M.O. s30g AIR MINISTRY
METEOROLOGICAL OFFICE

Geophysical Memoirs No. g2

(SEVENTH NUMBER, VOLUME XI)

DAY-TO-DAY VARIATIONS IN
THE TROPOPAUSE

BY
J. S. SAWYER, M.A.

LONDON: HER MAJESTY’S STATIONERY OFFICE
1954
1 Index

Decimal In Geophys. Mcem., London,
551.510.82 : 551.557 : 551.558 11, No. 92, 1953




TABLE OF CONTENTS

Introductlon . ..

Theoretical and observatlonal knowledge of the tropopause ..

Present series of tropopause charts .

Accuracy of the data regarding the tropopause

Advective contribution to short-period changes in the tropopause

Comparison with the original records for Larkhill

Characteristic features of the tropopause charts .
Results of the present investigation in relation to the structure of the tropopause .

9. Practical application of the present results
ACKNOWLEDGEMENTS .. .
BIBLIOGRAPHY
LIST OF ILLUSTRATIONS" I
FIGURE 1. Isobars on the tropopause, 0300, May 7, 1949 .

2. Contours of the 500-mb. surface, 0300, May 7, 1949 .

3. Pressure at the tropopause, height of 500-mb. surface and temperature at 500 mb. at
6-hr. intervals, Larkhill, May, 1949

4. Bjerknes model of a wave depression . . . .

5. Vertical circulation associated with developmg depressmns and antlcyclones accordmg
to Palmén )

6. Mean latitudinal vana.tlon of the tropopause as gwen by Ramanathan for wmter w1th
the manner in which a discontinuity might arise by folding as indicated by Ramanathan
and Ramakrishnan

7. Meridional cross-section over Amenca for 0300 November 30 1946 as glven by Pa]mén
and Nagler33

8. Schematic cross-section through a warm front showmg folded tropopause .

9. Schematic relation of folded tropopause to frontal system in the horizontal

10. Schematic section through the confluent entrance to a jet stream

11. 1500, May 19, 1949 ; (a) surface chart and isobars on the tropopause and (b) contours of the
300-mb. surface .. .. . .. .. .. .

12. Temperature soundings, Larkhlll May 19 1949 .

13. Hodograph of wind sounding, Aldergrove, 2100, May 6, 1949

14. Distortion of the folded tropopause at the exit from the jet stream ﬂlustrated by horlzontal
displacements at the “‘ fold ” .. . ..

15. 0300, May 5, 1949 ; (a) surface chart and 1sobars on the tropopause and (b) contours of the
300-mb. and 200-mb. surfaces .. .. ..

16. 1500, May 5, 1949 ; (a) isobars on the tropopause and estlmated tra.]ectorles of air at
tropopause level and (b) contours of the 300-mb. and 200-mb. surfaces .. .

17. 0300, May 6, 1949 ; (a) surface chart and isobars on the tropopause and (b) c ontours of
the 300-mb. and 200-mb. surfaces

18. Temperature soundings, May 5-6, 1949, 111ustrat1ng the occlusmn ofa h1gh-leve1 tropopause

19. Schematic relation between tropopause low and 300-mb. contours ..

20. Schematic cross-section through a tropopause funnel . .. .

21-25. 0300, May 15, 16, 17, 18 and 19, 1949 ; (a) surface chart and 1sobars on the tropo-
pause and (b) contours of the 300-mb. surface . ..

26. Temperature soundings, Larkhill, 0300, May 17 to 0300 May 18 1949

27. Cross-sections through the tropopause funnel, 0300, May 18, 1949

28. Temperature soundings, Larkhill, 0900 to 2100, May 21, 1949

29. 1500, May 21, 1949, surface chart and isobars on the tropopause

30. Temperature soundings, Larkhill, 2100, May 4 to 0900, May 5, 1949 .

31. Section of tephigram of ascent over South Farnborough, 0920 to 1100, May 5, 1949

PAGE

12
13
14
15
15
37
38
38
38

N

o @

10

11

11
16
16
17

18
19
19

20

21

22

23
24
25
26

. 2731
32
33
34
35

37



DAY-TO-DAY VARIATIONS IN THE
TROPOPAUSE

SUMMARY

A series of 6-hourly charts have been drawn in detail showing the topography of the tropopause over a period of
one month. The features of this series of charts are compared with previous studies of the tropopause, and the existence
and behaviour of discontinuities in the tropopause surface are illustrated ; these are most marked in association with
the jet stream but minor disturbances occur elsewhere. The tropopause “‘ funnels ”, reported by Palmén, are described
and discussed. An analysis of the movements of the tropopause with the aid of estimated air trajectories suggests that
the tropopause usually moves as a material surface embedded in the air current, and that of the changes of tropopause
height at one place about half are to be explained by the horizontal advection and about half by the vertical air
movements.

§ 1—INTRODUCTION

The increasing amount of flying at levels of 30,000 to 40,000 ft. has drawn attention to the
need for an improvement in our knowledge of the structure and dynamics of the upper tropos-
phere and lower stratosphere. The tropopause is an important feature of this layer of the
atmosphere, and an understanding of the nature of the changes which it undergoes and their-
relation to other features of the weather situation is essential to the proper analysis and fore-
casting of meteorological conditions around 35,000 ft.

During the Second World War, 1939-45, an extensive network of radio-sonde observations
was established over Europe and North America, and has been.maintained since with the
addition of observations from ocean weather ships in the North Atlantic. Most of these soundings
reached the tropopause, so that material is now available for the drawing of comprehensive
charts of the topography and structure of the tropopause ; it is possible to draw charts at 12-hr.
intervals over a wide area, and up to 1952 charts at 6-hr. intervals could be drawn in the
immediate vicinity of the British Isles.

Before 1939 upper air soundings which reached the tropopause were irregular and generally
unrelated in time or space. Analysis of them was therefore primarily on a statistical basis
following the pioneer work of Dines'™. Strong correlation was found between the height of the
tropopause, the pressure at 29,500 ft. (9 Km.) and the temperature in the middle troposphere,
and a smaller correlation with surface pressure. However, as will be seen, these relations are
of only limited use in predicting short-term fluctuations of the tropopause. In addition to the
statistical treatment of observations of tropopause height, several analyses have been published
of data obtained from sequences of aerological soundings at short intervals of time, and of
soundings on international aerological days. Such aerological analyses, notably those of Bjerknes?,
Palmén® and Nyberg?, have drawn attention to certain features of tropopause behaviour in
relation to the weather systems of the troposphere. However, no comprehensive synoptic
analysis based on the routine radio-sonde ascents of the post-war years appears to have been
published.

A detailed analysis of the topography of the tropopause was therefore undertaken for one
month, May 1949, and the results of the analysis are described in the present Memoir. The aim
of the investigation was to ascertain whether a self-consistent analysis of the tropopause is possible,

* The inidex numbers refer to the bibliography on p. 38.
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to recognize and describe characteristic modes of behaviour of the tropopause and relate them to
the synoptic situation in the troposphere, and, finally, to consider whether the observed behaviour
of the tropopause gives any indication of the physical processes involved. The study is to be
regarded as a preliminary to further investigation ; the various modes of tropopause behaviour
require further study on more extensive data, and the present paper is intended primarily to
indicate the lines on which such work might proceed. It may also form a basis for relating
physical research on the tropopause to synoptic studies.

In § 2 various theoretical and practical ideas are outlined in order to present a brief survey
of present knowledge regarding the tropopause. Subsequently the scheme of the investigation
is described in § 3, followed by some statistical results in § 5. Various modes of behaviour of

the tropopause are described in § 7 and the relation of present results to earlier investigations and
to theoretical problems is discussed in § 8.

