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Interaction between the troposphere and stratosphere

By R.J. MurcaTROYD AND A. O’NEILL}
Meteorological Office, London Road, Bracknell, Berkshire, RG12 25Z, U.K.

Three aspects of the interaction between troposphere and stratosphere are considered:
(i) mass transports, (ii) radiative processes, (iii) dynamical effects.

(i) The transport of constituents across the tropopause is a major feature in deter-
mining the detailed composition of the stratosphere since the principal sources and
sinks of many of its chemical species are located in the troposphere or at the Earth’s
surface. The nature of this transfer by the mean circulations and smaller scale phenom-
ena is described.

(ii) Since the radiation balance throughout the atmosphere is affected by the
composition at all levels, changes in radiatively important constituents in one
atmospheric region may affect conditions in another. The possible importance of this
mechanism in troposphere—stratosphere interaction is discussed.

(iii) It is now well established that upward transfer of mechanical energy from the
troposphere by planetary-wave motions plays a major role in driving the general
circulation of the stratosphere. Recent studies clarifying some details of the processes
involved are outlined. The possibility that the stratospheric circulation could
significantly influence tropospheric motions is also briefly considered.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

INTRODUCTION

The high temperatures around 50 km in the middle atmosphere result from the strong absorption
of ultraviolet solar radiation by ozone that takes place there and the general circulation in this
region is, to a considerable extent, determined by its net radiative sources and sinks. It has,
however, been established that the circulation of the lower stratosphere is mainly driven by
that of the troposphere below and that in winter at high latitudes the dynamical effects of the
latter may extend at least up into the mesosphere. As a result, the circulations of the troposphere
and middle atmosphere cannot be studied comprehensively in isolation.

It is known that variability in the solar radiation, which is well marked in its far ultraviolet
wavelengths and below, leads to large changes in the thermosphere. It is, however, difficult to
establish with certainty either statistically or through studies of possible physical or chemical
mechanisms that any effects from these perturbations are significantly transferred down
through the middle atmosphere to cause observable changes in the troposphere. This leads to
the belief, which is also supported from considerations of relative masses and energy contents,
that lower atmosphere changes can often influence upper atmosphere conditions but not vice
versa unless some so far unvalidated transfer or reflexion mechanism is found to be important.

In the discussion below of troposphere-stratosphere relations, transport of mass and con-
stituents, radiative fluxes and dynamical interactions will be considered in turn and attention
drawn to areas where further progress might be made within the Middle Atmosphere Program.
Since the atmosphere must primarily be regarded as one thermodynamical system rather than
a number of separate layers it is desirable first to consider the nature and characteristics of the
boundary between the troposphere and the middle atmosphere — the tropopause.
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88 R.J. MURGATROYD AND A. O’NEILL

TROPOPAUSE STRUCTURE

The tropopause is defined as the level at which the general tropospheric lapse rate is replaced
above by an inversion (mainly at low latitudes and in summer at high latitudes), or an iso-
thermal profile or a considerably decreased lapse rate, broadly the level at which it becomes
less than 2 K /km (see W.M.O. 1966 for the detailed specification). In the last case, which occurs
in high latitudes in winter, the tropopause level may be indistinct and some authors (e.g.
Court 1942) suggest that the tropopause disappears at times in winter over Antarctica.

The existence of a tropopause is usually thought to be determined, at least as an annual mean
on the global scale, as the demarcation level between the stratosphere where the radiation
balance is the principal process determining the thermal structure and the troposphere where
convective turbulent exchange is of major importance (see, for example, Goody 1949). It has
been proposed (Staley 1957) that divergence of vertical enthalpy flux in the presence of the
stable stratosphere above and the less stable troposphere below can lead to the formation of
a sharp discontinuity in the temperature profile. Figures 1 (a), (b) illustrate the broad features
of global tropopause levels and temperature distributions of the type that have to be accounted
for and figures 1(c), (d) the corresponding temperature fields in the troposphere (600 mbar)f
and in the lower stratosphere (50 mbar) to which they might be related. These data were
extracted from monthly mean I.G.Y. pole to pole cross sections at 75° W, July 1957-December
1958 (U.S. Department of Commerce 1961) and, although local in the sense of including some
standing wave features, appear to be generally consistent with the available global climato-
logical data. With reservations regarding their coverage and the somewhat artificial tropopause
specification for the high latitudes in winter they show:

(i) Mean tropopause heights are greatest in low latitudes where the equatorial tropopause
is around the 17 km or 100 mbar level. The annual variation here shows maximum heights and
lowest temperatures (about —82 °C) in January and this pattern extends further into the
Southern than the Northern Hemisphere.

(ii) At higher latitudes the polar tropopause at about 10 km or 300 mbar is for the most part
everywhere highest in August, i.e. both in the Northern Hemisphere summer and the Southern
Hemisphere winter. The temperatures are, however, highestin both their summers. Irregularities
occur particularly in the Northern Hemisphere.

(iii) Comparison between figures 1 (d) and 1(4) indicates a close correlation between 50 mbar
and tropopause temperatures. On the other hand the 600 mbar values (figure 1 (c)) show little
variation with season at low latitudes, whereas the tropopause temperatures show a well marked
minimum in January. The correspondence is better at high latitudes where both figures 1 ()
and 1 (¢) show warm summer and cold winter temperatures, but the detailed agreement in the
more variable Northern Hemisphere is not as good as that between the 50 mbar and tropopause
temperatures.

