for consistent snelysis was presented.

Evidence has been presented of a direct trensverse circulatlon
in the entrence zone of the jet and an indirect circuletion in the
exit zone (end in the mean). In the upper troposphere, moreover,
there eppears to be an excesc of subsidence to the left, end of

escent to the right, of the longwave trough positions.



CHAPTER 4 Tracers

4.1

4.1

An stmospheric tracer may be a conservative physical property
of the stmosphere, a trece gas,or a finely dispersed particulate.
These will now be discussed in some detail.

Physicel Tracers

Various non-uniformly distributed physicel properties of
the estmosphere ere shown in Table 4,1 with a note on regions
wherein conservatism may not be = plausible assumption. Sources
and sinks sre defined as regions in which the non-conservative
effects result in positive and negative increments respectively

to the mean vslue for thet region.

Potential temperature,®,end wet bulb potentiel temperature O..

In Chapter 1 we obteined:

N

% P N Y s
CARALER AT ALEE S SR Sl

%

where q is the disbatic heating per unit mess (see Teble 4,1).

The potential temperature in the free atmosphere is of the
order of 300°K and renges over ten or more degrees at any level
in a short period disturbence (36-48 hr). This rate of change
is large compared with the average ratec of heating or cooling,
evaporation end condensation apart, of 1-20K day‘l of Chapter 2
but the letter is meinly cumuletive end so O becomes increasingly
non-conservative with time.

Vle discussed in section 3.,2.1 how the radiative cooling is
not serlously altered by large thermal and gaseous sbsorber
gradients such ss we expect near the tropopzuse. If, however,

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

chenge, the radiative cooling may increase by orders of megnitude to a
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degree or more per hour, swamping the other effects. Flux
observations by Bushnell snd Suomi (1961) have never suggested such
excessive retes of cooling but it may not slways be justifisble

to mssume conservatism for © uad O, neer the tropopause,

4,1.3 Absolute Vorticity

The equation for ebsolute vortiecity M is:

%‘5 = —'V\'(V'V-IB* CV}V)\__/ - V;;(,\V"p X GAXE o A

so that 7] is conservative if':

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

2. the tilting terme are zero (no deformation of the vorticity field).
3.  the fluld hes no «,p solenoids (autobarotropic).

4, the flvid 1s frictionless or T irrotational.

The equation for the vertical component (‘g»«g ) of the absolute

vorticity V,\ is:

d%ﬁ)s—(%-\-g)V\\Vh +(%—y%“AVm>,k - %L:; 25?.6:;5(% - %§ - V\\N,\V\\? + R GuxE AN
' 2. 3. 4. 5. c.

The partiel success of C.A.V. trejectories and berotropic
forecasts suggests that for short periods the vorticity mey be
conserved in mid-troposphere {~ level of non divergence) in the

. absence of baroclinic development, but in the vieinity of the jet
and in the frontel zones in the upper esnd lower tropocphere
the terms 1, 2 end 5, ere each of megnitude 10-9 --10"10 seéj,
and would be capable of producing large depertures from con-

servatism (§+§~\64Sec?.|) in a periocd of 12 hours.

4,1.4 Potentiel Vorticity

The potential vorticity obeys the equation:

A/ oz _ de © R U -
a—*(xve.tp = &H.V (a-r) + X VQ. VAxE
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It is only conservative if the motion is sdisbatic and
either frictionlese, the frictionel force irrotational, or the
gradient of potentisl temperature perpendiculer to the rotation
of F.

If n is a unit vector in the direction V@, the equation

mey be written:

gt(;('%%\\;‘“) T’\-v< 3_\_-—__ N

vhere ‘q,, is the component of absolute vorticity normel to the
isentropic surface end R, = 0.V.E = (ra"i - ?F"-}g denotes the
component normal to the isentropic surface of the roteation of the
frictionel force.

The component of sbsolute vorticity \r\“may be written to
a close approximetion as W = (‘S“*-g = %e-\-g vhere %h is the
component of relative vorticity normel to the isentropic surface
and %9 is the reletive vorticity evclucrted from the projections
on the horizontal of the horizontel wind components on the
isentropic surfaces.

Now introducing the further excellent approximation% =%. %?%

into equation 4.1 yields:

dki Uwgﬂ t)r.v(%f)\»z_eg
or FUREAO) - FPLAE @Y B

Staley (1960), hee estimnted the orders of magnitude of the
terms on the right hend side for large scale diabatic heating and
friction to be ac follows: q \’\Q%L 3_ 16" o °K L‘.N\.T'V:\.

T -
7% \'\k.V\\(a‘t =\0 °K w.cyv\f

s -G -
%—g\Q“ = \o‘s-\o °K<’~\.C§M‘_



Since s representative value of potentisl vorticity in the
lower stratosphere or & frontel zone is 2 x 10'8deg gm'lcm sec,

over & 12-hour period the largest non-conservetive effect sbove

would result in = change of =t least an order of megnitude less

then this velue, implying thet potentisl vortieity might be
sessumed conservetive for periods of up to a dsy. Staley (1960),
estimated the individuel potential vorticity‘change by means of
isentropic trajectories for en extratropical disturbance and
inferred that in the vieinity of the frontel zones potentisal
vortiecity wes not conserved. 1In fact, large positive potentisl
vorticity chenges occurred in the lower stratosphere end in the
upper troposphere on the cold side of the front while lerge
negative veluee oceurred in the frontal 2zone end esround the

entire periphery of the cold trough in the upper troposphere.

401 05 Messurement

4,2

Vorticity memsurements necessitate en eccurate deseription
of the wind field. The network of meteorologlesl observing
stetions is sparse and the observationsl accurecy 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 ectimetes.

Thus =1l physieel tracers may be seen to have severe limita-
tions in epplication to periods excecding & few deys.

Gaseous Tracers

Verious trace geses ere shown in Teble 4,2, end we briefly

consider their suitebility for use as tracers.
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Table 42 Caseovs taacers and their de@amLu(e,s —S:(cm cansedNakism,
Teacer Soucce Seurce Tupe Sink Swnk Tui?e

Wales \J'o.?oo(' Carth E\Jo.JFo(a)r\on \T—\-ro?osp\\ue Condensakion Precpitation
t.Aoove To- 20k Photochem ol decomposition

O=one %k(o}cos?\\ue Phatochemnical feashons]t Cacth Reduction.
2Satosphete, Photochem.cal
obive 30-35ka. | decomposition.

%o, %‘rmkos?\w,cg Nucleat e,xP\os\ons. ' ﬂl\'\'\os?\\e.(e Radioactive decay

Cosmic (‘oA-\'$\aA"a\ 2 Qceam Solukon.
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4.,2.1 Weter Vapour

Water vepour is conservative in the absence of condensetion
and mixing,es perhaps in the stratosphere and to a limited degree
in the upper troposphere.

jeasurements

The humidity sensors used in radiosondes ere without
exception inaccurate above the middle troposphere (liddleton
end Spilhaus, 195%), 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 -90°C., end
sampling mey be carried out by the frost point hygrometer of
Dobson et al (1946), end Masterbrook end Dinger (1961); by infra-
red spcctrometry of the sun at various heights end differencing,
either from a balloon borne platform (Murcrey et al, 1960), or
from eireraft (Houghton et al, 1962); and finally by direct
sampling using cooled vapour traps (Barclay et el, 1960, Brown
et al, 1961).

4,2,2 Ozone

Ozone is produced by photochemieal processes by ultra-
violet light, s discussed by Chapman (1951). It has been
ghown fairly conclusively that ozone below 30 km. 1is protected
from photochemical dissocistion by the ozone above that level
(Nicolet, 1958, Dutsch, 1956, Craig, 1950). The 507 recovery
times et 30 km. are 3 days and a month for zenith end horizon
sun respectively, and very much longer at lower ;evels. Thus
ozone 1s escentlally conservative for periods of et least a

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

Ozone messurements fall into two categories: -
1. Totsl ozone in a vertical column nbove the station (this
is a crude form of tracer since most of it occurs in the streto-
sphere below the 30 lm. level).
2. Vertical profiles of ozone concentration or mixing retio.

Meesurements of totrl ozone ere made using the Dobson
spectrophotometer on the sun, zenith sky either cleer or clouded,
and tho moon,es radiation sources. The method utilises the
differential abeorption by ozone in two neighbouring wave-
lengths ~ 3,200 & es described comprehensively by Dobson (1957).

Hegsurement of verticel profiles may be made either by
remote sampling by surface-based instruments, or by direct sempling
instruments carried aloft by balloons, sirecraft or rockets.

The most used remote sempling method is the 'Umkehr’
method which mekes use of the %ifferential ebsorption of ultra-
violet from zenith sky light b% ozone at various solar zenith
angles. The technique has be%n described and methods recommended
for interpreting the obsérvati&ns by Remenathan and Dave (1957),
Dutsch (1959), end Hetteer (19%0).

The profile mey also be ectimated for layers of finite depth
from emission measurements in the 9.?/*1nfra-red band. The
method wes described by Goody end Roech (195B), and hes since
been modified end criticelly eppreiced by lalshaw (1960), Dave
et al (1963), end Ooyoma (1962).

Direct observations fell in two subgroups - those meesuring

the total ozone above the instrument at eny instent in its Plight
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and differencing,and those directly seampling the ozone in the

. air in the environment of the sampling device.

The former method, initiated by E. and V. Regener (1934), malkes
use of the differentisl asbsorption of ultra-violet by ozone., It
hes been used from balloons (Regener, 1951), end rockets (Johnson
et al, 1954, Hulbert, 1955), and has been refined for use on =
radiosonde by Paetzold (1954).

Environmentel sempling mey moke use of the oxidation of
potassium iodide by ozone (Regener, 1959, and Brewer and Milford,
1960), or the oxidation luminescence device of Regener {1950).

Comparison tests of the different instruments have recently
been published by lMorelend (1959, 1960), end Brewer et al (1960).
These show considerable differences in simultenecous profiles from
different types of instrument but good quelitative agreement
between instruments of the same type.

4,2.3 Carbon-14 Isotope in Carbon Dioxide

ol% 44 produced from N by cosmic rays and by nuclear explosions,
and becomes attached to form 01402. Its rate of production by
cosmic rays is closely proportioned to the number of cosmic rey
stars,which is a function of letitude and height (fig. 4.1} but
independent of time.. Since the hplf life of clh 4, 5,600 yeors
it 4= conservetive with respect to decay.

Measurement

A method of direct sampling has been used whereby o large
volume of air is colleected at s standard level compressed and

analysed in the laboratory - Hagemen et al (1959).
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4,3 Particulate Tracers

Among possible particulete trecers Table 4.3 showe =
gelection of those with moet obvious application to the problem
under study.

4,31 Aerogol Particles of Readius < O\
/

Both the effects of sedimentation end cosgulation place
limitstions on the use of particles as tracers.

Fig. 4.2 from Junge et al (1961), shows the gravitetionel
settling retes for spherical pesrticles, calculeted from the
Stokes-Cunninghem formule. We observe that the sedimentation
may be neglected for particles whose radius is below O.}ﬁ*
since the settling rates are less then vertical velocities
commonly observed in the lower stratosphere. Junge et al
(1961), elso estimate the helf life of perticles as e result of
coaguletion with a background population of larger particles -
gelf coaguletion being neglected. The results, in Teble 4.4,
show that coagulation may be neglected in the size renge 0.01 - O.yu,

Measurement

Vertical profiles of sub-decimicron particles arc obtained
using = balloon borne sutomstic recorcing Aitken-nuclei counter
with a chamber pressurisation device described by Junge et al (1961).

4.3.2 Artificielly produced Radloactive Isotopes

In eddition to considerstlons of gravitetional sedimentation
and coagulation, radiosctive isotopes depart from conservatism
as 8 result of rediomctive decey. Their sporadic injection in
time and locality further complicetes the interpretation of their

four dimensionel distributiqn.
\

)

™
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In each nuclear explosion radioective debris, produced by
vapourlisation end irradistion of the environment results, on
subsequent recondensatlion, in en initisl perticle concentretion
spectrun probebly hesvily weighted towards smsll redius. In
megaton bursts these particles are injected into the stratosphere
where quasi-horizontsl winds disiribute them spproximately in
a zonel belt around the hemisphere and grevitational settling
out of larger particles takes plece.