§2—THEORETICAL AND OBSERVATIONAL KNOWLEDGE OF THE TROPOPAUSE

Reasons for stratosphere and tropopause.—The accepted explanation of the division of the
atmosphere into troposphere and stratosphere was given by Gold® and Humphreys®, who regarded
the temperature of the stratosphere as determined essentially by the requirements of radiative
balance, and the troposphere as a region in which the turbulent transfer of heat upward was
dominant. On this basis it would be natural to regard the tropopause as the upper limit of
convective turbulent exchange, and the sharp change of lapse rate at the tropopause as a change
from a lapse rate determined by turbulence to one determined by radiation. However, although
usually steep, the lapse rate immediately below the tropopause is not normally suitable for
penetrative convection either of dry or moist air, and, moreover, although turbulence has been
reported by aircraft at these levels it appears to be the exception rather than the rule. It there-
fore seems unlikely that penetrative convection is proceeding actively and continuously at levels

immediately below the trapopause as it is, for example, below the inversion which limits
convection in the lower layers of a summer anticyclone.

In the absence of persistent convection from below, it would be surprising that the change
of lapse rate should remain as sharp as it is found to be were there no other factors operative.
In an atmosphere with homogeneous radiative properties radiation as well as turbulence would
tend to smooth such a discontinuity. Evidence as to the detailed structure of the lapse rate
near the tropopause is not available, but it is noteworthy that the radio-soundings which observe
temperature at levels separated by approximately 5 mb. (450 ft.) fail to detect any departure
from a discontinuous change in lapse rate on the majority of occasions.

It may be argued that the temperature lapse rate in the troposphere is to be regarded as
determined primarily by a form of turbulence, in which the turbulent elements are not the
individual cloud cells but the depressions and anticyclones of the large-scale circulation which
result in an oblique upward and downward exchange of air from low levels in low latitudes to
high levels in high latitudes (as described by Eady?). However, the exchange of air in the
region immediately below the tropopause by this process would seem to be too slow to account
for the sudden change of lapse rate at the tropopause. Moreover, the lower stratosphere is known
to take part in the circulation of depressions and anticyclones, and it is not clear why the large-
scale turbulent process should have a sharply defined upper limit.

Goody?® has recently discussed the radiative conditions at the tropopause and shown that a
sudden change of lapse or inversion is possible provided that a constant lapse rate in the tropo-
sphere maintained up to the tropopause by turbulent transfer of heat is postulated. However,
in view of the preceding considerations it seems doubtful if this assumption can be justified. It
would seem more natural to attribute the sudden change in lapse rate at the tropopause to an
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abrupt change in the radiative properties of the atmosphere at the tropopause level. A rapid
decrease of humidity of the air upward is known to be a feature of the lower stratosphere although
not always identifiable with the tropopause (Shellard®) ; a sudden change in the haze content has
also been observed (Brewer'?). The different radiative loss from a moist or hazy troposphere
compared with the overlying drier cleaner air may well account for the sharp change of lapse rate
at the tropopause (Mdller™). The cause of the low water content of the temperate stratosphere is
still undetermined. Frost points measured within the stratosphere are normally found to lie
between —80° and —120° F. (Shellard®). So far as is known temperatures below —110° F. occur
regularly only near the tropopause in the equatorial belt, and this has led Brewer 1 to suggest
that air 1s transferred {from troposphere to stratosphere in the equatorial belt and re-absorbed
in the troposphere in the temperate regions, thus maintaining the dryness of the temperate
stratosphere. Bannon and Goldie have suggested a similar circulation for slightly different
reasons'®, However, temperatures below —80° F. do occur at the tropopause over England from
time to time at all seasons (Dewar!¥), and if the transfer of air from the troposphere is a fairly
rapid process it might also occur in temperate and subtropical latitudes, and the derivation of
part of the stratospheric air in this way is not ruled out.

To summarize the explanations of the tropopause : the broad features of vertical temperature
distribution within the atmosphere may be regarded as determined by the requirement of
radiative equilibrium in the upper layers (the stratosphere) and of convective and turbulent
transfer of heat in the lower layers (the troposphere). Whether this explanation can be pressed
to explain the sudden change in lapse rate at the tropopause is more doubtful, and an alternative
explanation lies in the different radiative properties from troposphere and stratosphere associated
with their different dust and water contents, the sharp change of lapse rate being associated with
the rapid transition in these properties. The choice between these two has some bearing on the
interpretation of the daily changes in the tropopause, because on the latter the tropopause
would be expected to move up and down with the air itself, whereas on the former evidence
might be found of the tropopause moving downward with respect to the air as turbulence
slackened and radiative balance extended to lower levels and moving upward as turbulence
increased in the troposphere.

Statistical properties of the tropopause.—The statistical method has proved well adapted to
codifying knowledge regarding the behaviour of the tropopause. The high correlation between
the tropopause height and temperature and conditions within the troposphere was first emphasized
by Dines! in 1919. Since then the broad correctness of the results has been confirmed by several
investigators, and probably the most reliable evaluation of the correlation coefficients is that by
Priestley!®. The statistical relation between tropopause height and the synoptic situation has also
been investigated by Durst and Swinbank!®. The most important relations are

(1) positive correlation between tropopause height and temperature in the middle
troposphere, e.g. at 500 mb. (-0-695)

(i) positive correlation between tropopause height and surface pressure (+0-49)

(1ii) positive correlation between temperature at the tropopause and pressure at the
tropopause (+0-75).

The values in brackets are the correlation coefficients evaluated by Priestley.

Although these correlations are substantial, about 40 per cent. of the variance of the tropo-
pause height remains unexplained. Moreover, most of the correlation of the tropopause height
with the 500-mb. temperature and surface pressure arises from the association of these three
factors in the ‘‘ long-wave pattern ”’ of the hemispherical flow. This is brought out in Figs. 1
and 2 which show the contours of the tropopause (Fig. 1) and the contours of the 500-mb. surface,
the long-wave pattern (Fig. 2), over a wide area. The correlations are therefore representative of
the oscillations of the tropopause which occur over wide areas and over periods of several days.

(58915) A®
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He attributes the tropopause oscillation primarily to horizontal advection of high tropopause in
association with warm air from low latitudes and low tropopause with cold air from high
latitudes. Bjerknes was studying a depression with an open warm sector, and he recognizes that
vertical motion may have more influence on the tropopause in occluding depressions. Bjerknes
also finds that the tropopause ridge lies ahead of the surface pressure trough, and the tropopause
trough is ahead of the surface pressure ridge, but the tropopause wave is in phase with the pressure
wave in the upper troposphere which is displaced backwards with respect to the pressure oscillation
at lower levels. Bjerknes’s model of the tropopause oscillation in association with a warm-
sector depression is illustrated diagrammatically in Fig. 4 and has been widely reproduced. The

basis of this analysis is a single continuous tropopause, but in later papers Bjerknes has followed
the technique of Palmén which will now be described.