In so far as these data are representative they indicate that tropospheric convection has a
major effect on tropopause height, particularly at low latitudes and in determining the overall
latitude distribution. However, at higher latitudes the tropopause height and temperature
appear to be strongly influenced by stratospheric temperatures tending to impose a lid or to
prolong the lapse rate region upwards. The annual variations at the equatorial tropopause may be

1 1 mbar = 102 Pa.


http://rsta.royalsocietypublishing.org/

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY [\

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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linked with an annual variation of the strength of the Hadley cell (Reed & Vlcek 196g; Newell
et al. 1969) and it also appears likely that they are a dynamical consequence of the greater
activity in the Northern Hemisphere winter.

The mean tropopause is also not continuous from equator to pole but has a major gap at
about 40° N in the jet stream region between the equatorial and polar tropopauses. This gap
is thought to be due to dynamical effects, with widespread subsidence in this region linked to
the descending branch of the Hadley cell (Manabe & Hunt 1968). Isentropic quasi-horizontal
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Ficure 1. Latitude-time sections of (a) tropopause pressure (mbar), (b) tropopause temperature (°C), (c)
temperature (°C) at the 600 mbar level, (d) temperature (°C) at the 50 mbar level. Data based on monthly
mean 1.G.Y. pole to pole cross sections at 75° W.

transfer of atmospheric constituents, radioactive tracers, etc. can readily take place through
this gap (see, for example, Danielsen 1959). On the other hand it is not so clear that direct
transfer can readily take place through an unbroken tropopause, e.g. in the upward transfer of
mass and water vapour, etc. through the equatorial tropopause, although penetrative con-
vection (see, for example, Riehl & Malkus 1958) appears to be important there, changing the
problem to one of mesoscale or smaller scale transfer across the tropopause with some diabatic
contributions.

There are also difficulties in explaining why the higher latitude tropopause should in general
retain so efficiently its sharp change of lapse rate on the small scale in the presence of the large
scale dynamical processes which take place in both troposphere and lower stratosphere.
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90 R.J.MURGATROYD AND A. O’NEILL

TROPOSPHERE~STRATOSPHERE MASS AND CONSTITUENT TRANSFER

Reiter (1975) has attempted to construct a budget for the annual change of stratospheric
mass of a hemisphere. He regarded the possibly important processes as (z) seasonal changes in
the height of the mean tropopause level, (ii) mean meridional circulations, (iii) large scale eddy
transports mainly in jet stream regions and (iv) mesoscale and smaller scale transport across the
tropopause. His estimate for (i) was that the seasonal change of tropopause heights accounts

-
=S
[ =]

(a)

[+
160- Noe—o—0, ot

/o .
- Xt mygm e = X. o N .
S :\\ RO AN,
. L xe s R

180
200

220-
401

N /\
20t x/" P

mean tropopause pressures/mbar

St
¥ -
- s\ . %
7N
E /_ e \N v/ :7
1 L L ! P2 o ! 1 L L ! 1 1 (4 i
QQ.‘ 0 > \x4 \ <o N X’If‘x
| o 0T~ —-7 x\ » :" y x4
—X <X /\
—20+ /x X N« y

X
) J ASONDJFMAMJ J AS OND
1957 1958 1959

month

Ficure 2. (a) Variation throughout the I.G.Y. of monthly mean tropopause pressure (mbar) at 75° W of the
Northern Hemisphere average (0—), the Southern Hemisphere average (x—-—) and the global average
(®——); (b) corresponding variation of Northern Hemisphere minus Southern Hemisphere values of the
tropopause pressures shown in (a) (X—) and the deviations of the monthly global mean values from the
global overall mean for the period (®—-).

for a flux of about 10 9, of the mass of the stratosphere in one hemisphere during the course of
1 year and he concluded that this flux is balanced approximately by the seasonal shift of
stratospheric air masses between the Northern and Southern Hemispheres. Figure 2, which is
based on the same data as figure 1, indicates that for the whole globe there is about 5 9%, more
mass in the stratosphere in the November—May period than in the June—October period, the
pattern being the same as that for the Northern Hemisphere but opposite to that for the Southern
Hemisphere. These differences between Northern and Southern Hemispheres (figure 2(5))
show about 109, more mass in the Northern than in Southern Hemisphere in the November-
May period and the opposite in the remainder of the year. A further breakdown into contri-
butions from the higher (> 30°) and lower ( < 30°) latitudes indicates that the major cause
of the above annual variation is that in the northern high latitudes. Conditions in the other
regions show less definite variations and in the Southern Hemisphere the conditions in its
summer 1958 were very different in this respect from those in 1957. Reiter also estimated that
the Hadley cell is the most effective of the transport mechanisms and that it transfers approxi-
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mately 38 9%, of the mass equivalent to one hemispheric stratosphere (which is about 40 x 10'° g)
through the tropopause per year. This was based on stream function data computed by Louis
(see Reiter et al. 1975), which are in general agreement with those of other authors. Louis also
calculated that a total mass of 5-8 x 101 g of stratospheric air is shifted between winter and
summer hemispheres. Finally, by using estimates of the mass transferences per cyclone and the
cyclone frequency in the Northern Hemisphere, Reiter has estimated that systems on this scale
transfer about 20 9, of stratospheric air through the troposphere each year. His corresponding
estimate for the smaller scale systems is only about 1 9.