As & result of the increase of sedimentetion velocity with
height (fig.42), at any instent the spectrum of debris con-
centration will be more bleped towardes larger radius with increase
in pressure. This mey result in o deperture from conservatism,
unless we limit ssmpling throughout the stratosphere to the seme
perticle size range, end maey ald in interpreting the results of
W* distributions later presented,

If the holf-life is long compared with the period of the
motion being studieq, radioective decay mey be neglected, if not,
provided the isotope concentration has not recently been dis-
turbed by = frech injection, thc dceay mey be rcmoved for a
specific isotope by normelising all activities to a fixed time.

Particulstes are removed from the atmosphere both by wet and
dry deposition but the physicel processes are not clearly under-
stood (Greenfield, 1957, Small, 1960, Itageki end Koenume, 1962),
end the relation of strength of sink to concentration ic correspind-

ingly lecking in precision.



Radiocactive isotope concentretions are, in general, so
minute thet sempling recquires time intervels of hours to uwe~"g.

Defosition messurements have been mande either by collection
of the total deposition over & 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 wesghing over the film not being collected.
Welford and Collins (1960), by anelysing simultaneous samples
from the verious types of collectors, viz. tub, pot and funnel,
together with gummed film, concluded that the various collection
type samplers geve consistent results but there was no obvious
correlation betwecen them =and the collection by gummed film.

Alr concentrations arc measured by pessing a consldereble
volume of eir through e filter at the earth's surface, on
balloons (U.S5.) and on aircraft flights (U.S. end U.K.).
tttempts were also mede to messure surface air ectivity by
means of one foot square cheesecloth screens mounted in a vertieel
plane normel to the airstream, but Lockhert et al (1959), found
little correletion with simulteneocus sempling by the standard
filter technique.

He have suggested earlier that conservatism mey only be a
pleusikle assumption for particulate trecers if o limited size
range 1s collected at ell levels. In fect, as we observe from
Holland's (1959), efficlency height plote in fig. 4.3, the
millipore filters commonly used remove the largest perticles with
highest efficiency, end the millimicron perticles which form the

bulk of the populetion with the least. We presented plaucible
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reasons that the activity may bte concentreted in larger mean
particle size with increasing pressure aﬁd the veriation in
collectlon eff'iciency may further asccentuate this non-
conservetive effect.

Dats and Projected Analysis

Informetion now availeble on the distribution of potentiel
temperature, water vapour, ozone end rediocactive matter will
novw be presented; 1n 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 Chsapter 7.



CHAPTER A Climetological Anslysis of Tracer Distributions
5.1 Intent

5.2

The verious tracers will be anelysed, where possible, in
terrs of meridionsl end zonal distributions, either for the
year or season, but their interpretation in relation to the
transfer through the tropopause will be postponed to Chepters
6 and 8. Some correlations of totsl ozone with features of the
temperature field will be examined in investipeting eddy trensfer
in the lower stratosphere.

ilater Vapour

A summery of the weter vapour observetions in the upper
troposphere end stratosphere is presented in Tebles 5.1 and 5.2.
From flights listed in Teble 5.1 between the equetor,
Englend and Iceland, meridional sections for winter and summer
have been constructed in figs., 5.1 and 5.2 (after Roech and
lMurgatroyd, to be published).
The observetional sampie is limited but should give a relisble
qualitetive description of the distribution in low latitudes.
In high lat%tudes there wrs & period in Jenuery and Februery,
1962, when %ucﬁ higher frost points then ususl were observed during
Met. Research ﬁlights from Leuchars. The spproximetely fivefold
incresse in mixing ratio suggests the observetions might have
been unrelisble, but they ere not inconsistent with other mixing
ratios throughout the lower stratosphere, nor with the trensfer
model discussed in Chapter 8. lMoreover, Tucker (1957), evaluated
mesn profiles of frost point for observations in verious tropopeuse

height renges over southern Englend, and showed the frost point

80
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at a given level in the lower stratosphere to range over 15°K,
with changes in tropopeuse height, and it is to be expected that
this varistion will be at least mc notieceesble in higher letitudes,

No information is currently evaileble on ibnal varistions in
weter vapour.

The series of obeervations of water vapour up to the middle
stratosphere in Teble 5.2, are restricted to a 15° latitude belt
about 450N and between 0° end 105°K, end are presented in fig. 5.3
with M.R.F. for comparieon.

In general the humidity mixing ratio appears to fall with
height to = level between 150 end 200 mb, then inereases once
more to a value at a height of 50-25 mb, about an order of
megnitude greater then the mean value at the tropopause over
England, Mastenbrook (1963), hes shown, by compsring ascent
and descent vapour profiles in August, September, October and
April, over the U.S., that the epperent increasse in mixing ratio
in middle stratosphere probebly rcsults from contemination from
the balloon, snd cests reasoneble doubt on all balloon observstions,
He shows the mixing ratio to very between ,0l and .04 gm kg’l,
to et least 30 km.

The results of Houghton and Seeley (1960), using e spectro-
scopic method appear consistent with the concept of the dry middle
stratospheres.

While the ebasolute values of humidity messured by belloon-
borne instruments mey be unrelishle, qualitetive seasonsl
varistions were investigeted by plotting mixing ratio values st

20 and 30 km levels extracted from all eveilable profiles on a
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seasonal absclssa, and it wes epperent that little variation in
mixing ratio occurred st the higher level but at 20 la. there
appeared to be a distinet meximum of mixing retlo in the winter-
spring sessons.
5.5 Ozone

In the following trestment we will be concerned with totel
ozone,CE,in the verticsl, snd with verticel profiles expressed
in terms of mixing ratio,iow, et presurc levelp .

5e5.1 Total Ozone, .

The meridional and zonal variastions in the totel ozone

amount, O, sre best illustrated by London's (1962): seesonal

z
northern hemispheric analysis in figs. 5.4 - 5.7. The ozone
smount 1s observed, at almost all longitudes and sessons, to
increcse with latitude to 50-80°N, then remein constent or
decrease slightly northwerds to the pole. This is consistent
with McDowall's (1963). time latitude section of ozone in

fig. 5.8, constructed from observationt msde at different
longitudes, and with such differences as are shown in simultsneous
observations et Srinugar (35°N, 80°E), end Tateno (35°N, 1350E),
as discussed by Ramensthen and Kulkarni (1959). 1In tection 5.5
such differences will be shown to be related to the posltion of
the stending eddies.

5432 VYertical Proflles of Ozone and Three-Dimensional Distributions

The most intenslve investigetion 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 dats collected in summer and winter detatchments from
Englend south to the tropics,tentative secsonal meridionel sections
heve been prepared, (figs. 5.1 and 5.2 after Rosch end Murgetroyd
unpubliched). s

A summery of ozone vertical profile measurements is presented
in Teble 5.3.

The inconsistency between ozone profiles measured by
different devices was illustrated by the intercomparison tests
of Brevwer et al (1960), and is even observed in 'Umkehr' profiles
derived using different computation techniques, (Ditsch, 1960).
Remanathan end Kulkarni (1960), assembled spectra for nine stati ons
extending from 10 -~ 70°N latitude, inferred profiles by a2 uniform
technique end presented the results as croses sections for March,
July and November (fig. 5.9).

Fig. 5.10 shows representative summer and winter cross sections

obteined by modifying‘th high letitude distributions in fig. 5.9

AR

by introducing the mean profiles for Churchill end Moosonee from
Matteer and Godeon (1960), The secondary meximum, which is not
neerly so prominent over European stetions, is thus introduced into
the sections, making them more representative of zonal mesn seetions.
The concentrations have been converted to mixing ratios below

50 lm. in Pig. 5.11,

5.4 Radiosctive Isotopes from Nuclear Weapons

S5.b.1 General
The irregular distribution of nuclear explosions in spece end

time mekes speciel ceution necessary in seeking the meteorolsjical
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. significance of observed distributions of the isotopes produced.
It wiil, however, appear thet certein distributions are unquestion-
ably of high meteorological significance.

5.4.2. Activity at and Near the Ground

Both air and rain semples may be evaluated for totel setivity
or better for individuael isotopes. Unfortunately there hes been
1ittle consistency in sampling by the various meescsuring agencies,
with resulting difficulty in synthesising the results into a
useful four dimensional distribution.

The meridional distribution of radiosctive fellout over a yesar
mey be estimated either by soil sampling or, if dry deposition ie
negligible, from rein sampling. The former method, used extensively
since 1955, as reported by Martell (1959) and Alexender et al (1060),
while not & particularly good technique hes the advantege of being
the one method from which rapid estimetes of the world-wide
deposition may be meds, without an extensive programme of instrument
standerdisation end considereble computation. For this reason
no attempt hes been made to tabulete the extensive date sources
but only to present consistent date enelysis.

We observe a similer pattern (fig. 5.12) of meridional
deposition ?f 3¢ obteined from soil sempling in suecessive years
(Alexander et al, 1960), and from measurements of 7% in rain
(Stewart et al, 1958), - & mimimum at.ihe equator bounded by distinet
mexime in the 30 - 50° letitude belt in both hemispheres with values
decreasing thereafter with letitude to st leamst 70°N and 60°S.

The meridionsl verietion of mean ennuel reinfall is shown as

a histogram in fig. 5.12. The mid-letitude meximum corresponds
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closely with that of deposition but the high tropiesl rainfell
has no obvious counterpart in the deposition pettern. Thus
the deposition is not solely s funection of the rsinfell amount,
and if we arc to interpret these and other depocition results
unambiguously in terms of activity in alr, we must detect the
relation between them.

The meridional veristion of amnusl velues of ¢ concentration
in rainWater in fig. 5.1% for different sets of years from
Stewart et al {1958), and Crooks et al (1960), shows a minimum
in the tropics, a meximum near 40°N, a decrease to G60-70°N and
a finel incresse towards the pole.

The empiricel studies of Stewart et al (1959), Crooks et al
(1960), Bliechrodt et al (1959), Storebo (1959), Smell (1960), end

Alexander et al (1960), sre in genersl egreement with Stewert

. {1958), that the monthly mesn values of specific activity in

! reinfell sre spproximately proportional to the concentretion in

: the air through which it falls, so that the former cen be teaken

as 8 climetological measure of the latter, except in low latitudes.

The close correspondence in the meridional and seasonal varletlons

: in the gross fission product activity in surface 2ir along 80°W

(Lockhert et al, 1959, 1960 a,b), and in specific sctivity in
rain (Staley, 1962), in fig. 5.1k, provide further confirmastion
of this reletion.

We observe the position of the meridionel mid-latitude

maximun of both properties exhibits e sezconel W - S fluctuation.

90
The concentration of 5S¢ in riin at mid-lstitude stetions

from 1954 - 1962, is shown in fig. 5.15 (from Crooks et 21, 1961, 1962).
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A seasonsl variation with strong spring meximum end autumn minimum
is evident throughout the period ond is spparently little influenced
by the incidence of injections. From the inventory of nuclear ex-
plosions presented graphically et the top of fig. 5.15, we see tha£
there were no high yield stratospheric bursts in the years 1955, and
1959 = 1961, yet the spring maximum remsined obvious in each yeer.

Sede3 Activities in the Free Atmosphere

In fig. 5.16 we observe a fairly distinct negative correlation
between the mean monthly Céchoncentration over Englend in the lower
stratosphere at 47,000' (Peirsen et al, 1960), and in the air near
the ground (Cambray etAal, 1962), with maxime in the lower troposhere
in May and minima in.October and vice versa et 47,000'. The mean

| tropopause press ure”;éw;;zﬁ;i;;i& related to the (L?ﬂvalues. The
positive correlation observed with C% at 47,000' in 1958 and 1959
becoming negative.in 1960.

Two specific radiolsotopes were Injected during the testing
schedule as detailed below:

1, Tungsten 185 isotope, hyes, was injected at a height close to
25 km during the Hardtcclk series of tests at 12°N in summer 1958.

2. Rhodium 102, Rh192

y was injected at 30 km during the Orange
test at 17°N latitude in August, 1958.

They were seampled later in the stretosphere from aircreft
and balloons, together with f5:°which wes injected in sll tests,
and thelr distributions are shown in fige. 5.17 - 5.22. Distribu-
tlons of excess Clu from balloon sampling of CO2 by lageman et ol
(1959),:are shown in figs. 5.23 end 5.24., We observe the following

features:

!
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1, Where & maximum exists in the verticrl profile the height
of this maximum varies little with time, and rises towerd the
equator.
2, Concentratisns are barely detecteble in the tropies to
& height of 15 = 16 km.
3» The tropicel lower stratosphere appears to be relatively
poor inSjﬁnd excess Cmin winter compared with summer.