<
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—> Low-level flow = Flowin upper lroposphers
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FIG. 4—BJERKNES MODEL OF A WAVE DEPRESSION

Palmén’s earlier studies> 18 20 2| were mainly concerned with deep, rapidly occluding
depressions. Palmén found that the tropopause behind a deep and active depression was often at
a lower level and lower potential temperature than in the original cold air mass. He concluded
that not only was vertical motion of the air important in lowering the tropopause behind a
depression, but also that the tropopause dissolved at its old level and re-formed at a new lower
level behind a deep depression. Support for the idea of the re-formation of the tropopause at a
lower level also came from the ill defined nature of the tropopause on some of the ascents in these
deep depressions ; these soundings showed several levels of change of lapse rate which could be
interpreted as tropopauses in process of formation and decay. The process of re-formation of
the tropopause at a new level was regarded by Palmén as the result of dynamical effects—
horizontal divergence combined with vertical convergence. Such a system results in upward
motion and an increasing lapse rate below the new tropopause level, and downward motion
above the new tropopause with a decreasing lapse rate or increasing inversion above it. The
vertical circulation envisaged by Palmén in association with developing depressions and anti-
cyclones is illustrated in Fig. 5. The vertical circulation is additional to the horizontal movements
of the tropopause. Bjerknes and Palmén?® have jointly published some further observations
regarding the depression of December 26-28, 1928, and concluded that in the later stages of this
depression vertical motion had an important influence on the tropopause although Bjerknes’s
original analysis? stressed only the advective effect. Goldie® has also stressed the importance of
the vertical circulation in distorting the tropopause, but in contrast to Palmén he appears to
regard the tropopause as a continuous and persistent material surface. Douglas® has also regarded
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all three processes, advection, vertical motion and re-formation, as operative in determining the
configuration of the tropopause, but he has stressed radiation and turbulence as factors likely to
lead to the dissipation and re-formation of the tropopause rather than the dynamical divergence
and convergence stressed by Palmén. Refsdal® has also emphasized the radiative effect.

-
é

—_— — — — —
- < {New fropopause

forms here

- - e e
- — -_——

\\
o
®° T
Now Mropopause -
F:rms?ferz }\l/ T
> T < € < J’ _—>
Low surface High surface
pressure pressure

FIG. 5—VERTICAL CIRCULATION ASSOCIATED WITH DEVELOPING DEPRESSIONS
AND ANTICYCLONES ACCORDING TO PALMEN

The idea that the tropopause may re-form and dissipate dynamically and thus result in two
or more discontinuities of lapse rate at the lower boundary of the stratosphere, has led to the
introduction into aerological analyses of the “ multiple ”, *“ foliated *’ or *“ laminated "’ tropopause.
The most complete exposition of this analytical technique is given by Bjerknes and Palmén?.
They regard every discontinuity of lapse rate near the base of the stratosphere as a tropopause,
and where there is more than one such discontinuity the tropopause is regarded as multiple. As
a working hypothesis it is assumed that each individual tropopause has a constant potential
temperature throughout its extent, and the potential temperature is thus used to identify
individual tropopause sheets. When descending air motion takes place it is supposed that the
lowest tropopause sheet will be intensified and become dominant, and when upward motion takes
place the upper tropopause is expected to become dominant. Individual tropopause sheets are
therefore regarded as incipient discontinuities of lapse rate which can be intensified into a well
defined discontinuity in a suitable divergent horizontal wind field. Bjerknes and Palmén® are
very tentative in regard to the origin of the series of tropopause layers, but appear to regard them
as probably formed by irregular penetration of convection to various levels in the equatorial
belt ; they also consider an explanation based on radiation to be possible.

Observational evidence from soundings reaching the tropopause does show that more than
one change of lapse rate is not unusual. However, multiple tropopauses do not appear to be
nearly so widespread as the Bjerknes and Palmén analysis would suggest.

This form of analysis with multiple tropopauses has been adopted in several other analyses
by various authors including van Mieghem and Nyberg. These are listed in the bibliography on
page 38 (see Nos. 27 to 32), but the main interest of these papers lies in the tropopause behaviour
found to be associated with particular synoptic systems.

More recently, meridional atmospheric cross-sections have been prepared extending over a
wider area than any of the earlier studies, and in these the authors have analysed the tropopause
of the northern hemisphere into two or three discontinuous sheets. For example, Palmén and
Nagler® recognize three distinct tropopause sheets on some vertical cross-sections which they
have drawn, namely a real tropical tropopause south of latitude 40° N. and at a level near
100 mb., an extratropical tropopause between latitudes 35° and 47° N. and at a level between
300 and 200 mb., and a polar tropopause at about the 300-mb. level further north. The southern-
most of these two discontinuities had been recognized over northern India by Ramanathan and
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Ramakrishnan® as early as 1933, and attributed by them to a large-scale folding of the tropopause
resulting from meridional circulations in the vertical plane. The northern discontinuity noted
by Palmeén and Nagler is associated with the jet stream, and will be discussed further in § 7, page 16.

These discontinuities in tropopause level shown on meridional sections are on a much greater
scale than the separation of individual tropopause laminae on the earlier model of Palmén ; the
separation is usually 5,000 to 10,000 ft. in height and 40° to 80° F. in potential temperature for
the former compared with 3,000 ft. and 10° F. for the latter. The various treatments of the
tropopause in meridional sections are made clear in Fig. 6 in which is shown the mean tropopause
according to Ramanathan®® with an indication as to how folding may give rise to a discontinuity ;
this may be compared with Fig. 7 in which an outline of an individual section by Palmén and
Nagler® is given. It is interesting to note that recent evidence from high-altitude radio-sondes
(Scrase®® and Gutenberg®) has shown that temperature in the stratosphere frequently begins
definitely to increase upward at a level of about 60,000 ft. in extratropical latitudes. This is
about the same level as the equatorial tropopause, and the discontinuity may indeed be more or
less continuous with it. This level is rather lower than the previously accepted level of the base
of the upper warm ozone layer, but it does not appear necessarily desirable to regard this change
of lapse rate from isothermal or slight lapse to inversion as a high-level tropopause in temperate
latitudes as Scrase®® appears to do.
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INDICATED BY RAMANATHAN AND RAMAKRISHNAN?4

Definitions of the tropopause.—It will be clear from the preceding account of the various
treatments of the tropopause problem that different authors have defined the tropopause in
different ways, and that some of the difference between their results arise from this. It is therefore
convenient to list some of the methods used by investigators to define the tropopause.

In recent Meteorological Office practice the position of the tropopause has been deter-
mined according to the following convention which differs slightly from that given by Dines!.

Type I.—When the stratosphere commences with an abrupt change in lapse rate to an
inversion, the tropopause is at the base of the inversion.

Type II.—When the stratosphere commences with an abrupt change to a lapse rate of
less than 1-1° F./1,000 ft. (2° C./Km.) or to an isothermal condition, the tropopause is at
the height of that change.

Type III.—When there is no abrupt change of lapse rate, the tropopause is taken as the
height of the level at which the lapse rate first becomes less than 1-1°F./1,000 ft. (2° C./Km.),
provided that it does not subsequently exceed this value for any subsequent 3,280 ft.
(1 Km.) layer.
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‘These definitions of the level and the type of the troposphere were intended primarily for
statistical purposes, but have also been applied in the drawing of synoptic charts of tropopause
topography. They are not entirely unambiguous, particularly in respect of the emphasis to be
put on the requirement of an abrupt change. There has been a tendency in interpretation to
consider a tropopause as Type I when an inversion exists, whether abrupt or not, when perhaps
greater emphasis on the requirement of an abrupt change would have placed the tropopause at
such a change at a lower level.