The above picture of tropospheric-stratospheric mass exchange is consistent with that ob-
tained from studies of the vertical transfer of individual constituents and their estimated
stratospheric residence times. The monthly variations of total ozone over the two hemispheres
and over the globe appear to be very similar although a few months later in phase than those of
the tropopause heights shown in figure 2. According to London et al. (1978) the total ozone
deduced from ground based data in the Northern Hemisphere is a maximum in March or
April and a minimum in September or October. In the Southern Hemisphere the variation is
in antiphase with that of the Northern Hemisphere, with the maximum in October or November.
The global cycle broadly follows that of the Northern Hemisphere which has 2-3 %, more total
ozone than in the Southern Hemisphere. This trend is similar to that obtained from satellite
results given recently by Keating (1978). Angell & Korshover (1974) have reported that the
tropopause pressure and temperature exhibit a quasi-biennial oscillation. The amplitude of
the pressure oscillation during the period 1957-71 was about 4 mbar at the equator and there
was a pronounced out of phase relationship between equatorial and mid-latitudes. In addition
these authors found that during this period there was a long term increase in tropopause
pressure with values of about 5-7 mbar per decade in the tropics and 2—-4 mbar per decade in
higher latitudes in the Northern Hemisphere. The tropopause pressure increases were accom-
panied by temperature increases which may have led to increases in stratospheric humidity
over the period 1964-70, observed by Mastenbrook (1971) at Washington, D.C., ifit is controlled
by the ‘cold trap’ mechanism suggested by Brewer (1949). Newell & Wu (1978) have presented
evidence that latitudinal distribution of total ozone and lower stratosphere temperature vary
with the intensity of the Hadley cell. They also pointed out that the long term trend in observed
Northern Hemisphere total ozone amounts, which showed an increase in the 1960s, and
Angell & Korshover’s results above are compatible with a decrease in the Hadley cell circu-
lation during this period. It also appeared from Newson’s three dimensional model
(C.O.M.E.S.A. 1975) that on the whole the flux of water vapour in winter is from stratosphere
to troposphere mainly in the descending part of the Hadley cell. A mean meridional circulation
with descent in middle latitudes in the winter stratosphere has also been inferred from obser-
vations of radioactive substances (List & Telegadas 1969). Descent through tropopause gaps
of radioactive substances, ozone, potential vorticity and dry stratospheric air has been verified
in many observational studies.

It is difficult to obtain from observations a measure of the overall rate of removal of a sub-
stance from the stratosphere and it is usually estimated in terms of its apparent residence time
in the region tropopause to, say, the 25 km level. For example according to Krey et al. (1974),
this residence time for Sr% is about 14 months, which Reiter argued is consistent with a com-
bined effect based on his estimates of vertical mass transfer by the Hadley cell and large scale
eddy mechanisms together with 159, by movement between hemispheres annually. Other
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92 R.J.MURGATROYD AND A. O’NEILL

authors believe the above residence time is an underestimate by a factor of two or more when
applied in calculations of atmospheric composition (involving the transfer of species such as
N,O, CH,, CFCl;, CF,Cl, from troposphere to stratosphere and HNO,, HCI and O; from
stratosphere to troposphere) in current studies of possible effects of pollutants on Oz amounts in
the stratosphere. The question is of great importance both in the calculations of the possible
duration of any effects and also their magnitudes and presents one of the major uncertainties
in this work, particularly as there have been many one and two dimensional studies which have
attempted to represent the eddy transports in terms of empirically based flux-gradient relations.
Accordingly, although there is now some confidence that the mechanisms and patterns of
transfer of these substances have been identified and can be simulated reasonably well in three
dimensional and, at least for the mean circulation contributions, in two-dimensional models of
the atmosphere, further work is needed to obtain better quantitative estimates of the magnitudes
of the different vertical transfer mechanisms.

RADIATIVE INTERACTIONS

The importance of radiation, particularly the absorption of solar ultraviolet radiation by
ozone, in establishing the overall temperature distribution of the stratosphere is apparent from
a comparison of its calculated temperature field in radiative equilibrium (see, for example,
Manabe & Strickler 1964), with the mean observed temperature distribution (see, for example,
Murgatroyd 1969). The heating rates due to this absorption by ozone are calculated to be of the
order of 10 K /day near the stratopause and to fall to less than 0.1 K /day below about 20 km.
The importance and role in establishing the thermal structure and driving the circulation of the
different radiative processes in the lower stratosphere are more difficult to assess. Significant
absorption of solar radiation also takes place here in visible and infrared wavelengths by
aerosols, ozone (Chappuis bands), NO,, molecular oxygen, water vapour and carbon dioxide
with small contributions from other minor constituents (see Houghton 1963). In a similar manner
to the patterns produced by the absorption by ozone at higher levels, the resultant heating
rates are larger in the summer hemisphere and increase towards the pole. Hering et al. (1967)
have estimated that absorption of back-scattered radiation in the Oz Chappuis bands may
increase heating by Oz by about 10 %, around the 30 km level. The patterns of cooling and
heating due to divergence and convergence of the balancing atmospheric radiation, mainly
in the 15 pm CO,, 9.6 pm O,, and the water vapour rotational and 6.3 um bands, show
cooling increasing with height above about 30 km, but heating or small cooling above the
equatorial tropopause at lower levels. Elsewhere the cooling pattern in the lower and middle
stratosphere generally tends to follow the temperature distribution. In the troposphere there is
a general radiative cooling with maximum rates of up to 2 K /day occurring in low latitudes.
The boundary here between the net heating above, due primarily to the 9.6 ym O, band, and
net cooling below, mainly due to the water vapour bands, is at about 15 km, i.e. somewhat
below the equatorial tropopause and does not completely account for the sharp inversion there.
It appears also from the calculations of Manabe & Strickler (1964) that the variation of the
concentrations of the radiatively important constituents from equator to pole is not sufficient
to explain the latitudinal variation of the mean tropopause height (17-10 km approximately).