These figures give no direct informetion on the transfer
from stratosphere to troposphere, however, their interpretation
will assist in forminpg en integreted picture of the generel

transfer problem.

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 cerried out by Meetham (1957), Normend (1951, 1953,
1954), Gowan and Leppard (1953), snd Johancen (1955), to neme
e few, end the current view may be stated as follows:
1. The high correletions between totel ozone,Oz,and either
tempereture, T, or potential temperature, 8, in the lower strato-
sphere, suggest that veriatlons result from the seme mechenisms,
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 © than T suggests the verticel advection

/
is important since the horizontel advection will be simllar for esch.
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2. The correlation between Cgand temperature just ebove the
tropopause diminishes in winter. This might either he the
result of a sessonsl variation of the retio of the horizontal
to the vertical gradients of ozone and potentisl temperature
or the varying influence of more then 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 mey not be associsted with tropospheric disturbances.
Ohring and Meunch (1960), found O,was generally more highly
correleted with temperature at 100 mb. then 50 mb. for Europeen
stations during 1956 and 1957, but the sample was not sufficiently
representative to detect semsonel verlations in the correletion
coefficients.

Normand (1953), took 3 day mean values of(Dzat Oxford and
temperature in the upper iroposphere (300 - 500 mb. thickness)

end found & close relation between the devietions f'rom their

respective seasonal mean values, but noted some major inconsistencies

in winter. Johansen (1955), found similer results for Tromso.
Godson (1960), computed ten day running mean velues of total
ozone and 100 mb, temperature at several stations for four winters
and showed a distinct relation between the time serieshof the
smoothed parametefs. The weve number of the stratospheric

system associated with {the polar night vortex is generally two
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(Hare, 1960, 1962), compsred to that of three to six (Saltzmen
end Peixoto, 1957), predominant in tropospheric circuletlons, sco
the rate of propagation of the former, (and the associcted local
temperatufe change), if both systems are of Rossby wave type,
would be expected to be much slower, =nd the high correlation
betvween longer period systems in winter suggests sn association
with the polar night vortex system.

4  The highest positive.O , O correlation wes found (sece

Table H.}), by Normend (1951), et 18 km., and Ohring and

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

high total ozone was associated with high temperature, low
geopotential height, south winds and eyclonic curvature at

that level. The horizontel gredient of O, is generslly

directed eguatorward over the range 35° - 65°N, so an ozone increace
with south wind implies a simulteneous subsidence which over-
compensates the negative meridionsl advection (i.e., predominant
mixing slope is polewerd and downward). The correlation coeffi-
cients showed little seasonal change.

Ohring end Meunch (1960), concluded from the above analysis,
and from a study of everage departures of totel ozone from the
spatio temporel meen in relation to the standing eddies, that
the total ozone meximes end minime oceurred slightly in edvance

of the long wave troughe and ridges respectively.



CHAPTER 6 Tracer Distribution Relative to Synoptic Features

6.1

6.2

General

The obvious lack of uniformity in tracer distributions
observed in Chapter 5, may be used to elucidete atmospherie
trensfers either climatologically by noting associations between
the trecer distributions end corresponding feetures of the fields
of wind and temperature, and establishing correlations between
such parameters, or by individuel case studies.

Asscociations 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
nnd 5.2, we observe that the tongue of ozone-rich air with low
weter vapour content dips down rether markedly in subtropicel
latitudes from levels normally in the stratosphere to levels more
characteristic of tropospheric air. By comperison with the
independently drawn mean cross sections of wind and potential
temperature in figs. 2.3 end 2,14, we observe that the tongue
apparently coincides with the reglion in the vieinity of the wind
maximum, where the isentropic surfaces sveep down from the more
steble stratosphere into the troposphere, which mey be interpreted
as corresponding to the upper tropospheric frontel zone on indivi-
dugl cross sections. Unfortunately no section for another
longitude than thet of figs. 5.1 and 5.2 is aveilable to support
or contradict this apparent relationship.

The middle latitude meximum of ennuel fﬁeoconcentration in

rein, shovn in fipg. S5.1%, e2lco sugrectrs some connection betveen
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the stretosphere-troposphere trancport and the tropopause-jet
stream-frontel zone complex. This is further supported by the
coincidence of the mesnn meximum wind position for 80°W and the
meximum in surface air sctivity at that longitude shown in

fig. 5.14.

We observe & distinct relation between the distribution of S
deposition on a hemispheriec chart (fig. 5.5) after Alexender et
al (1960), end the position of the mesn wind moximum from Crutcher
(1961). Uhile the wind maximum in the Crutcher sections is
probably more closely related to the sub-tropical jet than the
polar front, the reglons of meximum deposition correspond to
the reglons 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 mechanisme of transfer mey be quali-
tatively similar in both systems, combining where the jets
become indistinguishable.

While the meridional varistione in deposition end in air
activity may be releted tentatively to the mean position of the
jet front complex, the seasonal varietion remains to be related
to the wind distribution.

It seems plausible to look for similar trensfer mechenisme
associated with the Set complex of the poler night vortex to
those in the troposphere, end it does eppecr that transfer
there is also associated with the westerly jet maximum. The
polar stratospheric jet is a winter—séring phenomenon and it is

durlng thisperiod that the lowcr polar stretosphere shows its
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highest ozone valuss of the year, (see fig. S.11). Figs. 6.1 and
6.2, obtaeined by subtracting successive semsonal mesn total ozone
emounts, from London (1962), also show & general increase in
middle end high latitudes in the lst end 4th quarters. Moreover,
the correspondence between the disproportionately high ozone
incresse in fig. 6.1, and the reglon of greatest baroelinity in
the foler night vortex over arctic Cansda in spring (Hsre, 1960, b)
vwhere short period thermal waves have been observed (Boville et el
'1961), suggests that a major part of the downward transfer mey

be effected by eddy rather then mean motion.

6.3 Associstions Between Tracers and Synoptie Features

6.3.1 Water Vapour

Analyses of M.R.F. data on weter vapour distribution have
been carried out reletive to such features ss the tropopause by
Bannon et al (1957), Murgetroyd et el (1954), Helliwell et al
(1956), and Tucker (1957); fronts by Sawyer (1955, 1957), end
Miles (1962); and jet stresms by Tueker (1957), Murray (19%6),
and Briggs snd Roach (1963).

Vuorela's (1957), anelyais of dewpoint depression below 400 mb.
in selected jet-front complexes over wectern Europe, sugrests
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). observetion from M.R.F.
frontel traverse data, that the frontal zone is frequently dry

relative to its environment.
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In the upper troposphere, informetion from jet traverse
flights heve been enalyeed by Murray (1956), end Briggs end Roach
(1961), end indicate the existence on meny flights of 2 fold in
the mixing raetio isopleths suggesting an intrusion of recletively
dry‘polar stratogpheric air into the troposphere below the jet axile
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 ihat
shown in fig. 6.3, the resolution wes sufficient that this would
not radically alter the pattern.

Tucker (1957), inferred a direct transverse circulstion ebout
the jet exis in entrance zones and en indirect circulation in
exit zones, from an analysis of average frost point departure
from the mean velue for standerd levels above and below the jet
exis in fig. 6.4.

6.3%.2 Ozone

Brewer (1960), presented = series of ozone sonde ascents
together with simultaneous temperature profiles in ell seesons
indiceting discontinuities in the ozone concentration lapse rate
et the tropopsuse lavel on meny indivlidusl flights, but a coherent
three dimensionzl snelysis was not attempted.

Briggs and Roach (1965),'aﬁ:1ysed the ozone distribution with
respect to the jet-front complex for individual cases (e.g., £ig. 6.3)
and statistically, es previously discussed in relation to humidity.
The mean distributions ehown in fig. 6.5 suggest that the
intrusion of stratospheric sir down the frontel zone below the

jet is not a percistent feature of the pattern of transport.
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6.3.3 Artificially Produced Radiocactive Isotopes

Miyake et el (1960), could detect no systematic variation
in the integrated activity‘c\in the tropospheric alr column
associated with the changes in surface Weather conditions (see
Teble 6.1), but found it to be related to the position of the jet
exis and the presence or absence of a marked 500 mb. cold trough.
The integreted activityld in the rain bearing tropospheric layer
is plotted, on an abscissa of distence from and ordinate of pressure
of the neighbouring jet axis, as = circle whose area is proportionsl
to ¢ in figs. 6.6 and 6.7 for cases with or without a 500 mb. trough
in the vicinity. The highest values of ¢ sre observed to occur
when the jet is eituated ebove or a little north of the sampling
station end when the jet exis occurs et lower levels.

During the month of March, 1960, an extensive series of obser-
vations of S‘aq, g: 5 W and 6: concentrations in the upper troposphere
end lower stratosphere wes made over the U.S.A. Denielsen et al
(1962), enelysed these observations together with simultaneous
valueg of potentisl temperasture and potential vorticity statistically
/and by means of cace studies, in the investigetion of stratospheric-
tropospheric exchange processes.

The S which was injected into the troposphere largely within
a stoble layer between potentiel temperatures of 330-350°K in the
French tests in the Sehera, shows a maximum in this © renge through-
out the sampling progremme (fig. 6.8), but we observe & minimum in
the ratio of\jﬁloﬁﬁ within this © renge in fig. 6.9, implying that

although eir from which these samples were extracted was classified

as stretospheric, much of it must have hed tropospheric origin.
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The isopleths of ¢ sctivity in Pige. 6.10 end 6.11,
drawn consistent with the values plotted over the reglons
sempled in flight paths normel to the cross sections as indicated
by the heavy bars, shov a tendency for eir of stratospheric origin
to intrude into the troposphere in the reglon below the jet on
some occeslons.

Cage Studies and Anelyees of Particle Trajectories

Case studies require sn sccurete four dimensional Qoscription
of the atmosphere in order that individual percels may be followed
through successive stages of their history and relsted to the
persistent features in enalysis, viz. fronts, tropopauses end
Jet streems.

The case studies of Reed and Sanders (1953), and Reed (1955),
investigating the thermal structure of psrticuler cyelones 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, frontogenesisc and
cyclogenesis took place simulteneously associsted with large
horizontal gradients of vertical velocity which tilted the
isentropic surfaces in the vertical.

Reed (1955), Denielsen (1959), Staley (1960), end Danielsen
et sl (1962), showed cases of mess transfer from stratosphere to
troposphers within the steble layer below the jet, tracing
specific air parcels by trajectories baced on conservation of
potential temperature and potentlal vortieity 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 poler
stratosphere,

Staley (1962), interpreted verticsl profiles of (s -ray
asctivity, mede from aireraft cbservations on deys when a dry
baroclinic zone either existed or was antieipated within the
troposphere, in terms of trensfer. \here maxima in the f-ray
sctivity profiles occurred, they were roughly equivalent in
height to the stable layer, but, as shown in Table 6.£, mexima
were only noted on sbout half the caces, suggesting that the
existence of an upper tropospheric frontal zone wes not a
sufficient condition for subsidence to teke place from strato-
sphere to troposphere. Isentropic trajecotories were constructed,
on those days when observations were suitable, to verify the
origin of air al the edges sand the middle of the baroelinic
zone, The results in Table 6.3 show that in each cese of
obgerved high activity in the frontel zone, at least part of
the air in the stable layer was of stratospheric origin, whereas
in cases showing no activity meximum the eir was found to originate

within the troposphere.

605 Summar!

There is considereble evidence of adisbatic transport from
the lower poler stratosphere into the troposphere down the
frontal zone below the jet stresm end this eppeers to be the only

region of rapid concentrated intrusions.
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Such intrusions esre not apparent on mean distributions
end eppesr on rather less thean a hslf of the individusl sections
suggesting such trensport only tekes place under limiting syn-
optic conditions.