Although a rigid definition of the tropopause is required for statistical analysis it may be
possible to leave something to personal judgement when synoptic analysis is undertaken ; this
may be desirable in order to maintain continuity in space and time. Bjerknes? writes “ On first
sight one would place the tropopause simply where the lowest temperature occurs, while the true
tropopause, which is lower down, passes for an insignificant feature in the upper troposphere. To
arrive at a coherent system it is necessary to admit the diminution of the vertical lapse rate of
temperature as a sign of the true tropopause ”. In a later paper Bjerknes and Palmén? regard
all sudden decreases of lapse rate in the upper troposphere and lower stratosphere as defining a
characteristic point of the tropopause. Recently Flohn and Penndorf, accepting Palmén’s
analysis of laminated tropopauses, have suggested that no attempt should be made to define a
single tropopause level, but that a tropopause layer should be substituted extending downward
a conventional distance from the level at which isothermal conditions are reached.

§ 3—PRESENT SERIES OF TROPOPAUSE CHARTS

In order to make a study, as unbiassed as possible, of the day-to-day changes in the tropo-
pause, it was decided to plot and analyse a month’s series of contour charts of the tropopause
with considerably greater attention to continuity and detail than is possible during routine
analysis. Contours of the tropopause are drawn daily at the Central Forecasting Office at
Dunstable and published in the Datly Aerological Record, but these charts are drawn only at 24-hr.
intervals and full advantage is not made of continuity with intermediate soundings. A subsequent
comparison of the two sets of charts revealed few differences in respect of the broad distribution
of high and low tropopause but there were significant differences in detail.

The present series of charts were plotted and analysed for 6-hr. intervals. Plotted data were
(i) the pressure at the tropopause, (ii) the potential temperature at the tropopause, and (iii) the
observed wind at the reported level nearest to the tropopause. The topography of the tropopause
was delineated by means of isobars drawn at 20-mb. intervals. The charts also contained an
analysis of the surface pressure field and surface fronts in order to assist in relating the tropopause
changes to ordinary synoptic developments. One month’s charts were plotted, those for May 1949.
That month was selected on account of the availability of data, but proved to contain an
interesting variety of weather types.

In order to assist in maintaining the continuity in the sequence of tropopause charts,
trajectories of the air at tropopause level were drawn, based on the observed winds and on a
specially constructed series of 200-mb. charts. Trajectories were estimated for 24 hr. centred
on each upper air sounding within the British Isles made at either 0300 or 1500 c.m.T. All data
for the plotting of the charts were taken from the tephigrams plotted at the Central Forecast-
ing Office from the telegraphic messages received. The placing of the tropopause was recon-
sidered in respect of each sounding, and all significant changes in lapse rate near the tropopause
level were recorded.

In the drawing of the isobars on the tropopause, soundings which appeared discordant with
the requirements of continuity in time or space were re-examined, and, if two or more discontin-
uities of lapse rate existed, that which gave better continuity was accepted as the tropopause,
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irrespective of whether or not this accorded strictly with the Meteorological Office convention
quoted in § 2, page 11. In areas without observations the trajectories were used to complete the
chart on the assumption that the tropopause was a material surface moving with the air.

In the drawing of the tropopause charts it was found difficult to regard the tropopause as a
continuous surface. Discontinuities of level were therefore accepted, and indicated where they
were believed to exist. Evidence for the existence of real discontinuities lies in the disappearance
of the tropopause at one level and its reappearance at another in a sequence of soundings,
together with intermediate soundings showing changes of lapse rate at both levels. A useful
criterion for the existence of such a discontinuity is a substantial change of potential temperature

at the tropopause. The nature and origin of these discontinuities will be further discussed in
later sections.

§4—ACCURACY OF THE DATA REGARDING THE TROPOPAUSE

Before examining the results of the investigation it is convenient to consider the magnitude
of the errors to be expected in the determination of the tropopause pressure and potential tempera-
ture from a radio-sounding. Harrison®® has stated that, apart from systematic errors caused by
radiation and affecting all instruments in the same way, the probable error of the observed
pressure in the higher troposphere and lower stratosphere is about 5 mb. and of the observed
temperature about 1° F. These errors refer to the pressure and temperature at the position of the

instrument at the time, and do not refer to the errors of pressure computed hydrostatically nor to
temperature on pressure surfaces.

The diurnal variation of pressure and potential temperature at the tropopause has been
evaluated for the individual sounding stations during the month concerned. The mean of the
tropopause pressure and potential temperature, for the standard hours averaged over the five
stations making 4 daily soundings, is given in Table I. The absence of any systematic variation
in the mean presssure between the synoptic hours suggests that systematic errors in pressure are
negligible. The small variation in potential temperature may be real or instrumental. It
implies a diurnal oscillation of temperature with an amplitude of 3° to 4° F. This variation is
however smaller than random errors.

TABLE I—MEAN PRESSURE AND POTENTIAL TEMPERATURE AT THE TROPOPAUSE
AVERAGED OVER ALL SOUNDINGS AT ALDERGROVE, LIVERPOOL, DOWNHAM
MARKET, LARKHILL AND CAMBORNE FOR EACH SYNOPTIC HOUR
May 1949

Hour of observation (G.M.T.)

0300 0900 1500 2100

Pressure (mb.) o . .. 243 243 240 244
Potential temperature (°F.) .. 127 130 132 128

During the course of a radio-sounding, observations of pressure, temperature and humidity
are made once during each rotation of the fan-operated switch. This leads to discrete observations
of temperature for about every 5-mb. change of pressure near the tropopause. On account of the
discrete nature of the observations a probable error of about 3 mb. would be expected in the
pressure at the tropopause, and combining this with the 5-mb. probable error of the pressure
element an estimate of 6 mb. is derived for the total probable error of the pressure at the tropo-
pause.

The temperature at the tropopause is subject to no other error than the 1° F. probable
instrumental error noted above. However, the potential temperature is derived from both the

(58915) A*»
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temperature and pressure observations and will be affected by errors in both. At the levels
where the tropopause occurs, a change of 1 mb. in pressure (at constant temperature) results in
a change of 0-75° F. in the potential temperature, and a change of 1° F. in temperature (at constant
Pressure) results in a change of potential temperature of about 1:5° F. Combining the effects of
the uncertainties in pressure and temperature at the tropopause an estimate is obtained of the
probable error of the potential temperature at the tropopause as about 5° F.

The following section is concerned more with the errors of the difference of pressure and
potential temperature at the tropopause in two soundings. The estimates of errors in this
section may be summarized as follows :—

Estimated root-mean-square error in tropopause pressure . .. = 9mb.
Estimated root-mean-square error in difference of two tropopause

pressures . . .. .. . . .. . .. .. =13 mb.
Estimated root-mean-square error in tropopause potential temperature = 7°F.
Estimated root-mean-square error in difference of two potential tempera-

tures .. .. .. . .. . .. . .. =10°F.

§5—ADVECTIVE CONTRIBUTION TO SHORT-PERIOD CHANGES
IN THE TROPOPAUSE

As indicated in § 3, trajectories were drawn of the estimated air movement during 24 hr.
centred on each of the available tropopause observations in the British Isles for each of the main
hours of observation, 0300 and 1500 c.M.T. A total of some 460 trajectories were drawn, based
on observed winds whenever possible but often on the contours of the 300-mb. or 200-mb.
surfaces. Geostrophic motion was assumed and interpolation made as appropriate.

These trajectories have been used to assess the importance of advection in causing the
observed changes in the tropopause, by comparing the magnitude of the changes of pressure and
potential temperature of the tropopause following the air trajectory with the changes taking
place at fixed points. In considering the use of the trajectories in this way it is important to
realize that these trajectories have been used to maintain consistency in the drawing of the
tropopause charts themselves. The changes in tropopause pressure and potential temperature
might therefore appear to be smaller than is in fact so. In order to minimize this effect only those
trajectories have been used upon which it was possible to establish reasonably reliable values of
pressure and potential temperature from soundmgs close to the track of the air.