The overall distribution of the net heating and cooling rates indicates that their relation to
the source-sink mechanisms driving the general circulation of the troposphere and stratosphere
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and also the establishment of the detailed pattern of the thermal structure is indirect. Since
there is net radiative cooling, which is a maximum at low latitudes in the troposphere, the
contributions to the overall heating rate due to sensible heat and latent heat release must be a
major factor in this region. Since the equatorial tropopause region is very cold and it is also
a region of net heating, available potential energy must be destroyed in the lower stratosphere
and its circulation driven by that of the troposphere. Although the heating region in the
equatorial lower stratosphere is likely to favour upward motion and thereby assist the vertical
extension of the rising branch of the Hadley cell, this heating primarily arises because the low-
latitude lower stratosphere is a dynamically produced cold region exchanging radiative fluxes
with warmer regions above and below. Accordingly in this sense at least the radiative heating
region in the lower stratosphere should preferably be regarded as a by-product of the dynamics
rather than vice versa.

With this background, it seems that perturbations in the infrared flux from troposphere to
stratosphere are most likely to be produced by radiation in the 9.6 pm O band which, as well
as being the main agent in causing heating in the low-latitude stratosphere, is situated in an
important atmospheric window. Consequently, in contrast to the 15 pm CO, and water bands
which are strongly absorbent and can only ‘see’ the upper troposphere above about the 500 m-
bar level from the lower stratosphere, the 9.6 ym O, band may ‘see’ either the warm surface
of the Earth through the small concentrations of tropospheric ozone or the cold tops of the clouds.
According to Hitschfeld & Houghton (1961) the effects of the latter situation could be strong
enough to cause all or most of the lower stratospheric heating to disappear. Ramanathan (1977)
has suggested that, at least in winter, the circulation of the stratosphere can interact strongly
with that of the troposphere through the agency of radiation emitted primarily by the 9.6 pm
O; band. This downward flux is considerably enhanced during sudden warmings when both
lower stratospheric temperature and ozone amounts are considerably increased. A model
calculation indicated that the increase of the radiative flux into the troposphere at high latitudes
during a major warming was as much as 11 %, of the flux toward the poles of total energy by
the general circulation and reduced the tropospheric cooling in the arctic by roughly 9%,
possibly equivalent to a temperature increase of about 2 K. Since stratospheric sudden warmings
at high latitudes are accompanied by cooling at low latitudes (Fritz & Soules 1972) this mech-
anism could lead to a net reduction of the tropospheric available potential energy, estimated
as much as 99, in the above example. Such an interaction could lead to a significant effect on
the tropospheric circulation. The situation during a sudden warming is an extreme example of
this kind of radiative-dynamical feedback which is generally operative to some extent and is
initiated by the dynamical forcing of the stratosphere by the tropospheric circulation, so that
it appears likely that this mechanism plays a role in the overall equator to pole heat transfer
by the circulation of the troposphere and lower stratosphere. Further studies are needed to
provide a more detailed quantitative assessment of its mean contribution and variability.

Changes in aerosol content, ozone and water vapour in the stratosphere may affect surface
heating through changing the penetration of solar radiation to the surface, altering the balance
of the downward and upward fluxes of atmospheric radiation and by changing the heat balance,
initiating dynamical interactions. Attempts have been made in the last few years to estimate the
possible magnitude of these effects in modelling studies of differing sophistication, mostly using
one- or two-dimensional convective-radiative equilibrium types, but at least one in which
short integrations were made with a three-dimensional model. However, none of the present
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models can so far be regarded as satisfactory in their treatment of the radiative phenomena or
their simulation of the atmospheric dynamics, clouds and the hydrological cycle, transfer by
the oceans, etc. (see, for example, Manabe & Wetherald 1967, C.I.A.P. 1975 and C.O.M.E.S.A.
1975 for details).

For aerosols, which are of particular importance in scattering and absorbing solar radiation,
there is evidence that volcanic eruptions can on occasion greatly increase the stratospheric
burden. For example, it has been estimated that as a result of the 1963 Mt. Agung eruption
the global mass of stratospheric aerosol increased from about 1x 10® to 3 x 10°kg (Wilson
1970). This may have resulted in an aerosol heating rate near the equatorial tropopause of
about 0.1 K /day, leading to a rise of up to 6 K in the temperature there (Newell 1970), but
seemed to have had little effect on surface temperatures (Lamb 1970). In general, there appears
to be a likelihood of a small decrease in the latter 1 or 2 years after a volcanic eruption (see
Mass & Schneider 1977). Most of the model calculations also indicate that large increases of
stratospheric aerosol amounts will cause temperature increases of perhaps around 10 K in the
lower stratosphere and, probably, decreases of the order of a fraction of one degree Kelvin in
mean surface temperatures. The latter would probably result also in some decrease of other
forms of atmospheric energy and a decrease of rainfall. However, since it is known that in the
last century the mean surface temperature has shown long term variations, whose cause has not
been fully explained, of the same general magnitudes as those calculated for large increases in
stratospheric aerosol amounts, it will be difficult to validate these model results completely.
Considerably larger effects may occur at individual locations and further work is required to
refine and expand the current results.