There is no direct evidence of transport in the opposite
gense in the region of the front on eny occasions, though this
would be less easily detectesble appearing ssc a relatively moist
oZone poor region over en 1ill-defined region to the left of =nd
about level with the jet axis, The excessively high humidity
values observed in the winter sempling, 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 trensverse circuletions from enalyses of
velocity components in Chapter 3, end from Tucker's analysis of
humidity in section 6.3.1, suggest the circulation is direct in
entrence zonee snd indireet in exit, thus the dry ozone rich
intrusions are anticipated in entrance zones and possibly a
mass transport from troposphere to stratosphere via the frontel

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

7.1

7.2

Genersl

This chapter will follow a similar pattern to that of the
preceeding two chepters, e climetological study of the temporal
variations of selected tracers over the U.X., the relation betwveen
such tracers ond the flowfield, then sn investigetion of the cycle
of transfer associated with the jet stream by means of representa-
tive cross sections constructed by incorporsting eall available
consistent data.

Date - Consistency and Preliminsry Anelysis

The data aveilable for analysis were listed in Chapter 4,
and we shell first examine them for consistency. |

From Taeble 7.1 we see thet on legs than ten daye out of the
entire sample do eny two types of date sampling teke place
simultaneously. Furthermore, the different types of sampling
take place at locations separsted, at times, by over a hundred
kilometers.

The nature of the various sempling techniques results in
highly variable date smoothing. The airborne radiosctivity
measurements over the U.,K., required flight passes of 1 - 4 hours,
in order to collect = meassurable semple, depending on the sampling
level. Horizontal smoothing resulting from this sempling procedure
was consequently over & minimum distance of 100 km. and frequently
much more. These flight paths were oriented randomly with
respect to the masro-features of tropospheric structurse. Since
sampling involved such prolonged flights, it vwas seldom practicable

to sample more then two levels on any day. The lack of verticeal
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consistency in sampling 1s illustreted by Table 7.2.

These imperfections in sampling led us to concentrsate
initially on ozone snd temperature leaving appesl to radio-
debris to specisal cases.

The originel date were converted to ozone mixing ratio, .,
and potentiel temperature, © . Temperatures were extracted
from Dajly Weather Reports =nd the potential temperestures reed
off T-&-grems directly. The Brewer ozone sonde {bubbler-type)

-1
deta, over Liverpool, give concentrstion i,in units of Om.STEF{xhn,

T -5
= .10
£

22 P
in a finite verticel column is f f d= or ‘%‘j X, dp,
21 ° ?1

so thet mixing ratio , X, = fo . 586 end the ozone
The choice of the most suiteble method of evalueting 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).

Observatlons of total ozone, mede with Dobson spectrophoto-
meters, vere slso availsble for Oxford end Eskdelemuir. thile
we heve shown in section 5.% that the vertical profile for s
given total ozone for different locrtlions mey be extremely verioble,
there is some evidence to the contrary (Mateer and Godson, 1960),
for specific locations. The correletion coefficient between totsal
ozone ot Edmonton and Moosanes, and the ozone in the 12 - 18 kn,
leyer from Umkehr profiles wes 4 0.97. !lateer and Godson (1960),
noted a small appsrent negative correlstion (- 0.36) with the
ozone between O - 12 km., which mey be considered as the tropo-

spheric layer, so it is reasonable to investipate the possibility
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of ineressing the information on profiles from the larger semple
of totsl ozone observations.

In eddition to the deta on tracers, information on the
eynoptlic situetion was extracted snd tebuleted on each day on
which an ascent vas made. Cross sections of potential temperature
end wind speed were drewn in e plene through Liverpool orthogonal
to the nearest jet axis.

The following peremeters were then extracted:

1. The tropopause pressure at Liverpool (using the eriteria
stated in section 3.2),

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

5« The distance from Liverpool to the jet axis, positive velues
to the right of the axis looking downstream.

4. The location of Liverpool with respect to jet entrance
(confluence) jet maximum and jet exit (difluence) zones.

5. The location of Liverpool with respect to lons weve troughs
end ridges.

These dete were extrected using 500 mb., 300 mb., and 200 mb.,
contour snalyses and tropopause height chsrts of M.0., which were
re-anelysed where necessary to meintsin temporal continuity and
spatlal consistency, and the above cross sections.

Investigetion into the Reletionship Between Total Ozone Amounts

and Vertical Distributions over Liverpool.

While observetions of the totel ozone amount et Oxford (53°N)
end Eskdalemuir (55°30'N), were mede over the period of this study
meny of the velues at Tskdalemuir were miseing on deys of the

Liverpool (53°20'N) ozone sonde zscents, so for consistency the



Oxford values were used.

The profiles were defined for this study by integrating the

ozone over the following layers:

1. The surface to the tropopausec |, [O]%Z_

2. The 50 mb., and 100 mb, layers directly ebove the tropopause
1032:50 and 1012:400 respectively.

3.  The surface to the 50 mb. level , to}i:-

4, The 50 mb. level to the top of the atmosphere, [DX;O s VOB

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

The technlques used sre presented in Appendix 2.

Inspection of the time sceries in fig. 7.1, sugpgests the totel
ozone is most strongly positively correleoted with the tropopeuse
pressure end with the ozone in the column below 50 mb. as other
workers have found, The correlation with the ozone sbove 50 mb,
is negstive, consistent with, though less than, lMateer and Godson
(1960) values for Moosanee end Edmonton of = 0.72 and = 0.76
with ozone in the 24 - 36 km., end 36 = 5% Im,, layers respectively.
The tropospheric ozone shows no simple relation with the other
integreted oZone smounts or with the tropopasuse pressure,

These time serlies, together with scatter disgrems, not shown,
suggest the correlation could be improved by removing the seansonal
variations. Three monthly running mean velues of the verious
parameters were plotted, and e smoothed curve drawn through them
in fig. 7.1. The deviations of individuel values were then

ebstracted end plotted on scatter disgrems in fig. 7.2.

We observe thet while a positive correlstion exists between
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the deviations from seaconal mean veluce of total ozone, ozone
below 50 mb, and tropopsuse pressure, the regression factors vary
with seeson, and the correlntion is not sufficiently high to infer
one varisble from esnother. 1In any cese in investigeting the
problem of transtropopause exchange the tropospheric ozone is an
importent factor and it bears no obvious relation to the total
ozone,

7.4 Climatological Analysis in Relation to Transfer Within the - — -

Lover Strdtoaphere

7.%.1 Total Ozone

Observeations of totsl ozone amount,Oz', for Oxford, measured
by DobsonIspectrophotometer, are presented in e time serlies, together
with simultaneous observations of potentiel temperature at several
levele for Liverpool throughout 1960, in fig. 7.3

We observe in fig. 7.5, thet from Merch to November, of the
observed fluctuations of O, and © those of short period (few days)
ghow greatest correlation. The megnitude of the temperature
fluctuations decreaces with pressure suggesting the origin of the
systems to be the troposphere.

In winter and spring the highest correlstion appears to be with
systems of 2 = 3 weeks perlod whose amplitude increases with decreasing
pressure suggesting dominent influence of systems of stratospheric origin.

These time series, together with the interpretation of correl-
ation coefficients of(}iand features of the temperature and wind
fields in section 5.5 suggest that the ozone chenges in the lower strato-

sphere may or may not be associzted with tropospheric disturbances.
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7.4.2 Ozone Mixine Ratio snd Potential Tezpersture et Selected

Levels

Observations of ozone mixinpg rstio, %, end potentiel temper-
ature, © , were extracted from the originecl profiles for the
standard levels - 50, 70, 100, 150, 200, 250 and 300 mb. Time
serles of both individusl values and of three monthly mesn values
are shown in fig. 7.4. Meny sscents failed to reach the higher
levels so two sets of meen values were computed for test of
consistency, the first including only values from the ascents
reeching the 50 mb. level and a lerger semple reaching 150 mb.

The meen values eomputed from the two different samples, while
exhibiting the seme general features, showed differences, particularly
in winter end spring, emounting to 30-60% of the amplitude of the
seasonsl varlstion at the levels considered. This lack of con-
sistency illustrates the danger in evaluating a seesonal mean value
from such a restricted sample.

Consldering only the consistent daste of ascents reaching 50 mb,
vwe note in fig. 7.4 a tendency for the maximum observed in March end
April at 70 mb (~18 km) to become less obvious as we proceed down-
warde, while snother maximur in June/July becomes more pronounced
close to the tropopeuse level, snd indeed dominates at the 300 mb
level. Since two distinct maxima are present =t 150 end 300 mb, the
retardation in ocourrence of the dominant maximum at higher prescure
does not appear to be a result of e downwerd propagation of the seme
maximum, Dutsch (1962), computed monthly meen ozone concentrations

for Arosa from an extensive series of Umkehr ozone profiles for
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the 6, 12,5, 17, 21,5 km, end higher levels. His seasonal
curves in the lower stratosphere for 21,5 lkm (45 mb), 17 km

(70 mb), and 12.5 lan (180 mb), indicete the maximum st the eame
time ac observed ebove, but the tropospheric meximum (6 km)
occurred in mid Mey.

In Chapters 3 and 6 we presented evidence thet the dominent
trensfer through the jet ie probebly linled to the jet axis,
so the delay in occurrence of the tropospheric ozone meximum
at Oxford (56°H) to that et Arosa (47°N) mey be & result of
the jet axis being later in resching the more northerly station.

Wie now infer the origin of disturbances in the lower
stretosphere from vaeristions in ozone mixing ratio, %L , at
standard levels, es represented most simply by the range,ﬁ?b,
i.e., the difference between the highest end lowest vaglues
oceurring during the period.

The variance (or range ®. ) of ozone over three monthly
periods may be expected to be a function of the mean mixing
ratio gradient,%gf, (E;;being evaluated over the intervels
50 - 70, 70 - 100, 100 - 150, 150 - 200, and 200 - 250 mb, for
erch profile) of the horizontsl gradient,V,%, not avsilsble, and
the wave disturbence ectivity st that level. The normalised
varisnce, reprcsented by the ratio E%é;, will be o function of
the activity of fluctustions end figfn}.5 shows the seessonal
variation of this function throughout the lower stratosphere.

The leck of correspondence between the times of meximum

ectivity at 50 and 70 mb, end closer to the tropopeuse suggests



Pfessu(c wn mb,

138

Dee ..XM]Feb MNae &g Mm{ Jua [ Jul. Auq S&\' O (Ney.
i

\\ \ L
b I S NP

N
ONTTTE

/“\ A
\\'\
T
N
- | RS

F"‘j\’“’--]j- Time Seckion OE netrmaliced vadiance o(]: bzone w\’-vf\cﬁ
cabio  Re /3
[

)

NN

3




159
the origins of the fluctuestions to be different, though it is
not possible to deduce from fig. 7.5 whether the high values in
March are or are not a result of tropospheric disturbances.

The veristion of mesn ozonc mixing ratio,?i,, eand normelized
ozone varisnce, 'Ry/g%, , throughout 1960, arc shown in fig. 7.6.
We obgerve a delay of one or two months between the period of
maximum veriance, in fig. 7.6, end the meximum ozone at all
levels, which suggests the eddy trensfer is only partly respon-
sible for the spring bulld-up over Liverpool. The secondeary
maximum ozone in June - July, which incresses with proximity
to the tropopause, is not associated with any wave ectivity
meximum, implying =2 meridionsl circulation to be its cause.

The circuletion model deduced in Chapter 8 will be shown to
provide & plausible explenstion of thls maximum.

ie conclude from fig. 7.6 thet the mean ozone mixing ratio,
Gibp, at = given level, p, is the net effect of seasonel varietion
of the trensfer mechanisms, resulting from both varistion of the
different jet complexes with which they ere probebly linked, and
geasonal vasriation in thelr relative trensfer efficiency.

Representative mean Values,:ih, were ectimeted essuming e
fluctuetion of weve number one, drawn as a best fit through all
individuasl, X,, plotted on & seasonal sbscisse, so that the
maximum and minimum corresponded approximately with their
positions on the curves of computed unrepresentative means,szo,
end in such a way that continuity of vertieal profile was
meinteined. Seasonal values of 2,, ( d;is the shortest distence

from Liverpool to the jet axis), were ectimeted 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 (5 -©)
end tropopause pressure (ET—ﬁg) vere extracted eand sre shown with
the other deviations in fig. 7.7.

e observe a good correlation between the tropopause
pressure deviation, and the potential temperature and ozone in
the lovwer levels in the stratosphere, but the relation betwveen
the trecers and the jet axis is obscure. The lack of association
between (X.-%.) and (B-0 ) values at different levels suggests
the transfers in the lower stratosphere ere not the result of a
gingle mechanism.