Table II gives the root-mean-square values of the change in potential temperature and
pressure at the tropopause over 6-, 12- and 24-hr. periods. This is given both for fixed points (the
figures are averages for the nine sounding stations in the British Isles) and also for points along
the estimated horizontal trajectory of air at the tropopause level.

It will be noted that the changes following the air motion are substantially smaller than those
at a fixed point, and it follows that advection plays an important part in the bringing about of
the observed changes. Advection probably accounts for about half the observed change of
tropopause pressure at a point and almost all the observed changes in potential temperature apart
from the eftects of instrumental error.

The changes in potential temperature following the air motion show little significant increase
with the length of the period. They are also slightly smaller than the estimated instrumental
error of 10° F. (see § 3). It is concluded that the differences which are observed in potential
temperature along the trajectory are primarily due to instrumental errors, and that the real
changes are too small to be detected statistically. There are indeed a small number of cases of
larger changes and these are discussed in § 7, page 33.
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TABLE II—ROOT-MEAN-SQUARE VALUES OF THE 6-, 12- AND 24-HR. CHANGE OF
PRESSURE AND POTENTIAL TEMPERATURE AT THE TROPOPAUSE
FOLLOWING THE AIR MOTION AND AT A FIXED POINT

May 1949
The figures in brackets represent the values when allowance has been made for observational uncertainty.

6-hr. change 12-hr. change 24-hr. change

Number of trajectories .. .. .. .. 343 391 78

_ . _ millibars
Pressure following the air motion| 15-4  (8-0) 20-2 (15-5) 26-1 (23:0)
at a fixed point 29-5 (26-1) 36-1 (34:0) 41-6 (39-6)

degrees Fahvenheit
following the air motion 4 8-7 8-6
1 9-1

: 7
Potential temperature at a fixed point 15-1 (12-0) 16-9 (14-3) 1

(16-8)

The figures in brackets in Table II represent the root-mean-square value of the pressure
changes when allowance has been made for mean-square errors of 13 mb. and 10° F. due to
observational uncertainty (see § 4). Following the air motion these figures increase rapidly with
time at first, but later more slowly, showing that the vertical motion tends to retain the same
sign over at least 12 hr. An average vertical speed of about 5 mb./hr. is suggested as normal at
the tropopause level.

§6——COMPARISON WITH THE ORIGINAL RECORDS FOR LARKHILL

In order to ascertain how far the tropopause, as determined from telegraphic reports and
adjusted to meet the requirements of continuity, also represented a singular point in the tempera-
ture and wind soundings, the original records from the Larkhill soundings were examined in
relation to the tropopause level used to draw the chart series. It was found that the tropopause
was normally associated with a sudden change of lapse rate which was indistinguishable from a
true discontinuity using only the observations of the radio-sonde. The level selected as the
tropopause from the plotted tephigrams, and used in the drawing of the tropopause charts, was
found to coincide with a sudden change in lapse rate on 108 out of the 123 soundings which reached
the tropopause during the period. There was no sharp change of lapse rate on 13 of the remaining
soundings, but on two soundings a sharp change existed at a level which, although appearing to
define the tropopause, was inconsistent with the tropopause maps which had been drawn on the
basis of continuity.

Examination of the wind soundings showed that significant changes of wind usually occur
at or near the tropopause. However, the nature of these changes and their relationship to the
level of the tropopause varied a great deal from one sounding to another, and it does not seem
likely that wind structure can be used to identify the tropopause.

§7—CHARACTERISTIC FEATURES OF THE TROPOPAUSE CHARTS

With only a month’s charts as a basis the discussion of various recurrent features of the
tropopause charts cannot be conclusive, but it is regarded as adequate to distinguish the main
types of tropopause behaviour. The various features deserve further study, and might provide
useful synoptic models which can be introduced into the analysis of tropopause charts in associa-
tion with the related developments in the troposphere, even when observations are insufficient to
be conclusive. These models may also be used in analysing and forecasting upper winds at levels
near or just above the tropopause.

(58915) Ase2
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Folding of the tropopause.—It has been noted by several authors, notably Bjerknes and
Palmén® and Kraus®, that in advance of a warm front the level at which tropical air first replaces
the polar air may lie above the tropopause in the cold air—this is the highest level at which the
tropical air is warmer than the polar—and that in the stratosphere the front, if it exists, must have
cold-front characteristics. The structure near the tropopause of at least some warm fronts is
therefore believed to be as indicated in Fig. 8. On this basis a sounding at point D would be
expected to lie within the troposphere from D to C and again from B to A. It would show two
tropopause levels, C and A. The same structure is also described by Nyberg and Palmén3!,

Iéyllzﬁrg and van Mieghem®. Probably the earliest reference to this structure was due to
oldie®2,

Tropical tropopause

pause

g

FIG. 8—SCHEMATIC CROSS-SECTION THROUGH A WARM FRONT
SHOWING FOLDED TROPOPAUSE

Some 12 distinct examples of folds in the tropopause of essentially similar type were found on
the tropopause charts for May 1949 in association with warm-front systems. In addition one
similar fold was observed to form behind a cold front and another occurred without any associated
surface frontal systems. In fact, a folded tropopause occurred with all the major warm-front

/\

(@) b)

=—mmcm= Fold in [ropopause

FIG. 9—SCHEMATIC RELATION OF FOLDED TROPOPAUSE TO FRONTAL SYSTEM IN THE HORIZONTAL
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systems for which adequate observational coverage was available during the period, although the
folded structure did not necessarily extend throughout the length of the front. The relationship of
the fold or discontinuity in the tropopause to the front is displayed pictorially in Fig. 9. These

diagrams are intended only to bring out what are regarded as the significant features ; the details
varied considerably from case to case.

The first formation of the folded tropopause appears to take place from 500 to 1,000 miles
ahead of the surface warm front and to be well to the right of the track of the depression centre.
Subsequently the folded structure may become more extensive, and the line of the discontinuity
tends to conform to the shape of the front but to be displaced 600 to 1,000 miles ahead of it. The
limit of the high-level tropopause often appears to undergo a process analogous to occlusion ;
this will be described in the following subsection. The fold has been found to lie above a variety
of pressure systems, but is usually east of the axis of the ridge of surface high pressure. It does
not seem possible to identify its position by any feature of the surface synoptic chart.

There is a close association between the folded tropopause and the jet stream. The cases
noted all occurred in association with a jet stream and most of them first appeared near the axis
of the central part of the jet stream. There may be some tendency for the tropopause discontinuity
to be a little to the left of the axis of the jet stream. It is quite probable that the folding process
is closely associated with the dynamics of the jet stream. Namias and Clapp® have shown that
it might be expected that the entrance to a jet stream should be associated with a transverse
component in the circulation as represented in the schematic transverse section Fig. 10. This is
on account of the fact that air entering the jet stream is strongly accelerated, and therefore

deflected across the isobars to the left to a greater extent than the less accelerated air above and
below.