Several model calculations of the effect on surface temperatures of changing stratospheric
ozone amounts (either by the effect of pollutants or by natural phenomena) have also been
reported (see, for example, Manabe & Strickler 1964; Manabe & Wetherald 1967; C.I.A.P.
1975; C.O.M.E.S.A. 1975). It appears that a 259, reduction might lead to about a 10 K
decrease in the low latitude upper stratosphere, and a fraction of a degree Kelvin decrease
in mean global temperature at the surface. It seems likely that this decrease in temperature
would be enhanced somewhat if the vertical ozone profile were changed to remove more ozone
from the lower stratosphere, i.e. from a typical polar ozone profile towards a typical tropical
profile. »

The model calculations have indicated also that increasing the water vapour in the strato-
sphere leads to increased infrared cooling and lower temperatures there and to very small
increases in the mean surface temperatures. Estimates vary from rises in the latter of less than
0.1 K for a 109, water vapour increase to 2 K for a fivefold increase, with the stratospheric
temperature changes being about an order greater than those at the surface. If high cirrus
clouds were formed, their effect would also be to cause temperature increases at the surface,
perhaps about 1 K for a 25 9%, increase. '

It seems unlikely that the large changes of stratospheric composition assumed in the model
calculations could arise as the result of variability in solar radiation or other extra-terrestrial
effects. Willis (1978) has shown that extra-terrestrial processes will only produce extremely
small changes in water vapour in the stratosphere. Keating (1978) estimated a 3 9, variation
of ozone over the last solar cycle, which could be responsible for a 0.05 K change in mean
surface temperature when using the C.I.A.P. (1975) results but a negligible amount if the
C.O0.M.E.S.A. (1975) results are correct.
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DYNAMICAL INTERACTIONS

A striking feature of the stratospheric circulation is its apparent simplicity as compared with
that of the troposphere. In summer, the stratospheric flow is almost completely zonal with
easterly winds around a warm anticyclone approximately concentric with the pole. The winter
mean circulation of the extratropical Northern Hemisphere stratosphere above about the 100 m-
bar level consists mainly of planetary waves of zonal wavenumbers 1 and 2 superimposed on
a zonal westerly flow around a cold polar vortex, while in the Southern Hemisphere strato-
sphere the situation is similar except that the wave perturbations are far less pronounced. These
planetary waves are quasi-stationary in phase but fluctuate in amplitude with time-scales of the
order of 2 weeks. Observational and theoretical studies have shown that their associated
horizontal momentum and heat fluxes play an esseniial role in governing the mean meridional
circulation in the winter stratosphere and in inducing sometimes dramatic changes of the
zonal flow, e.g. during stratospheric sudden warmings. Additionally, planetary wave motions
have been found to be important in transporting various chemical species, e.g. ozone within the
stratosphere. These in turn can modify the field of net radiative heating and thus the dynamical
motions themselves. The predominance of planetary waves in the winter stratosphere, as
compared to motions of a smaller scale, their origin and relative absence from the stratosphere
in summer pose fundamental questions for dynamical theory.

There is now a considerable body of evidence (see Holton (1975) for a review) that such wave
motions in the stratosphere are not excited by internal hydrodynamic instabilities of a baroclinic
or barotropic nature but are produced and maintained by vertical propagation of planetary-
wave disturbances generated in the troposphere. Orographic forcing and differential heating
are believed to be the principal source mechanisms with the resulting wave motions being of a
quasi-stationary nature. In addition, there may be some long wave generation as a result of
nonlinear interactions between waves on a smaller spatial scale produced by baroclinic in-
stability in the troposphere.

The predominance of wave motions of a planetary scale in the winter stratosphere and their
relative absence from the summer stratosphere were first accounted for theoretically by Charney
& Drazin (1961), their work being extended by Dickinson (1968, 1969), Matsuno (1970),
Simmons (1974) and others. These studies have shown the importance of the zonal wind
distribution in governing the vertical propagation of quasi-stationary waves from the tropo-
sphere. The following features have emerged: Quasi-stationary waves on a planetary scale may
propagate significantly into the stratosphere during periods when the zonal wind is westerly
(hence inhibited propagation in summer) and they do so such that the maximum perturbation
amplitude aligns itself approximately along the axis of strongest mean westerly wind component
(the so-called waveguide effect). The degree of vertical penetration of the waves depends
sensitively on their zonal wavelength in that shorter waves propagate less readily, which
accounts for the absence of the smaller synoptic-scale features from middle and upper strato-
spheric charts. A region marking the transition between westerly and easterly winds (which
forms a ‘critical line’) acts to absorb quasi-stationary waves and to produce zonal flow acceler-
ations in that area. Such a region exists in the equatorial stratosphere separating the westerlies
of the winter hemisphere from the easterlies of the summer hemisphere. Dickinson (1968) and
Matsuno (1970) have demonstrated that the resulting energy sink for the wave motions causes
the upward energy flux from the troposphere to be directed mostly equatorward. Relations of


http://rsta.royalsocietypublishing.org/

Y | \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

a
R

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

96 R.J. MURGATROYD AND A. O’'NEILL

the form derived by Eliassen & Palm (1960) show that, for quasi-geostrophic waves in a steady
state when diabatic effects are unimportant, this implies eddy fluxes of momentum and heat
directed towards the poles when the zonal winds are westerly and increasing with height, as
in the winter stratosphere.