Climatologicel Anelysis in Relstion to Transfer Between Strato-

sphere snd Troposphere

Ozone mixing retios and potential temperstures analysed in
this section were smoothed over 40 mb. intervals. Ozone velues
were smoothed by evaluating totel ozone over 40 mb. leyers
(2 mean mixing ratio), and corresponding values of potentisl
temperature extracted fromT-$grams.

Data were extracted et 40 mb. intervels from 80 to 400 mb,,
thus spanning the tropopsuse on all ascents. Time sections of
individual velues snd three monthly running mesn velues, together
with corresponding velues of tropopause pressure, sre shown in
figs. 7.8 end 7.9 respectively. There is no obvious relation
between the mean valuec in fig. 7.9, but individusl velues in 7.8
show negative correlations between the tropopause pressure and
both tracers throughout the lower sfratosPhere, the correlation
being greatest in each case close to the tropopeause, and greater

for © than for ozone. Where a jet is present within 1000 km.

14
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of Liverpool, the height of the axis was estimeted from cross
sections, and the mean value (which is not, of course, consistent
with the other parsmeters for Liverpool), is shown in fig. 7.9.
To enalyse transfer through the tropopesuse it wes decided
to extract end anelyse deta reletive to the Liverpool tropopause
. height, end 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 ebove the corresponding
tropopause height and jet axis level. The values, plotted es
time geries in figs. 7.10 and 7.11, respectively, show a T
fairly good positive correlation between the devietions from
their respective mean values at all levels. The varisnce is,
however, large, and we proceed, in subsequent sections, to

investigate possible ceuses.

7.6 A Rough Analysis of Trensfer with Respect to the Jet Axis Using

Ozone Integreted over Specific Layers

7.6.1 Intent

in this section we investigate transfer capecity with respect
to the jet exis, by studying the mean horizontal profiles of mean
ozone mixing ratio in the troposphere end in a 100 mb layer sbove
the tropopeuse. The scatter of individual observetions about the
meen value 1s shown to be merginslly reduced by removing the effect
of seasonal variations. 1Indirect evidence is provided that the
instrumentel errors do not seriously effect the meen distributions
end thet the greetest changes in transfer cepacity along the jet

axls occur on lts left side.
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7.6.2 Investigetion of Horizontal Profiles of Mean Ozone Mixing

Ratio in the Troposphere end in the 100 mb Super-Tropopeuce Layer

The integrated ozone within the troposphliere, O, and the

100 mb super-tropopzusre layer, O, , were converted to mean mixing

D<o -5
ratios by the equaetlions CXQT = gﬁ and (’Qs= q- 0.0

respectively, where p, ic the tropopause prescure in mb end O end Og
are in gn em™2.

Figure 7.12 shows sll valucs of C&DTandngsrespectively,
plotted against an ebscissa of dirtence from the jet exis.
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 sdjecent units of distence. (e.g. menn value at
a distance ¢ from the jet axis = Fﬁ:&ﬁ?ﬁﬁq %i;m * %:*5 * %i;QBD

The animum tropospheric ozone mixing ratio,(zga was found
at over 200 nauticel miles (370 km) to the right of the jet axis,
the minimum (about helf the magnitude of the maximum) 60-100
nautical miles { 150 km) to the right of the jet, and velues
slightly grester than the minimum value Qv% maximum), but fairly
uniform in magnitude to the left of the jet.

The maximum stratospheric meen mixing ratio,(x;; is also
greatest at over 400 km to the right of the axis with a minimum
value (~-25maximmn) et the jet end increeses to the left to a value
% of the maximum velueS00 km lef't of the jet axis.

The horizontal profile of the ratio of the spatially

smoothed values of tropospheric to the stratocpheric mixing ratios

1s shown in fig. 7.13, end mey be considered to give the tropo-
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sphere mixing retio which would result from a hypotheticsl
uniform source above the tropopause. This diagrem suggests
that the verticel trensfer 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 variastions.

2. Instrumentel errors.

3. Varistions alony the jet front complex.
and we conslider these factors in order.

The envelopes on fig. 7.12, enclosing the observetions in
each quarter, strongly suggest both verience and meen values, at
a8 given distance from the jel axis, very with sesson, ss is to
be expected on the basis of earlier work, snd we proceed to
eliminate sessonel effects by multiplying each observation by
the ratio of the appropriate annusl to seasonel mean velue.

Estimctes of consislent sessonal mean velues with respect
to the jet axis for different months are derived by dividing the
sample into four renges of dictance from the jet axis, (the mean
values within esch range being about equel and each renge con-
taining about the same number of observations), drawing best fit

curves of seasonsl veristion for each range, then adjusting the

horizontel profiles in ecch month. drawn through the averasge renge

values so derived, for consistency with the snnual mean profiles
in fig. 7.12, Values are tabulated for ench month and unit
distance from the jet exis .end corresponding ennuesl meen velues

computed.
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The sestter of observations about the new meen horizontal
profiles (not shown) is about the same es that before eliminating
the seasonal veristion, but the horizontal profile of the ratio
of the tropospheric to stratospheric ozone mixing retios, shown
in fig. 7.14, suggests that the most effective transfer appesrs
to take pleoee well to the right of the jet axic.

Brewer end Milford (1960), claim instrumental errors through-
out sny one flight erc meinly systemestic, i.e., error at any level
will be & constant percentage of the observed value , €p = e.Cz;Bv,
vwhere E? represents the instrumentsal error at level P and € is
a constent for a given profile.

The relative importence of veriastions inC&Q?due to changes
in instrumental error will be studied. On sny single profile the
ratio of(faSPfor eny two levels‘P,and'?,will be unity, and this
applies equally to the meen valucs in the troposphere end in the
100 mb super-tropopause layer.

If we abstrect mean valucs(EZ)Tandéibscorresponding to each
individual observation, from the values tabulated by month end
distence from the jet, ac described asbove, the deviations C}d)é
and(xggwill be composed of instrumental error, € , and non-
systematic deviationClb*attributable to chenges slong the jet-
front complex. 1i.e., (7(1)-'( = 6")1 - (i‘)"r = (7“): * g,

(), Gy
The retio =T + o
G, ég - ‘;3‘ 3
. & €
%
is unity if I E& I>> %%g:

Vle can drav no conclusions on the relative importence of the

two contributions to the deviation in & given profile, but individual



values of the retio W plotted versus an sbscissa of distance from
the jet axis in fig. 7.15, show lerge departurce from unity
implying large veriations in distribution tske place along the
jet complex. Of particuler interest is the large scatter In the
vicinity of ,ard to the left of the jet axis, implying - to the
extent that the sample is sdequete - that this is the region of
mejor varietion elong the jet front complex, i.e., the region where
most rapid, poscibly locsaliced, transfersbetween strotosphere 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 instrumentel error end thet transfer
between the tvwo regions is there more diffuse.

The implicestions are thus:

1. Major trensfer from stratocphere to troposphere takes
place well to the right of the jet axis.

2. This transfer appears to be effected by rether slow
processes over & large sarca.

3. A second region of maximum exchange is left of the jet
axis end trensfers in this region appecr to be more intense,
though possibly loczliped, then those to the right of the axis.

Construction of Kormalised Cross Sections for Charmcteristice

Situetions

In cross sections relative to the jet axis, we wish to
incorporete, as well es isopleths of ozone mixing ratio and
potentisl temperature, 2 wind ficld either in isotechs or some
function of the wind in terms of its velue at the jet exis.

~ From inspection of the individusl profiles end the time
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series in figs. 7.10 and 7.11, it is obvious that the height of
the jet mxis or tropopause strongly influences the profiles of
ozone and potential tempersture. The proflles were plotted in
the tropopause ranges - ebove 250 mb, 250-300 mb inclucive, and
below 300 mb, snd the scetter was seen to incrense with jet
height,and with height ebove the axis.

Fig. 7.16 gives distribution of meen ozone mixing retio and
potentiel temperature with respect to jet pressure and we observe
that both trecers increase rapidly with height. Profiles were
plotted on a new vertical logerithmic scele (2= log %%) and
velues extracted for srbitrary levels equispaced relative to the
jet level. The new profiles still showed considerable scatter.'
The possible causes of thils varisnce arc instrumental error, seasonsl
variations, and varictions relative to the jet axis.

Neglecting instrumentel error, (c.§. results in section 7.6),
we attempt to isolate the tronsfers relative to the jet by
removing the variations which result from chenges in jet level
end season.

This process of normalisestion requires three stages:

1. Determinetion of characteristic jet stream profiles of
ozone properties es 8 function of semson and jet level.

2, Teking the ratio of velues ofaproperty at stendard levels
to the corresponding values on the charscteristic profile, i.6: =
quotient is then unity in the vicinity of the cheracteristic
profile,

3.  Re-introducing the verticel gradients by multiplying each

quotient by the annuel mean value for thet level)for s Jet at 270 mb.
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We require that the characteristic profiles be representative
of the seme column, preferably close to the jet axis. This is likely
to be so if only profilee at the jet axis are considered, or the
property gradients are continuous snd similar on either side of the
exis.

The latter qualificetions 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 availeble and the characteristic jet profiles for wind were
constructed from these values.

T.T.1 Cross Sections of Ozone Mixing Ratio and Potentisl Tempersture

The cheracteristic jet streem profiles were estimeted by a
method of succeﬁsive epproximation utilising seasonal and vertieal
continuity. ;

Observations in each quarter, for a given level relative to
the jet exis on %he€g.height scele, vwere plotted on an abscissa
of jet level pressure. Plausible best fit curves were drawn for
each season.

A first epproximetion was then obtained of the seasonal varia-
tion of the property considered, for specific jet level pressures,
by drawing curves through the best fit vaslues just determined, and
removing any obvious departures from smooth curves as unrepresenta-
tive of seasonal variations.

Any necessary corrections were then made to the oricinal best
fit curves. Vhen required, the process of approximation was

repeated i» produce s femily of seasonal meen values corresponding
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to different jet pressure levels for the particuler height
(23« 07" ).

Verticel profiles were then drown to ensure verticsl con-
sictency,and values tebulaeted for each month and jet level
pressure. 0f the ten levels considered in the analysis, six
vere evaluated directly as described, end the remaining four
obtained by interpolating between these values.

The normelised velues were plotted on ean ebscissa of
distance from the jet exis. There wes considerable scatter but
efter smoothing, es in section 7.4, a fairly distinct pattern
emerged for ozone mixing rotio and potentiel temperature and
the results are presented graphicelly on & lineer pressure scale
in fig. 7.17, for three jet criteries - entrence zones, exit zoneé,
and the complete group of observations. The distribution of
these profiles in relation to the jet axis, from which the sections
were prepared (Tsble 7.1), indicates thetsthe section to the right
of the jet in the entrance zone is most unrelicble.

TeT:2 Cross Sections of Scelar Wind Field

In section 3.2 we postulasted cheracteristic isotach patterns
in entrance end exit zones which would result in different
verticel profiles for the two regions.

Study of the individuel wind profiles through the jet exis
plotted for consistency on the é*vertical cscale, showed no obvious
grouping of profiles of characteristic form in a particulsr class
of jet region. l}Mean profiles vere computed of wind speed re-
letive to the jet velue for easch cless and are given in fig. 7.18 a).

Mean profiles of fractional wind speed at the jet exis for
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eech querter and for verious groups of jet levels are shown in
figs. 7.18 b) end ¢). Je observe greeter veristion in these
profiles then in fig. 7.18 a), which suggeste the verietions
expected in changing synoptic situstions may be obecured by
seasonal and jet pressure effects.

The procedure followed in determining the characteristic
profiles from fractional wind speed at the jet esxis, for different
months and jet levels, and the subseguent normeslisetion end
anelysis of the frectionel winds, was identicel with that desc-
ribed in section 7.7.1 for ozone. The resultis are nresented
graephically in fig. 7.19.

TeTe3 Cross Sectlons of Verticsl Velocities

The verticel velocities computed in Chapter 3 were smoothed
over 24 hour intervels and so are not strictly consistent with
the deta so fer studied in this section. However, & corresponding
anelysis was attempted.

Profiles were drawn through the values of verticsl velocities
computed for ctandard levelr and values Prom these converted to
the irheight scale es before, Individuel values extracted at any
given level were generzlly found to be much grecter than the
corresgponding meen value. Since the latter wes less than the
error in eveluating the vertical velocity, it wees decided to
ignore the seasonal effects in computing the spatial meen vslues.