Warm

Cold

FIG. 10—SCHEMATIC SECTION THROUGH THE CONFLUENT ENTRANCE TO A JET STREAM
Looking east

The confluent entrance to the jet stream brings together air from widely different localities ;
often arctic and tropical air come into close juxtaposition. This leads to an increase in the slope
of the tropopause in the vicinity of the jet stream as indicated by the dashed line in Fig. 10. The
transverse circulation, such as is indicated in the figure, would create an additional distortion of
the tropopause to the final position indicated by the solid line, and thus would result in the
folded structure observed. Reported wind soundings have been examined for evidence of the
transverse flow necessary to produce the folded structure, but the observations are inconclusive.
In some cases there appears to be a component of wind across the general slope of the tropopause,
which is greater at the higher level of the tropopause than at the lower, but the difference is of
the order of 5 to 10 kt., and is therefore difficult to distinguish from errors in the soundings. A
transverse component of this magnitude would however be quite adequate to produce the
observed folded structure.
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FIG. 111500, MAY 19, 1949; fa) SURFACE CHART AND ISOBARS ON THE TROPOPAUSE AND
(b) CONTOURS OF THE 300-MB. SURFACE
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An example of a folded tropopause is that of May 19, 1949. Fig. 11 shows the surface
positions of the fronts and isobars at 1500 superimposed upon the contours of the tropopause.
The fold in the tropopause extends from north-north-west to south-south-east parallel to the
warm-frontal systems some 700 miles to the west. Fig. 11 also shows the contours of the 300-mb.
surface and the position of the associated jet stream. Fig. 12 shows a sequence of upper air
soundings from Larkhill. Wind soundings from Larkhill and Camborne do not give any indication
of the transverse current round the jet stream which has been suggested as a possible cause of the
folded tropopause. However, the possibility remains that the folding process had already taken
place up-stream. A sounding at Aldergrove on May 6, 1949, is reproduced in hodograph form in
Fig. 13. It illustrates this possibility. This sounding was taken in the central part of a jet stream
during the period when the formation of a folded tropopause was first detected. The fairly
uniform direction of shear from 700 to 300 mb. can be regarded as defining the thermal gradient
and the axis of the jet. The small component of the wind at 250 mb. transverse to this axis may
indicate a circulation through the jet stream at this level. However, the detailed study of a
large number of wind soundings through jet streams would be needed to establish this.
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Routine soundings at 6-hr. intervals are inadequate to investigate the rapidity of the change
of tropopause level in association with the folded structure. Nyberg and Palmén® noted changes
of 6,600 to 13,000 ft. (2 to 4 Km.) in the level of the tropopause in 2-hr. in a situation of this type.

_ Occlusion of tongues of high tropopause.—In the preceding subsection it has been indicated that
a discontinuity of the tropopause often arises by folding in association with a jet stream. The
discontinuity (here regarded as defined by the limit of the high tropopause sheet) usually lies
slightly to the left of the axis of the jet stream. At the exit from the jet stream, or sometimes at
a marked trough line in the flow, the limit of the upper tropopause sheet is distorted as indicated
schematically in Fig. 14, leading to a rather narrow tongue of high tropopause extending from
the left exit of the jet stream. Such tongues were noted eight times on the tropopause charts
for May 1949. With one exception they were short-lived features with a life of only a little over

12-hr., and were destroyed in a very similar manner to that in which warm tongues disappear
during the occlusion process of depressions.

= ==Y
- T T/ — X

{a) () (c)

FIG. 14—DISTORTION OF THE FOLDED TROPOPAUSE AT THE EXIT FROM THE JET STREAM ILLUSTRATED BY
HORIZONTAL DISPLACEMENTS AT THE “ FOLD”

An examination of the changes in tropopause height following the estimated air movement
suggested that the tropopause within the tongue descended and became less well defined, while
at the same time a new tropopause at a lower level became more definite, probably forming out
of the lower branch of the folded tropopause. The examination of a series of soundings, through
approximately the same air column as it moved along, indicated that this process could be the
result of approximately adiabatic air movements, in which the air at the level of the high
tropopause descended and air at the level of the lower tropopause underwent little change of level.

Such a system of air movements requires vigorous divergence of the air between the two
levels, and indeed such divergence is to be expected dynamically to the left of the exit from a
slow-moving jet stream because the air on the left side of the jet stream has considerable cyclonic

vorticity which must be lost at the exit (if the air moves faster than the characteristic configuration
of contours).

The whole process appears to transfer relatively small volumes of air from the troposphere to
the stratosphere.

An example of the formation and occlusion of a tongue of high tropopause is given in the
charts for 0300, 1500 c.M.T., May 5, and 0300 c.M.T., May 6, 1949. A folded tropopause had
developed in association with a jet streain extending from north-north-west to south-south-east
off the west coasts of the British Isles, and the approximate limit of the high tropopause is
indicated on the chart for 0300, May 5, Fig. 15. The corresponding limit has been indicated on
the next chart, Fig. 16, for 1500, May 5, 1949, and could have been reached by motion following
the observed and estimated winds at that level. However, on the third chart Fig. 17 for 0300,
May 6 the high tropopause was no longer a significant feature over a large part of the area,
which should have been reached by air initially withm the high tropopause area, and the tongue
has been shown as correspondingly reduced. Some estimated trajectories of air at tropopause
level are shown in Fig. 16. Contours of the 200- and 300-mb. surfaces are given in the lower parts
of Figs. 15, 16 and 17.



DAY-TO-DAY VARIATIONS IN THE TROPOPAUSE 92 21

40

10/
/024/

50

46 /' | -,
L

3(4 \(aL‘

e Minor disconlinuily in fropopause e Folded fropopause
————surface isobars ~

3o 20° 10° 0’
W 1777 70808

/ O’

| [/ 57200 og,@

-

Kd

400!

30,

300mb. ———— 200 mb.

FIG. 15—0300, MAY 5, 1949 ; (a) SURFACE CHART AND ISOBARS ON THE TROPOPIAUSE AXND
(b)) CONTOURS OF THE 300-MB. AND 200-MB. SURFACES



92 22 J. S SIWYER

0° 20
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FIG. 161510, MAY 5,1949; (a) ISOBARS ON THE TROPOPAUSE AND ESTIMATED TRA JECTORIES OF AIR
AT TROPOPAUSE LEVEL AND () CONTOURS OF THE 300-MB. AND 200-MB. SURFACES



DAY-TO-DAY VARIATIONS IN THE TROPOPAUSE

40° 30° 20° 0 o 10°  20° 30° i

40
1008 2 : of | : {f\z@@’—

= [olded l‘r‘opopause ——— surface isobars

50

-
2

40° Llo) 20° 00 o 10° ° i 40°

Z§:8~Oo N O\O ARy N3
N \(\)\O0 ﬁg‘ / [} /I

20 30
> NGV T R T/ AT e [T P ———
R\ Rl 12 Il N
\ /
/777
/
7

60

FIG. 17—0300, MAY 6, 1949; (a) SURFACE CHART AND ISOBARS ON THE TROPODPAUSE AND

— e | - pe {
o (6)_ /MJ B SNa = APTANADO
10° o |0° e0
—— 300 mb. ——— 200 mb.

(b) CONTOURS OF THE 300-MB. AND 200-MB. SURFACES

92 23



82 2 J. S. SAWYER

[=2)
3 $2
e 29 9
3 22 2
] QA
z ‘_2 < >~
0-,3 N 2o
mb. KO) F 8 3 S
op o 5§
2 5 23
cic 05
2B 433
150 e 4
3
L1
o
IAERE i |
a1
! ye
tropopause 4 ': \ :'.I
r
200160 \"\ ;]
|\| o
Y
Wl
S 140 \ L3
Pl \ fet-
? \ B t<-Remnant of u per
9 250 . fropbpausé af E5a
® 120 Y '
< I\
Q.
300 AN
N
\\A
K \
350 N
400

=76 -60 =50 -40 30
Temperafure
— Signilicanl change of lapse rale
FIG. 18—TEMPERATURE SOUNDINGS, MAY 5-6, 1949
ILLUSTRATING THE OCCLUSION OF A HIGH-LEVEL TROPOPAUSE

Sloping lines are segments of adiabatics at potential temperatures indicated and arrows indicate the tropopause
or other significant changes in lapse rate

-20°F.