While these fluxes are of vital importance in determining the mean state of the stratospheric
circulation in winter, linear perturbation analyses carried out by Charney & Drazin (1961),
Boyd (1976), and Andrews & Mclntyre (1976, 1978) have established that for the planetary
wave disturbances to change the mean flow, wave transience, damping or interaction with a
critical line are required. It has been found that transient planetary-wave activity in the tropo-
sphere is related to one of the most spectacular manifestations of troposphere-stratosphere
interaction, namely the stratospheric sudden warming phenomenon for which both numerical
simulations and observational studies of the real atmosphere have shown that the breakdown
of the stratospheric polar-night jet, which characterizes ‘major events’, occurs in conjunction
with enhanced upward fluxes of eddy energy from the troposphere. However, it is perhaps
significant that no correspondence has yet been found between the magnitude of the energy
fluxes and the intensity of the warming.

In view of the above, it is reasonable to suppose that interhemispheric differences in strato-
spheric circulation characteristics are related to different conditions between hemispheres in the
troposphere. This is supported by detailed studies involving general circulation models of the
troposphere and stratosphere (see, for example, Manabe & Mahlman 1976). In particular,
numerical experiments by Kasahara et al. (1973) and Manabe & Terpstra (1974) have suggested
that the large-scale mountain ranges in the Northern Hemisphere, such as the Tibetan Plateau
and the Rocky Mountains, are chiefly responsible for maintaining the quasi-stationary waves
in the troposphere. The fact that major midwinter warmings on the scale of those observed
in the Northern Hemisphere have not been found in the Southern Hemisphere is therefore also
likely to be ultimately related to interhemispheric differences in tropospheric forcing.

Some data relevant to the relation between the seasonal evolution of tropospheric planetary
waves and those of the stratosphere have recently been obtained in the Meteorological Office
from an analysis of the results of an annual integration of a three-dimensional numerical model
simulating the seasonal behaviour of the troposphere and stratosphere. This model, which was
based on that of Corby e¢ al. (1972) and extended in the vertical by Newson to contain thirteen
levels, eight of which were in the stratosphere, has been briefly described in C.O.M.E.S.A.
(1975) and a fuller description of the model and its simulated climatology is in preparation.

In the examination of the seasonal variation and latitudinal distribution of stationary
(monthly mean) planetary-wave amplitudes in the model atmosphere, the 5 mbar level was
chosen to be representative of the middle stratosphere with the 300 and 100 mbar levels taken
to illustrate variations in the upper troposphere and lower stratosphere. Figure 3 (a) shows that
stationary wave 1, found to be the dominant mode in the stratosphere, exhibited a pronounced
seasonal cycle in amplitude at the 5 mbar level with maximum amplitude in winter and
minimum in summer. This is an outstanding feature of the seasonal variability of the real
stratosphere and is consistent with the theoretical predictions of Charney & Drazin (1961)
regarding the propagation characteristics expected for planetary waves in westerly and easterly
wind regimes. However, figure 3 (¢) shows that, in the model simulation, there was a further
important seasonal variation likely to influence stratospheric wave amplitudes and thus the
seasonal evolution of its circulation, namely the seasonal cycle of stationary wave 1 amplitude
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Northern Hemisphere than in the Southern Hemisphere.

A study of the corresponding fields in the model for stationary wave 2 shows that this wave
also exhibited a seasonal cycle in amplitude at 5 mbar in approximate phase with that of the
upper troposphere (figure 4). In the Northern Hemisphere, peak amplitudes were considerably

TROPOSPHERE-STRATOSPHERE INTERACTION 97

in the upper troposphere. This cycle was approximately in phase with that of the stratosphere.
In broad agreement with observations (Labitzke & Van Loon 1972), the seasonal variation of
wave 1 amplitudes in the Southern Hemisphere stratosphere was less pronounced, with ampli-
tudes considerably smaller than those prevailing during the Northern Hemisphere winter.
Figure 3 (¢) suggests that these differences may be related to the fact that large stationary wave
1 amplitudes were sustained over a considerably longer period in the upper troposphere in the
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smaller than those of wave 1 but the two waves were of roughly comparable amplitude in the
Southern Hemisphere. Stationary waves of higher wavenumber than 2 were of progressively
smaller amplitude in the middle stratosphere. The upward energy fluxes associated with
stationary wave 1 and 2 in the model at 100 mbar are shown in figure 5, further illustrating the
pronounced differences between hemispheres. Since linear wave calculations (see, for example,
Matsuno 1970) indicate the preferred vertical propagation of wave 1 in the polar westerly jet,
these results provide further evidence that interhemispheric differences in the stratospheric
circulation, particularly in its wave 1 aspects, are directly related to those of the troposphere.
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F1cure 5. Vertical eddy flux of mechanical energy (W m~2) at 100 mbar as determined by the ‘pressure-inter-

action term’ (a) associated with zonal wave 1, w’z’ (1), (b) associated with zonal wave 2, w’z” (2). Stippling
indicates upward flux, o is the vertical velocity in pressure coordinate terms, z is geopotential-height, the
overbar denotes a zonal average on a constant pressure surface and a prime the local deviation from that
average.

Transient wave components (here taken to include perturbations with amplitude or phase
differing from the monthly mean value) were of much smaller amplitude than their stationary
counterparts in the Northern Hemisphere but were of comparable amplitude in the Southern
Hemisphere and also exhibited a pronounced seasonal cycle in the middle stratosphere in
approximate phase with that of the upper troposphere (figures 6 and 7).