The computed vzlues are shown on & lineer pressure scale in fig.7.20.



162

—

aRIni
ARl

/
/
/ﬁé
\
\
\

/50 | /
. a 2 [ /
N Y
7/ - / /?l///"'\ [/ ,r/,;\
MR NN
/1l

/ J
/
/

) / | \:

0 <0 60 @0 50 40

\'//

400 400

F’;au(e 7.9 . Chatackerishic  ¢ross  sections of pe(cenkacje
Q

aono.J w.'nd f\ofrﬂa-Jisec) td-Hq {‘egPu,l’ o a 2‘]omb je,k‘ o./xfs‘ .Fo{ an(a,nc,e, amd
et (‘e?)ions og the je}' aMA {cr( all obeecvakions ers?ec}i\)e, h

ho(}
E the (Px&;on o e jd fm’ wL\\ch\ fl’\e obsexvakons afe comsideded Ce?fesml'a}-de,



163

Al Obsecvations

s e a4 2° et Rrs 2
i

8 4°
150 [ ‘ ' { |\
“r

{50

150

—— e

200

200

200 -
’ 7
250 250 250 - - \/ ]
bx - 270 by 270 Prate ‘ ,
2 2 |?~f' -2
300 300 300 U—l ) -
H
;/ r
350 - ’ /Z s
350 350 p :
: d
(y.’ s \
y . , I
[ ‘ : %
I ¢ | \ P [j\/ -:L Il
400 o -1 -2}-5-46- . l 400 J2-1012] 3 4 400

" . : o ) .
F'\ciuce 1.20. Chotacteiidhc cres sediens of cﬂm?u*.ecl vedticad veleeilien notmolised  aund &,}(esen\*td ceatoe "o o tek amw ok the.

v
v . \ ~‘ . 4'\ 7 ‘ ¢ S Ly \_‘n
2‘|Iom\3 »r;(gggc(e \quql‘ %n’( U\-\(MC-Q amcl r_x\% (‘ﬂe'\% a\; Hm: o\’ cw\lr'l Ec{ o)i\ o\as@(\)cj.m{.s He&?ec.n\yp fs] {'\C ep\ A OT e \Qk

. i .
-es{ LJ!V\.L.L\ ’(‘AQ choefuadion 1S Cc‘n%;c‘\a(ecl (c?\'ef;cn dide. | Uhde 5 em <er .



CHAPTER 8 Exhenge of Air Between the Troposphere

8.1

8.2

and the Stratosphere

General

\ie now ettempt e synthesis of the deta presented in eerlier
chapters.

The possible processes of exchange of air between troposphere
end stretosphere are:

1. ‘een trensverse circulations through the tropopeuse.

2. Dissolution of the tropopause st one level and reformetion et
enother.

3 Verticel exchange by smell scele eddy trensfer.

&.. Slantwise exchenge by large scale mixing.

We proceed from e climatological enalysis of the transfer
mechenisms in the troposphere, lower stretosphere, end between
tropospherc end rtretosphere to e formuletion of e physicel model
of exchenge as releted to the jet stream,frontal zone complex.

An Analysis of Genersl Circulation in the Troposphere end Lower

Stretosphere

& qualitetive estimate of the verietion in dominence of mean
meridionel and lerge scele eddy trencfers with letitude, in the
troposphere, mry be inferred from energy baslonce and energy
conversion studies.

tie may infer from fig. 2.10, showing the net polewerd energy
trensfer required for meridionel heat belance, end the eddy hest
trensfers of Sterr end Vhite (1954), thet the trensport is elmost
entircly due to eddy flux in middle end high lotitudes, but =

meridionsl cell is necessery in low latitudes.
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Lorenz (1955), estimeted the energy generation, conversion
end discipetion, integresls over the northern hemisrvhere and
showed the potentisl to kinetic enerpy convercion of eddies was
much greater than thet of meen motion.  Tucker (1959), estimeted
the energy conversion in low lztitudes by mean meridionel cir-
culation to be the same order as the total, implyinc the con-
tribution of mean meridionel motion in higher latitudes must be
smell or possibly energy consumin..

These combined resultc sugsest the Hadley cell exists almost
undisturbed by eddy mixing in the tropics, but slantwise con-
vection contributes strongly to the net treonsfers elsevhere.

In the stretospherc we shell attempt to mccount for observed
tracer distributions by trensfers excluding large scele eddy
turbulence, then see hovw its incorporetion in the model will
resolve many epperent inconsistencies.

Seeking to interpret the observed meridionel gredient of totsl
ozone and the absence of diffusive separetion in the strotosphere,
Dobson (1929), postulvied e model of transfer incorporeting
slow lerge scale meridionsl overturning cnd small scale verticsal
eddy diffusion., He proposed (fig. 8.1) thet air rose through
the equatoriel tropopsuse, spread polewards asnd downwerds through
the middle and high letitude tropopause, cnd thet verticel eddy
mixing took place through the tropopesuse snd lower stratosphere.
| Brevwer (1949), estimeted mean velocities for this circulati;n
from profiles of water vapour in middle latitudes.

The balsnce equation for a conservstive property in the middle

to high latitude lower stratosphere, neglecting horizontel advection
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may be expressed by:

PR ~. 9% _
K’_B_%’__.w’ai._o.................8‘\

where K is the verticsl eddy diffusivity and $ the value per unit
mass of any conservative tracer,
Neglecting vertienl varietion in Wend K, snd integreting,

the equation becomes:
w
w

S -5 2z
T-Se & R RSN -]

where Zic the height messured from the tropopeause, end S and S.
cre the values of S et the tropopause and in the upper pert of the
descending current respectively.

Brewer (1949), applied this equetion to humidity profiles
in middle latitudes, and found reasonsble sgreement in meny
cases for a value Qf%% of zbout --3::10"5 em™1, In the gbsence of
any messured velue of K in the lower stratosphere, he proposed
& ressoneble vslue of 103 em? sec'l, which impliesEJe,-3x10‘2 em. sec™!
or 25 m day‘l. This would r-sult in adiabatic warming by subsidence
of about 0,259 day'l, which might rensonebly be compenssted by
radietive cooling as indiceted by fig. 2.9. The complenentery )
heeting required in the tropicsl stratosphere does not appear coﬁ-
sistent with the redistive heat{ng retes in fig. 2.9, but the com-
putations of meen annuel rete of tempersture change, by Manabe
end Moller (1961), in fig., 2.10, indicete a possibility of slight
heeting in this region. |

Murgatroyd and Singleton (1961), calculeated & meriﬁional
circuletion suficient to transport heat between the meen redie-

tive sources and sinks, as evalusted theoreticelly, in the streato-

sphere. Below 30 km they found risinc eir over the equator with



outflow towerds both poles and descent towerds the tropopause
in high latitudes in both hemispheres.

The suggestion in section 5.2 that the ctratosphere is
almost uniformly dry (.01 - .04 gnm kg‘l) 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 lstitude lower stratosphere
suggests the meridionel circuletion mey be stFoﬁqFKduring 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
zonel motion by conservetion of engular momentum at a few metres
per second per dsy. This could conceivably be disposed of by
eddy diffusion so is not obviouesly inconsictent.

Interpreting the ozone distribution quantitatively demands
a knowledge of the source strength end the rete of leckage of
ozone through the tropopeuse. The latter is unlikely to be greater
in summer then in winter, nor is there much seasonal veristion in
the source strength end distribution, so differences in seasonal
distribution ere likely to be due to veristlons in trensfers. |
The observed sprins bulld-up of ozone in the winter lower strato-
sphere is thus consistent with maximum eireuletion strength in
vinter end spring, and little or no ecirculetion in summer which
is spprrently ' consistent with the interpretation of humidity.
The generelly lower ozone mixing retios in the summer lower stretn-

sphere (fig. 5.11), in spite of the ceasonzl incresse of source
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strength at 2 given level, could be accounted for by the poleward
erm of the meridlonsl cell being confined to a lover level during
this sesson, snd consevuently the descending current being
reletively poor in ozone. Moreover, the decrcase in slope of
the ozone isopleths in summer (fig. 5.11), implies e weakening
of the circulatlon.

The low ozone concentrations in the tropicel lower stratosphere
(Ramenathen end Kulkerni, 1960) in all seassons, which arc less than
would be expected from photochemical equilibrium (Dutsch, 1956),
strongly suggest a slow ascendins current.

The obvious festures of the anelysis of radioisotopes presented
in section 4.3 mey be summarised as follows:

l. Low concentrstions in the lower stratosphere relative to

8S woZ
, R\"") and excess Cl%, arc observed

the tropopause of <, W
in low letitudes, in figs. 5.17 - 5.24, consistent with the slow
ascending current of the Brewer-Dobson model.

2., Figs. 5.23, 5.24, from Hagemen et el (1959), show the

tropicel lower stratosphere to be poorer in excess c1% in winter
then summer, in each hemisphere, implying thet the mesn ascent,

and conseacuently the meridionsl cell, is stronger in winter then
summer.,

3. The exis of maximum concentration of 2 in figs. 5.21 and
5.22, slopes downward from the egqustor towards the poles in

both hemispheres, end shows little verticel displacement with time,

in spite of being injected by sll nuclear burste, and consequently

having e highly verieble source. This is epperently inconsistent
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with the Brewer circulation since the ascending end descending
currents of the meridional cell would be expected to advect

9
the levels of maximum ‘Stoalong with them.

-
4, The axis of maximum concentretion of \J in ficse 5.17 =~

519, like QQ?O, slopes downwards from the equator towards the
poles in both hemispheres end shows little verticsl displacement
with time. /. pleusible resolution of this eppsrent inconsistency
with the Brewer circulation lies in the discussion of sampling
technicue end voristion in sedimentation rates in section 4,3.
From fig. 4.2 we observe the sedimentotion rate increases with
height end with incrcase in perticle size with a resulting tendency
for only the cmaller particles to be advected upwards in the
escending current. The 22 km level of maximum bj%ix1thc tropies
could represent the equilibrium level between mesn ascent and
sedimentation of the lerger psrticles. The relatively higher
collection efficiency of the sampling filter for lsrger particles
shown by fig. 4.3, will further sccentunte the maximum. This
possibility fails to account for the meridionel spread of theta‘&i
the lack of meridionsl movement of the concentretion meximum,
end the lack of subsidence in the middle letitude level of
concentrztion maximum over the period considered.

Stebbins (1960), from analysis of the rate of chenge of
vertical profiles of hyas’ estimated velues of the verticel
eddy diffusivity of 103 cm sec™} in the tropieel stratosphere,
and bx10" em? sec=l in middle latitudes. This latter value is
over an order of megnitude greeter then the value essumed by

Brever (1949), and would rcsult in = much faster meridlionel cell.



Eliesescn (1952), has shown thet zonelly symmetric thermel
end momentum sources and sinks induce meridional overturning.
These two mechenisms are linked in a complex non-linear fashion
end meke e genersl theory releting the zonel flow and the meridionel
circulation extremely difficult,

We novw invoke the concept of large scele eddy mixing in en
attempt to explain sny inconsistencies. In section 2.3.4 we
presented evidence of eddy mixing in the lower stretosphere from
en enelysis of zonelly averaged covariance of vertical and
meridionel wind components, snd showed the mixing engle implied
by the correlations was consistent with the slope of the mean
isentropic surfaces. The slope of the meen potentisl isotherms
is downward towards the pole over the entire hemisphere in the
summer lower strstosphere but reverses in higher letitudes in
Wwinter. The anslysis of the limited observetions for Liverpool
in section 2.%.5 strongly suggests a seasonal variation of mixing
‘slope in the lowcr sirestosphere consistent with the reversel of
horizontal gredient of potentisl temperature.

The counter gredient eddy heet fluxes notéd in the lower
. siretosphere by White (1954) end Peixoto (1961), sugzest these
éddies to be energy consuming, i.e., forced so the mixing slope
will be greeter than that of the meen isentropic surfeces.

No such direct evidence of eddying moéion exists in the
middle stratosphere, hovever, by analogy'with the tropospheric
systems, transfer by waves sssncisted with the poler nipght vortex
seems plausible, end‘in gection 6.2 seasonel meen distributions
of ozone vere interpreted as evidence of eddy transfer by transient

eddles.