The dissolving of the high-level tropopause by subsidence and its replacement by a lower
tropopause is illustrated in Fig. 18 by means of temperature soundings from a selection of stations
plotted on a thermodynamic diagram (log pressure against temperature). Valentia may be
regarded as typical of a sounding with a high tropopause near the fold before the distortion
commenced. The Liverpool and Downham Market soundings were taken in the tongues of high
tropopause, and those at Sola (Norway) and Jever (Germany) in the area which it would have
been expected to reach had it not dissolved. The soundings at Sola show traces of the upper
tropopause at a potential temperature close to that at which it was previously observed.

Tropopause funnels.—Any sequence of charts of the contours of the tropopause reveals the
presence of centres of low tropopause. These features have been discussed in several synoptic
studies, notably by Palmén®18, Bjerknes and Palmén?, Bjerknes, Mildner, Palmén and
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Weickmann® and van Mieghem®. Centres of low tropopause develop frequently in association
with vigorously deepening depressions, and subsequently become centred over the old depression
when it becomes slow moving and fills.

As has been indicated in § 2, Palmén has suggested that the formation of such areas of low
tropopause is the result both of the descent of the air at the tropopause level together with the
dissolution of the tropopause and its re-formation at a lower level as the result of vigorous
horizontal divergence. Palmén uses the expression “ tropopause-trichter ”’ (tropopause funnel)
to describe the resulting systems of low tropopause which have several characteristic features.

The tropopause contour charts for May 1949 contained 12 centres of low tropopause. These
were all persistent features with a life of from 2 to 7} days. All the examples during this period
were associated with descent of the tropopause during their initial stages. In some, but not all,
of them there was evidence of a re-formation of the tropopause at a lower level from the fact
that the potential temperature at the tropopause in the centre of the tropopause depression
became substantially lower than previously observed anywhere on the tropopause in the region
of formation.

Out of the 12 examples of tropopause funnels studied, 9 formed in association with
active but rather slow-moving depressions—it is probable that depressions developing close to
the tip of a cold trough or to the left of a diffluence in the thermal pattern are particularly likely
to lead to the development of a tropopause depression. Three of the examples studied were not
initially associated with any recognizable surface pressure system. With two exceptions the
tropopause low later became associated with a cold pool in the troposphere and an associated
slow-moving depression.

The formation of tropopause funnels appears to be closely associated with the flow pattern
near the tropopause level. Nine of the twelve occurrences were associated initially with well-
defined troughs at 300 mb., which in several instances subsequently developed closed circulations ;
the remaining examples were associated with closed 300-mb. circulations from the earliest
traceable stage. Evidence from the trajectories drawn for air at tropopause level suggests that
the air usually subsides as it approaches the trough line from the west and ascends as it leaves
the area on the eastern side. However, there usually appears to be a central core in which the
air remains near the upper trough line and moves with it, even when no closed 300-mb. contours
are present. The structure is indicated schematically in Fig. 19. It seems probable that the
central core consists of essentially the same air at tropopause level through much of its history

fropopause
low rnoving
hohzonrally

FIG. 19—~SCHEMATIC RELATION BETWEEN TROPOPAUSE LOW AND 300-MB. CONTOURS
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and that its movement is primarily due to horizontal advection. On the other hand the air passes
through the outer regions of the tropopause depression which is maintained in these areas by
the dynamical descent and ascent associated with the flow pattern.

~Inits later stages a tropopause funnel is often associated with a closed low at 300 mb., but
in the cases studied it appears to have been situated sufficiently eccentrically for its motion to
be explained by advection. Motion of the centres of fully established tropopause funnels was
generally slow, 20 kt. or less, and often tortuous. In their earlier stages when associated with
an open trough at 300 mb. speeds of up to 45 kt. appeared to be normal.

An important feature of the structure of tropopause funnels is the presence of a very low
tropopause in the central region—usually well below the 300-mb. level and sometimes below
400-mb. The potential temperature at this tropopause is usually between 80° and 95° F., which
is often well below the potential temperature at the tropopause in any of the air masses entering
into the original circulation. It is not possible to say on the present evidence whether radiational
cooling in the upper atmosphere could be sufficiently rapid to bring about this change, but
examination of the potential temperature change along the large number of trajectories drawn
at tropopause level (see § 5) suggests that the radiational effect is normally much smaller than
this. It is also significant that the low central tropopause appears to be continuous with the
lower boundary of an adjacent cold front in many cases. The tropopause is apparently well
defined within the central core but on its fringes is often difficult to place ; this also is consistent
with a discontinuous structure as shown schematically in Fig. 20.
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F1G. 20—SCHEMATIC CROSS-SECTION THROUGH A TROPOPAUSE FUNNEL

The tropopause funnel with a closed wind circulation appears to be a dynamically stable
system. Collapse of the system is often associated with the overrunning of a higher tropopause
associated with the approach of a vigorous warm-frontal system. When this occurs the decay of
the tropopause funnel is rapid and it may effectively disappear from the charts in 12 to 24 hr.
The process appears to be associated with the rapid descent of air in the tropopause funnel and its

ultimate absorption into the troposphere.

The structure and behaviour of a tropopause funnel is illustrated by the system of May 15-21,
1949. Charts of the pressure at the tropopause are reproduced at 24-hr. intervals (Figs. 21 to 25)
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together with charts of the 300-mb. contours. Surface isobars and fronts are superimposed on
the tropopause charts. This example was selected because it was well observed over the British
Isles, but the 300-mb. trough is not as clearly defined in the early stages as in many examples,

The sequence of soundings from Larkhill in Fig. 26 presents typical soundings in various
regions of a tropopause funnel. The arrows indicate the positions of the tropopause and the
discontinuity in lapse in the upper troposphere. Continuous arrows have been used to indicate
the level which has been accepted as the tropopause in the construction of contour charts.
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FIG. 26—TEMPERATURE SOUNDINGS, LARKHILL, 0300, MAY 17 TO 0300, MAY 18, 1949
Short sloping lines are segments of dry adiabatics at potential temperatures indicated

Two cross-sections through this funnel in perpendicular directions are shown in Fig. 27
and illustrate the structure. The isokinetics, lines of equal normal wind speed, have been
based on both geostrophic measurements and observations ; they show a jet stream to the north
and east of the tropopause funnel and a less well defined maximum of wind to the south and west.

The overrunning of a tropopause funnel is also illustrated in Fig. 25, over the west coast of
France where a funnel, which has moved in from the Atlantic, is collapsing beneath the high
tropopause encroaching in association with the Atlantic frontal system. There is insufficient
evidence to indicate whether a typical central core existed in the tropopause funnel over western
France.
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FIG. 27—CROSS-SECTIONS THROUGH THE TROPOPAUSE FUNNEL, 0300 MAY 18, 1949

Heavy continuous lines indicate the tropopause and heavy broken lines indicate other significant changes in lapse rate

Re-formation of the tropopause at a new level.—On the tropopause charts for May 1949 there
are several situations in which the tropopause appears to have been replaced simultaneously over
a fairly wide area by a new tropopause at a different level.