In addition to the interaction between tropospheric and stratospheric circulation systems
which apparently exists on a seasonal timescale, Hirota & Sato (1969) have made observations
that suggest a relation between quasi-periodic oscillations in the strength of planetary waves
in the winter stratosphere and the day-to-day changes in the strength of the mean zonal wind
in the troposphere, the so-called index cycle. Quiroz (1969) showed oscillations of this index at
700 mbar that were in phase with the oscillations in the upward energy flux through 100 mbar,
preceding thermal oscillations in the stratosphere. In a recent study of a major stratospheric
warming during the 1976-77 winter in the Northern Hemisphere, O’Neill & Taylor (1979)
investigated in some detail the nature of dynamical interactions between troposphere and
stratosphere. They demonstrated the continuity of the planetary wave amplitudes from upper
troposphere to middle stratosphere and concluded that the circulation reversal, which occurred
at all levels up to at least 10 mbar, could be accounted for mainly by planetary wave 1
developments in the troposphere. In addition, they argued that Matsuno’s (1971) mechanism
for sudden warmings did not provide an adequate dynamical description of the event and that
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the appearance of eddy momentum fluxes towards the equator in the troposphere and strato-
sphere, with the consequent export of westerly momentum from high latitudes, was central to its
dynamical evolution. They noted a number of other occasions during which areas of eddy
momentum fluxes towards the equator in the troposphere appeared to spread upwards into the
stratosphere during periods of enhanced planetary wave activity in the troposphere. Because
quasi-geostrophic theory provides an adequate description of motions on this scale, it may
readily be shown that this process requires that the planetary waves change their meridional
structure to one in which the trough and ridge lines lie in a SE-NW direction. O’Neill

<] & Taylor proposed that such a reorientation and amplification of planetary waves in the
—
<
> P
o E (a) 90 == —— =
=S ) [ EO)&

| 600) 400 | ‘
Eg P 03 )¢ TR AN R 150 22

~ S 100

Fq W 307120_501 NS0 e e o = =] 50._..—\—/———;\

ol N—) A

PHILOSOPHICAL
TRANSACTIONS
OF

FiGUrE 6. Transient wave 1 amplitude of geopotential- Fi1GURE. 7 Transient wave 2 amplitude of geopotential-
height (m) at (a) 5 mbar, (4) 100 mbar, (¢) 300 mbar. height (m) at (2) 5 mbar, (4) 100 mbar, (¢) 300 mbar.

7-2

___90‘ SR TN SN NS SN W SR S S R S
(b VE===e==—— e R —— —
R GOWW/—F =
%) 80
= N3 8 o | fg
D — e v Sl
V4 a’,’—__’,\~lo—h~-__,f—~_ Z
2 >
=3 or R
-~ — =)0 - ~
5] -_-_J/’ ~/ —_——— T~ e~ ] °
E "‘30_:/\/-\20 —5
:.‘3 B 40 60 :_%
oo =) .~
‘ Y Yo s e e e B == T 3
\] : () V= === QR [V pepeen— ” S —
~ /\/\1’0 @ = -_/? =20 — —
- 80 0 100 f8 < = ~
80— 40 e e—] 60 oy =< @6\.
;E 020 \_}"’\/ %—”20 0~
O 30 ,--10~W 30F e ~—
- — P - o [P — S ———— -
o - : . -
or ok
mu - _,—-—‘__’fw\*_ b [ T
= pr——
2y () A,
=34 —60r & —60[
3Z 20\ 20
go 9= == e T T o BT R i — :T\‘-I—T—I—T"k—"r:jﬁ[—_l—r_n‘
T= 90 : 90
n.BLL FMAMJJ ASONDUJIFM .FM AMJ J AS ONDJ FM
%50 i month month
Zz
=
T
o=



http://rsta.royalsocietypublishing.org/

/

AL

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY L\

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

100 R.J.MURGATROYD AND A. O°’NEILL

troposphere, which they found to be associated with the appearance and subsequent evolution
of a blocking-type circulation pattern, could have important consequences for the stratospheric
circulation. Furthermore, both in this study and in the analysis of the above model results, it
was found that major planetary wave developments in the middle stratosphere could be associ-
ated with enhanced planetary wave activity at high latitudes in the upper troposphere, low-
latitude perturbations being less important in this respect. This is not unexpected in view of the
location at high latitudes of the strong westerly wind waveguide formed by the polar night jet in
the stratosphere. The particular tropospheric synoptic patterns associated with such develop-
ments were found by O’Neill & Taylor (1979) and to some extent in the above model simu-
lations to include at some stage intensification of a ridge in the mid-Atlantic sector which, in
conjunction with an extensive low-pressure area over east Asia, gave rise to a pronounced
wave 1 component in the circulation. However, the complexity of the interactions is such that
no unique relationship has yet been established between the intensity and duration of a given
planetary-wave disturbance and the degree to which the zonal flow in the stratosphere is
disrupted.

In the above discussion, the connection between planetary-wave motions in the troposphere
andstratosphere at extratropical latitudes has been emphasized because such motionsaccountfor
most of the eddy kinetic energy in the stratosphere and play an important part in determining its
overall circulation. In addition, upward-propagating Kelvin and mixed Rossby gravity waves
from the troposphere interacting with the wind systems of the stratosphere are believed to ac-
count for the quasi-biennial oscillation of zonal wind in the equatorial stratosphere. The former
waves are also thought to act as a source of westerly momentum for the semi-annual cycle of zonal
winds in the equatorial stratosphere, with planetary waves propagating upward and equatorward
in the winter hemisphere providing the required oscillating source of easterly momentum.
Mechanistic models which simulate the proposed interactions leading to the quasi-biennial
wind oscillation have been formulated by Lindzen & Holton (1968), Holton & Lindzen (1972)
and Plumb (1977).