The Brewer-Dobson model of stretospheric circuletion is
modified in fig. 8.2 to incorporeste s pattern of large scale eddy
nixing consistent with the preceeding deta interpretation.

The spparent spring maximum in the seasonal variation of
humidity in the middle latitude lower stiratosphere (section 5.2)
may now be interpreted as due to both inecreased eddy mixing above
the trﬁpopause end increesed moisture transport from the troposphere.

The meridionel sections of ozone mixing retio in fig. 5.11
are also consistent with the pattern of eddy mixing shown in
fig. 8.2. The generelly lower values observed in the summer
lower stratosphere might then be partially acecounted for by ihe
lower levels to which the stratospheric eddy mixing was confined
in the ebsence of the polsr night jet.

Newell (1961), hes estimated the horizontsl flux of ozone
by trensient eddies in the lower stretosphere. In the ebsence
of a sufficient number of verticel profiles of ozone, he assumed
the totel ozone enomaly to approximate thet in the lower strato-
sphere (12-24 km). In section 7.3 we showed that the correlation
between ozone in the lower stretosphere over Liverpool was much
lesc then over Cenade, in fact both the correletion coefficient
end the regression factors vary with locality end sesson, but the
flux estimates should be of the correct order. Newell estimated
the horizontel eddy flux frqm 25 stations, for three monihly
periods throughout the I.G.Y., using for alternative estimates,
the winds at the 50 mb and 100 mb levels. In middle letitudes

he found the eddy flux directed polewerds for yoth estimetes, with

172



Dummes “mimf\\exc Winltes Hm:epkue
Flcsure, 8 2. The B;uu—-bo\:sw\ mcd&l D? %\’a*n%?il\u:c
teealddion 'mus{‘)r(a.tmc& i adA\Honl oLl Mixena.

The shett ctcens re.?«sm\" vestical cdd-.‘ d:ﬁugm, an
the \oncj OBLC‘M o | WWO-QJAA\ M-x:n%.

175



strongest flux in the 1lst and 4¢h querters, but for three
stetions north of 60°N, where the stratospheric isentropes
reversed their slope in winter, it was found to be southward.
These results asre consictent with the proposed eddy transfer
pattern.

Newell (1961), attempted to evslurte the relative contributions
of the various trsnsfers 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 meridionel trensport
(1) and thet by stending eddies O VY ~ sie)
require an sccurate eveluation of mean meridional velocity and
meen ozone. The sample used by Newell is clearly too small
to be representetive and so the results can at best only represent
a rough approﬁimation, end might even be incorrect in sign.

Newell estimates a zonal temporal mean meridionel velocity for

the 100-25 mb layer, directed poleverd, of 6 cm sec~l during

the first quarter. His reasons for adopting such a value are
unconvineing, (he tokes estimetes 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 extrapoletion of the
value at 100 mb of Pelmen and Vuorela (1963), =nd the computed
value of Murgatr&&d and Singleton (1961), it may not be unressonable.
On the further assumption that a third of the totel ozone in =
verticel column is involved in the lower stratospherie transport
processes, Newell estimetes the tronsporte across 50N due to

transient eddies, meen advection eand standing eddies to be 9.0x109
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1,62109 and 2.5x10% etm cm cm? sec™! respectively.

Furthermore, Newell estimated the net mean rate of change
in integrated mean ozone within the polar cap, from Godson's
(1950), meridionel profiles of totel ozone, as 9.Ox109 atm cm em®

sec"1

s Which is somevwhat less than the emount transferred by

total eddy flux. This too suggests eddy trensfers exert e

dominant influence in the mlddle and high letitude lower stratosphere.
Finelly, the introduction of the scheme of lerge scale eddy

mixing helps to explain the distribution of certein radioisotopes.

§-%]
The \J debris which wes injected at 120N in summer 1958 eppecred

to sprend polewards end downwerds in 2 menner consistent with
eddy mixing slong e slope somevwheat grecter tren that of the mean
isentropes, implying the eddy motion to be encrgy consuming.

The evidence presented then eppears consistent with the
model in fig. 8.%2.

8.3 Transfer Lcross the Tropopouse

e

F Relaetive Contributions to Trensfer from a Climstologicel

~

Viewpoint
The mesn tropopeuse height in fig. 8.3 (from deta of Goldie

et al, 1957, and Steley, 1962), is considercbly lower in winter

than in suzmer except in low letitudes. The surfece pressures

also show an asnnual varietion with reximum in January and minimum

in July, the emplitude of thc change varying with latitude as shown

in fig. 8.4, (Zoncl meen values in Jenuery and July were computed

from hemispheric charts of meen monthly pressure in Brunt, 1934.)
The seesonrl change in stratospheric mass due to mean

tropopeuse height wac computed by means of the formule:-
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ik

facs chenge = X ZE%%;&*(AébdQ

>
where Aya ic the secconal change in tropopause pressure end &’
latitude. Summation is carried out over 5° intervals in Table 8.1
end the total seasonal change is‘Zﬂfi50.5 e The corresponding
mass change in the column from the surface to ihe top of the
atmosphere resulting from trens-equatorial trenefer, is elso shown
in Table 8.1 ( 2w0: 4,82 g) and only amounts to 15% of the chenge
in the eiratosphere. So even if the entire trans-equetorisl
trensfer was effected within the streotosphere, therc must still
be a net mecan mass trensfer upwerds through the tropopause in
winter and downwards in summer of QW(:.25.5 g

New interpretation of ozone and radioisotope distributions
in the tropical stretosphere (see section 8.2) indicetes mesn
accent takes plece in both summer and winter hemispherec, but is
less in summer than winter. If we sssume the sessonal mean mess
trensfer from troposphere to stretosphere in winter to take place
within 209 letitude of the equetor, the mean ratc of escent
necessary to effect a trensfer of ’Z-n(‘:, 25.5 g { @r\(‘: 30,3 g) would
be 0.29x10"1 em sec-l (0.35}:10‘1 em sec=l),  Theee velues do not
allow for the ascent due to the Hedley-Brewer cell in summer, but
a mean ascent in the tropical lower stretosphere consistent with
Brever's (1949), estimete of subsidence in mid-letitudes would be
sbout .55x10'1 cn sec™! which would cuggest transtropopeuse velocitiee
of ebout 0.2x107} and 0.5::10'1 em see~l in summer end winter
respectively.

The cvidence in section 8,2 justifies our asserting that

t
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vertical trensfer in both troposphere end lower stratosphere, in
the tropics, is due predominantly to a mesn direct meridional
circulation and there is some evidence in sections 2.2.1, 3.5 end
3.6, of en indirect cell associsted with the jet complexes.  The
relative contributions of the mean transfer by these systems to
the net transfer sre evealuated from meridionzl sections of\;ﬂ.
Pelmen and Vuorela (1963) computed zonel meen velues of the
meen meridionel wind {{;i to a height of 100 mb from Crutcher's
(1961) croes sections of three monthly mesn values et successive
10° longitude intervele around the globe for winter, No similar
summer section ofiiﬂ is evailable oo consistent valucs wvere |
computed for the 100, 200 gnd 300 mb levels from the equator
to 55°N latitude from Crutcher's originel sections. Mean values

of horizontal divergence were then obtained from the eguation:-

2% _ Bl
Y creng

Profiles of Vi%\were then drevm from p=0(¥.[T]=0) down to

<.1%] =

the 300 mb level end the verticel velocities &31 were estimeted

by grephicelly integrating downwards by meens of the equetion:-

- ! Pe

We observe from the results in fig., 8.5 thet mean ascent
retes atl the tropical tropopause are vuslitatively consistent
with the prececding indirect estimates.

The generel festures of fig. 8.5 ere incorporasted in the
model of meridioncl circuletions in fipg. 8.6. In this figure
the verticel transfers « ,‘6 y § , are the meen verticel mass

fluxes through the tropopeuse in high middle end low latitudes
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respectively, associated with the circuletionr in fig. 8.6, end 7_
is the seasonal stratospheric-tropospheric mass exchenge
reflecting tropopsuse pressure changes alreedy calculated to

lie between ZWC;EO.E g and % 25.5 g, so that the tropospheric-

stratospheric balence is maeinteined in accord with the following

equetions:
In winter o+ X+ = (%
In summer e, > ¥, =2 *-(g, e e e e

The northern limite of the descending mean current in winter
snd summer et the 200 mb level, from fig. 8.5, sre 37°N end 47.5°N
respectively. The mean position of the subtropicel jet,
evaluated from the Crutcher (1961) oross sections of soalar wind
speed, were 27.5°N (consistent with the estimate of Krishnamurti,
1960), end 37.5°N. It eppeers reesonsble to assume the vertical
velocity reversel is assoclated with the jet.

The meen mess fluxes ¥, , ¥, , and G, > ﬁz, as defined sbove,

heve been evalusted and arc given in Table 8.2. Corresponding

-85

. 8.6

values of o/, , and <«,, vere deduced from equetions 8.5 end 8.6, giving:

¥, 1 6,z &, 26.9 : 105.6 : 109.2 (or 114.,0)
3%, (rt o,

38.1 : 177.6 : 109.0 (or 104,2)

The elternstive values of the «( trensfers, represent limits
encompassing the ectuel value. The bracketec values representing
the transfers if the totel seasonal trensequstorisl transfer is
assumed to teke plece entirely in the stretosphere, and the other
if entirely in the troposphere.

The ratio 5% suggests the postuleted indirect circuletion

assoclested with the jetz is responsible for the greater part of
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the totel iransfer by meen vertical transfers, (three times as
much es the tropicel circuletion in winter snd four times in
summer ) .

There is only about 10% sessonal veristion in the mass trans-
fer by the indirect cell and the meximum transfer is in winter.
This is consistent with the seesonel and meridionel varistions
in rediodebrie concentrations shown in fig. 5.14.

Informetion presented in section l.1 suggests that the mesn
residence time of air in the lower and middle stratosphere is
somewhet less than a yeer - ranging from e few months in the lower
extratropicel stratosphere (Martell, 1959), to a year or more in
the tropicel middle strotosphere. If then the stratospheric
elr io completely changed in nine months there is en asnnuel mess
exchenge between troposphefe and stretosphere of Eﬁfﬁfg5o gm.

The meen mess exchenge by meen verticel trensport over a
" yeer mey be estimated, from Table 8.2, by (%.+F5 = ZTTﬂf 280 gm,
which suggests thet the totel amnuel trenefer mey be accomplished
by mesan motions.

The estimate of totel mess trancfer from stratospheric
residence times mey be somewhet low since there mey well be en
exchenge of eir in the vicinity of the jet between troposphere
end stratosphere without depletion of the lower stretospheric
redioisotope concentration, the transverse circulations about
the jet axis simply causing en oscillation of much the same

air between the two regimes.
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8.3.2 Traens-tropopause trensfer as inferred from evidence of

ffhe evidence on trens-tropopause trensfer presented in
the last cection derives from our eveluation of the field of
mean verticel velocity in the neighbourhood of the tropicel
and near extratropical tropopause, and of seasonal mass trans-
fer between stratosphere and troposphere deriving from the
fields of mean pressure and from estimetes of stratospheric resi-
dence times.

e have seen, moreover, (Chapters 2 snd 3), that the
direct evidence on the extratropical meridional ecirculation from
observations of wind is inconclusive. Tucker (fig. 2.6)
found evidence of en indirect cell, Palmen aﬁd Vuorela (fig.2.5)
of e direct out to 10°-20° poleward of the subtropical jet,
and our own (limited) analysis for Liverpool suggested an
indirect cell centred benesth the jet. lMurrsy eand Daniels
(fig. 3.7) and Briggs and Roach (fig. 3.8), distinguishing
between entrance and exit zones of middle latitude jets, found
direct circulation sbout the former and indirect aBaut the latter.

We shall now, in conclusion, summarise the further
evidence which hes been extracted in the present research (and
otherwise) which lends support to the ideas expressed in figs.
8.2, 8.6, ond Table 8.2, and may be used to help resolve the
inconsistencies concerning circulation models noted in the
last paregreph. Ve shall alco point out-where further

elucidation is called for.