There were five occasions on which the tropopause over the British Isles appears to have
been displaced downward in this manner, and one rather doubtful occasion on which it appears
to have been transferred upward. This excludes developments in association with folded tropo-
pauses or tropopause funnels as described in the preceding subsections, and also some cases
which depended on the interpretation of a single sounding and may be attributable to instrumental
error. The selection of the cases was made from the air trajectories at tropopause level, and every
occasion on which the tropopause potential temperature appeared to change by 10° F. or more
following the trajectory was examined.

The change in tropopause level was usually not large ; 20-40 mb. seems common with a
corresponding change of potential temperature of 10-20° F. (smaller changes would have been
eliminated by the method of selection). It is difficult to prove whether the change of tropopause
level is continuous or discontinuous, but comparison of soundings along a trajectory suggests in
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most cases that a discontinuity of lapse rate develops at a new level and subsequently becomes

the dominant discontinuity, the potential temperature at both levels being approximately
conserved meanwhile. This was also found by Palmén20,

The surface synoptic chart shows no features which could be connected directly with these
developments ; several of the cases occurred on the fringes of anticyclonic areas. If the process
is a quasi-adiabatic one, considerable horizontal divergence would have been required between
the old and the new tropopause levels in order to transfer the tropopause downward as observed.
In most of the examples the original tropopause, which was replaced, covered only a limited area
300-500 miles in width, and its elimination resulted in an essentially simpler tropopause distribu-
tion, and probably the flow pattern was also simplified. A dynamical cause is therefore possible.
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FIG. 28— TEMPERATURE SOUNDINGS, LARKHILL, 0900 TO 2100, MAY 21, 1949
Short sloping lines are segments of dry adiabatics at potential temperatures indicated

An example is given by three successive soundings at Larkhill from 0900 to 2100, May 21,
1949 (Fig. 28). The winds were light at the tropopause level and the soundings can be regarded
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as representing essentially the same air column. That advection was unimportant is also brought
out by the existence of similar simultaneous changes at Liverpool and Downham Market. The
original high-level tropopause disappeared after the first sounding, but was continuous with a
high tropopause previously identified at Camborne. The new lower-level tropopause is indicated
on the first sounding, and appeared to rise during the process while air at higher levels subsided.
The synoptic situation is illustrated in Fig. 29 together with the topography of the tropopause.
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FIG. 29—1500, MAY 21, 1949 ; SURFACE CHART AND ISOBARS ON THE TROPOPAUSE

Minor discontinuities of the tropopause.—Several of the charts of the tropopause show minor
discontinuities of the tropopause at which the pressure level of the tropopause changed by about
90-mb. and the potential temperature by some 10° or 15° F. Such discontinuities are recognized
by Bjerknes and Palmén® in their diagrams of laminated tropopause. These discontinuities are
persistent and can be traced on the tropopause charts over periods of one or two days at least.
The discontinuous nature of the change is suggested by the frequent observation of double tropo-
pause near the boundary.

An example of such a discontinuity appears on the tropopause chart for 0300, May 5 (Fig. 15)
preceding the advance of a folded tropopause from the west. On this occasion the change in
tropopause level seems to have been associated with a change in the source of the air at that level ;
on the 4th the air over southern England had approached from the south-east over France, but
on the 5th this was replaced by a westerly current from the Atlantic. The existence of a fronto-
genetic col at the 200- and 300-mb. levels is clear from the 300-mb. contour chart for 0300, May 5

(Fig. 15).
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. __The successive soundings at Larkhill from 2100 on the 4th to 0900 on the 5th are reproduced
in Fig. 30. The changes in this example are somewhat obscured by the general descent of the air
at tropopause level which was taking place, but the original tropopause can still be identified on
the last sounding at Larkhill, having descended from 225 to 267 mb. but changing in potential
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FIG. 30—TEMPERATURE SOUNDINGS, LARKHILL, 2100, MAY 4 TO 0900, MAY 5, 1949
Short sloping lines are segments of dry adiabatics at potential temperatures indicated

temperature only from 123° to 127°F. The occasion is interesting because an ascent by a
Meteorological Research Flight aircraft was made at Farnborough using a frost-point hygro-
meter (Fig. 32). It is noteworthy that the original lower tropopause is the more striking feature
of the temperature curve at Farnborough although the upper new tropopause is also indicated
by a small irregularity. On the frost-point curve the upper new tropopause is marked by a rapid
decrease in frost point upward (Fig. 31).
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FIG. 31—SECTION OF TEPHIGRAM OF ASCENT OVER SOUTH FARNBOROUGH,
0920 TO 1100, MAY 5, 1949

§ 8 RESULTS OF THE PRESENT INVESTIGATION
IN RELATION TO THE STRUCTURE OF THE TROPOPAUSE

The results described in § 4 indicate that at most times the tropopause may be regarded as
a material surface moving with the air, but that at infrequent intervals the tropopause dissipates
at one level and re-forms at another. During the investigation no indication was found of steady
motion of the tropopause upward or downward relative to the air, and usually the tropopause
is found to retain its potential temperature within the limits of measurement over 24 hr. Thus
over such periods behaviour of the air near the tropopause level may be treated as adiabatic.
The results of the trajectory analysis also indicate that vertical motion of the air at the tropopause
level is of similar importance to horizontal advection in producing the changes of tropopause
level at a given point.

Although the tropopause moves with the air as a material surface it is not continuous, but
the discontinuities do not appear to be as numerous as some of the analyses by Palmén would
suggest. On the tropopause charts drawn in the present investigation, there seems to be no
strong evidence that the potential temperature is strictly uniform along a single tropopause
sheet, and the use of this convention seems to have caused Palmén to depict an unnecessarily
complex tropopause structure. Some of the discontinuities in the tropopause arise by a process
of folding over, but other processes may also be operative. In particular the tropopause structure
in subtropical latitudes and the connexion between the tropopause in the equatorial belt and in
the temperate regions requires further investigation.

It is possible to recognize certain characteristic disturbances of the tropopause. These lead
to the transfer of air both from troposphere to stratosphere (in the occluding of high tropopause)
and from stratosphere to troposphere (in the collapse of tropopause funnels).

The investigation gives no direct answer to the problem of the reason for the existence of
the tropopause, but it does draw attention to the fact that the tropopause is maintained as a
distinct feature during complicated distortions and displacements which might have been expected
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to destroy it. Moreover it acts as a material surface during the process. It therefore seems likely
that some factor is operative which tends to maintain the discontinuity in lapse rate at the
tropopause in association with particular material layers of air. The different radiation from
moist and dry air seems a possible factor, although different dust content might also affect
radiation and have a similar, but much smaller, influence. The occurrence of anomalous occasions,
when the humidity discontinuity and tropopause appear to be at different levels may perhaps be
accounted for by complex structure, as described in § 7 and Fig. 32 or by the displacement of
the tropopause from the level of minimum temperature during the course of dynamical
developments such as described in other paragraphs of § 7.

§9—PRACTICAL APPLICATION OF THE PRESENT RESULTS

It appears to be possible to prepare a self-consistent analysis of the tropopause in which the
tropopause is treated as a material surface embedded in the atmosphere and moving with it. Itis
necessary to admit the existence of discontinuities in the surface and of occasions when it re-forms
at a new level. It is considered that these should be incorporated in any system of tropopause
analysis. It does not appear likely that any definition of the tropopause can be formulated
which will permit it to be determined unambiguously on every individual temperature sounding,
but if in fact the existence of the tropopause is associated with a change in radiative properties
of the air, it would be desirable to give considerable weight to the abruptness of the change of
lapse rate.
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