One of the most important of our presemt findings is the
meximun of meen tropospheric ozone observed to the right of
the jet axis in fig. 7.14. I} suggests (to the extent that
tropospheric trensfer edds no complication) thet stratospheric-
tropospheric transfer is greaster to the right of the jet axis.
This inference is supported by the distributions of integrated
tropospheric rodiodebris 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 ere consistent with e meen indirect
circulation about the jet in which the transverse trancfers
ecross a sloping or broken tropopause may be ac importent as
the verticel transfers. Upon this eirculation moy perhaps
be superposed a largescsle circulation of the Brewer-Dobson
pettern. The contribution to net transfer close to the middle
letitude jets of the latter circulation, is inferred to be
minimel since - a further importent finding -~ the secondery
seasonel 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 grester intensity
of circuletion near the tropopsuse then well above it. The
June stratospheric ozone meximum in fig. 7.6 woy be explained
by assuming the ozone in the lover polar stratospherc to be
increased in spring by the processes discussed in Section 8.2,
vhich would result in e grester meridionsl ozone gradient in
the late spring end, for the seme trensverse circuletion, an

inereace in ozone in the lower stratosphere in the vicinity
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and to the right of the jet exis from increased equatorward
sdvection. This secondary meximum should be absent et more
northerly stetione remote from the jet axis end thie requlres
confirmetion. (The summer meximum cannot be explained by
seasonal motion of the jet axis neglecting meridionel 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
axis would then suggest the inconsistent result thet ozone at
constant pressure in the middle latitude lower stratospherc should
be & minimum in summer vhen the meen jet axis is furthest north.)

Sporadic intrusions of stretospheric eir from the lower
polar stretosphere into the troposphere in the vicinity of
the frontal zone below the jet axis heve been inferred from
humidity and ozone date by Briggs and Roach (1963) = fig. 6.3;
from ‘3:°by Denielsen 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 cleerly inconsistent with transfers by a mean indirect

(=

circulation. The secondary meximum 1n(;blto the left of

the jet sxis in fig. 7.14, sugpests that direct cells alternate
with indireot about the jet, en inference supported by Tucker's
(1957) enalysis of humidity in relation to the jet in fig. 6.4,
and the interpretetion of velocity components in Scetion 3.7.
The combined evldence suggests thati these intruslons mey take
plece in a direct circulaetion in entrance zones, and o simple

dynamicel enelysis by Sewyer (1958), supportis thic inference.

Simple models of such transverse circulations are shown in fig. 8.7.



Pressure in wb.

Pressute ia mb.

187

& Endfance “one

100 T T T

300

AN

L . . L 1 L 4 N3 1
400 300 200 100 o 100 200 300 400
.Dishzqr,e n Km.
L) Exit Zone.

100 — T T

200}

400 300 200 o0 O 190 20 300 400
Distance in Km.

Fn%u(ﬁ 87. Circvlalions in enttance .amd eall aemes o% e
Shcaight et and their cesulhng macs tomelets | ate

re,?(e%u\nd b-x ?\M%ZB\Q -'30\31?}‘».5 og— Shohus Skeamn

%und‘;ﬁ"’\.




188
In spite of the portulsted dominent influence »f the indirect
circulation, we leck conclusive direct cvidence »f Itec importance
from trecers, Tronsfer will, in sll coses, be more resdily
dotecteble over short periods to the left of the jet where it
takee place acrocn grester trecer crndientr, bul there is no evidence
of & morled ozone poor re;rion in the lower ctratosphere to the left
of the jet maximum ez we would anticipste in exit regions.
Confirmntion of the tronrfeor models in fig. 8,7 vas sttempted
by construction of cheracteristic cross cection but neither the
verticel velocity nor the trecer distributionr with respcet to
the jet in fige. 7420 rnd T.17 sugpeet a2 simple sincle cell
circuleotion in rny o® the jet rerions considered, thourh there
in o good eorrelation in 21l sections betwesn threc cerrmeters,
The laclk 7 dinrtinet circulation petlerns irs probebly o consenuence
of the unropreeentetive semple. Fewyer's (1958) dynezicol
analysic showed thet curvsture wvortieity ndvection i¢ copcble
of produeine s field of verticesl veloeities in the upper iropo-
gphere and lower stretospherc of the ecmnme or'er ¢c those produced
by sheer vorticity ndveetion, ond th-{t incrensing the cyclonie
{anticyclonic) curvcturc of the jet exis would produce s field
of vertical velocitlesn resulting in upper trorocpheric fronto-
genesig {frontolysis) end downwerd (upward) mocc trancfer to the
left of the jet. This deduction, rupported empiricelly by
Endlich's (1953) findinc that srestes’t subcicdence (socent) in
the upper tropocphere occurred west of the long wrve troughs
(ridrec) snd eact of thc lonr weve ridges (4roushs) implies, as

does the enalysis of uind components in “ectlion 7.7, thst the jJet
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front model proposed in Section 3.3 (p.52) ic 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
underteken here and previously to imply the following modes of
stratospheric«tropospheric transfers:

A mean direct (Hadley) cell penetrating the trepupeuse
in the tropics end subtroplcs,end en indirect cell, centred
about 150 mb below the poler front jet maximum in middle
latitudes , and large scale eddy transfers by transverse
circulations about the jet axis in entrance and exii zones of
the jet together with transverse transfers to the left of the
Jet axis aszociated with the long wave trough and ridge systems.

There is little evidence of = Brewer-Dobson type circulstion
making an appreciable contribution to the net transfer.

We regerd the following aspects of the problexr as unresolved:
l. The relative contributions of thc mean end eddy motion
to the net treansfer, since the horizontel profile of mesn tropo-
spheric ozone across the jet axis is incomsistent with the results
of the mean vertical mass trencfer asnelysis in Section 8.2.
Independént estimetion of the megniiude of the exchange by eddy
mass transfer directly, by means of cheracteristic cross sections,
vwas not practicable since the semple was not representetive.

2. The relationship of the subsidiary ozone meximum in the
time series in the lower stratosphere in reletion to latitude

(end mean jet position).
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8.4 Meintainence and Movement of the Tropopeuse in Relation to

Préposed Oireulations.

o ’Tﬁe pfesent study hee not contributed any noteble clari-
fication of the problem of tropopause formetion end main-
tainsnce. But we ghould exsmine briefly whether the exchenge
processes discussed above arc consistent with whet we know of
tropopause structure.

A tropopause formed in low latitudes es e rcsult of radistion
end wet convection would presumebly be adveeted poleward by the
upper limb of the Hadley eell as far as the subtropical jet.
Similerly & tropopause formed by convection and radiation in
colder air north of the poler front jet - 2t e lower level then
in low latitudes, partly because of the smaller buoyancy from
latent heet end grecter stratospheric ozone - would presumably
be advected equatorward ss far ns the jet to the south by an
indireet circulation about the polarfront jet. (There is no
evidence of & mean indirect cell associated with the subtropical
jet though we have postuleted similar locel trensverse
circulations.) The tropopasuse is not en isentropic surface
and so it is rescsonable to expect esir to move freely through it,
the lepze curvature being meintained by radietion and the
motion processes discussed quantitetively by Brewer - end
probebly, on a scele comperable with cyclone eddies, by a
field of divergence associated with the jet ciroulations.

This is broadly consistent with the observed tropopause structure,
Moreover, in the jet entrance, wherc the trensverse circuletion

about the jet is reversed, ve would expect to find some



characteristic difference in tropopause structure end limited
analysis in Section 7.7 supports this contention. The
radietion field end its effect on tropopause reformation

vill chenge with chenge in circulation beccuse of the dominant
importence of cloud distribution. These are matters for

further investigation.
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App endix 1

Evaluation of smoothed vertical velocities in the upper troposphere
and lower stretosphere:

The thermodynemic equation for unsaturated sir mey be written:-
dr \ d
dt”c"';ﬁ‘“k)rd............-..‘.

where Y‘.\=—(§‘-§)‘>o, represents the tempersturc profile of the aetmos-
phere uith vhich a parcel undergoing dry adiabatic motion would
remain in thermal equilibrium,

Truvr-5 9

IOy
On the infrequent occasions where the atmosphcre is statically

giving : L) <

..... ---'--2.

ZA)
unstable, i.e. ,'% 4-?‘440 , ‘the denominator - (I'd + ?3—%) >0 R
otherwise it is negative. In the troposphere '%-__‘; = -1 8o care

must be taken in estimating the lapse rate there, bui in the
stratosphere ‘%'_;F.O end the denominator tends to —\y and may
be derived more conveniently from potential temperature profiles.

Since reslized values of '%-':__ in the upper troposphere and
lower stratosphere are generally lerge compered with the likely
rate of redistive heeting or cooling (~ 1°K day™l) we shall neglect
the latter in our evaluation of W.

Equetion 2 refers to instentaneous velues and becomes after

- T - ‘3? ~ = v
smoothing: - ((‘d +¢%%> = “~ Y.V{\‘ + Y ST 3

Vertical velccities were evalunted smoothed over a 24 hour
interval and an ares about the size of Great Britain, end layers
of 40 mb thickness. Temporal mesn values were obteined by teking
averages of the observations 12 hours preceeding end succeeding

the required time, i.6., { ¥12he
= . T; '\'-‘g

=
Evaluation: = )
Denominator (Ty+ '%;523 = "\é 91 (7, 3_—;1).‘. (n, J%g)}

T; =T£-\?- s \5, ’Txan?. N

3
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N
<YB'*ﬁgz\) was evalunted directly from radiosonde profiles in the
troposphere, but in the stretospherc where a time section of © hed

already been evaluated on a linaar'? seale, it was estimsted from

the equetion: P %Q
5 L ; g ©

The ratio%was ascumed constent since ’P'——-'PS and the range
of O (305-335°K at 300 mb) is about 10% of its mean. The
verticsl gradient of O wes evaluated over a leyer from 20 mb above
to 20 mb below the required level. (Smoothing over a 40 mb
vertical intervel is consistent with thet over a horizontal dis-
tence of 3-400 km, end a time of about 12-hr.).

Local change term: o7 L C:Y ::TB where }.and |:are the

ot DX g M Iy '
temporal mean values at times t *12-hr. The temperatures vere
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 totel by eight.

Horizontal advection term: \—{-V\:_V . The mean vector wind
was evaluated from the Liverpool values \_f; end \_jg, no spatial
smoothing was considered necessary since\_f wes not highly varisble
over the 300 lm spetial smoothing ares.

Charts of 7 were enalysed over an area incorporating the
British Isles and Northern Europe - the analysis procedure of
dravwing smooth isotherms introducing somec degree of spatial

smoothing. /T was extracted from these charts. The eddy

trensfer term \/1(7’(' was neglected though it may be as large as

the mcan adveotion in ceses of rapldly moving waves., ‘
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Appendix II

Integration of ozone in finite vertical columns.

-

Tropospheric Integrated Ozome. In the troposphere %€¢(>but

2 . . s oy
,3%-.@' NOh.) A, = S8 %0 &—_—r; x?o
) K R
and T‘:.G)(%i} ld¥m1€ K = S
x°=8-\oxlo—exe"j§:’:~g Y

Consequently the ozone in the troposphere mey be evelusted es
3

e
follows: o, - {o]\;T - J 810x 152 9 £, % 1o "
1-%

T P oy
5 826 % 0% 0 f.
> 8§26 % O% \o ?_ég_“_A?.........-..7'

In the troposphere © = 300°K end the summetion wes carried
out over small intervals of p (i.e, small c&i the variations inx:::-w
and Y.which are independent functions of P ).

Now over the renge 1000-100 mb, P epproximates to & straight
line and sums were evelusasted over layers diminishing in thickness
from 300 mb in the lower troposphere to 50 mb near the tropopeuse
where the verticsl ozone concentration profile is lieble to greater
changes.

Stratospheric Integreted Ozone. Ozone in & layer between the

tropopause and a pressurep,in the stratosphere

[o]ﬁl: _%Ji:gx-d? - SBQHOJ’ fﬁ? s

In the stratosphere | = constant on any given day

[dﬁlr Sﬁﬁ§?x@1J:}:dk?
- W—-—Eg i 0 n(E)

’Su* \n( -Ap %\o% %BPB} Z3 0Cj<1? A‘?\
Ozsne  in C.o\Uw\v\ = 13Lx 16 St ?__ ?., °3<3? BQ
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The eres on 9.&)303 T chart wes estimeted in such & way that

Nl -

A\ocj“o'?——\o%h(l\% )- 1 unit. Since 1 unit represents the ratlo
o

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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