Although a great deal of progress has been made in identifying dynamical processes by which
changes in the tropospheric circulation can affect the stratosphere, there is comparatively little
known of the way effects of stratospheric perturbations may be communicated downwards
mechanically and perhaps cause significant alterations to the tropospheric flow. One possibly
important mechanism by which this might occur is through the effect of stratospheric changes
on the vertical propagation of planetary waves generated in the troposphere (Hines 1973;
Bates 1977). These waves transfer their energy upwards and might be reflected at higher
altitudes to interfere constructively or destructively with the initial systems that led to their
generation. Hines argued that in the absence of substantial dissipation the energy density of
such a reflected disturbance would be appropriate to the tropospheric level of its origin and
would be likely to have some phase coherence with the generating system. It might be expected
that this mechanism would be more efficient in producing a significant change in the troposphere
than would be the case for an incoherent mechanism. Bates (1977), in an analytical study using
a simplified model, found that the structure of its planetary-scale waves and hence their
horizontal heat fluxes in the troposphere were very sensitive to his choice of stratospheric wind
profile and static stability. Accordingly, he proposed that upper-atmospheric changes that might
alter the planetary-wave structure could also lead to changes in the tropospheric circulation
and hence an overall climatic effect. However, it was necessary for the model to contain many
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simplifying assumptions regarding zonal wind distribution and wave structure in order to
make the problem mathematically tractable and thus more comprehensive studies are necessary
before his conclusions can be generally accepted.

Discussion

Although the nature of the tropopause and its distribution in space and time are reasonably
well known, there are considerable uncertainties about the precise nature of the processes by
which they are determined and about the transport mechanisms in this region of the atmosphere.
Until these are better understood, it will be difficult to construct the detailed budgets of the mass
and constituent transports between troposphere and stratosphere necessary to gain a quantitative
knowledge of the sources and sinks of the chemical species that determine the composition of
the stratosphere in its ‘natural’ or ‘perturbed’ (by pollutants) state. Further studies will have
to include radiative, chemical and dynamical processes on all scales.

Questions of the likely consequences in the troposphere of perturbing stratospheric com-
position include both effects on the penetration of solar radiation at different wavelengths and
the disturbance of heat balances and hence the general circulation. These can only be answered
by gaining a reasonably complete knowledge of all the physical processes that determine the
natural atmosphere’s composition, temperature structure and general circulation and then
constructing adequate models for diagnostic and predictive purposes. It must be realized that
this goal is at present far from being attained and that a great deal of work will be needed
before it can be said to be reasonably approached. Work along these lines will contribute to
an improved appreciation of possible solar—terrestrial relations, which can only be properly
studied when the appropriate mechanisms have been quantified.

Both observational and theoretical studies have led to considerable progress in recent years in
understanding the dynamical mechanisms involved in a number of stratospheric phenomena.
Although it is now established that planetary-wave developments in the troposphere are im-
portant in governing the stratospheric circulation, the situation as regards possible dynamical
effects of stratospheric changes on the troposphere has yet to be clarified. In the case of the
quasi-biennial oscillation, itis now known that this can be observed in a number of tropospheric
parameters at middle and high latitudes (Ebdon 1975; A. F. Jenkinson 1978, private communi-
cation). This raises the question of the extent to which the quasi-biennial oscillation may be
intrinsic to the stratosphere and communicated to the troposphere, for example by the influence
of the changing zonal wind distribution in the equatorial stratosphere on the overall planetary-
wave structure.

It is hoped that in view of the theoretical and practical importance of the subjects discussed
in this paper, their further investigation will form an important part of the Middle Atmosphere
Program.

RErFErRENCES (Murgatroyd & O’Neill)

Andrews, D. G. & Mclntyre, M. E. 1976 J. atmos. Sci. 33, 2031-2048.

Andrews, D. G. & Mclntyre, M. E. 1978 J. Fluid Mech. 89, 609-646.

Angell, J. K. & Korshover, J. 1974 Mon. Weath. Rev. 102, 29-34.

Bates, J. R. 1977 Q. J! R. met. Soc. 103, 397-430.

Boyd, J. 1976 J. atmos. Sci. 33, 2285-2291.

Brewer, A. W. 1949 Q. J! R. met. Soc. 75, 351-363.

Charney, J. G. & Drazin, P. G. 1961 J. geophys. Res. 66, 83—109.

C.LLA.P. Monograph 4 1975 Final Report DOT-TST-75-54. U.S. Department of Transportation, Washington,
D.C. 20590.


http://rsta.royalsocietypublishing.org/

THE ROYAL A
SOCIETY /A

PHILOSOPHICAL
TRANSACTIONS
OF

A

a
s

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

102 R.J. MURGATROYD AND A. O’NEILL

C.O.M.E.S.A. 1975 Report of the Committee on Meteorological Effects of Stratospheric Aircraft, 1972-1975. Bracknell:
Meteorological Office.

Corby, G. A., Gilchrist, A. & Newson, R. L. 1972 Q. JI R. met. Soc. 98, 809-832.

Court, A. 1942 Bull. Am. met. Soc. 23, 220-238.

Danielsen, E. F. 1959 Arch. Met. Geophys. Bioklim. A 11, 293-332.

Dickinson, R. E. 1968 J. atmos. Sci. 25, 984—1002.

Dickinson, R. E. 1969 J. geophys. Res. 74, 929-938.

Dopplick, T. G. 1972 J. atmos. Sci. 29, 1278-1294.

Ebdon, R. 1975 Met. Mag. 104, 282-297. London: Meteorological Office.

Eliassen, A. & Palm, E. 1960 Geophys. Publikasjoner 22, no. 3, 1-23.

Fritz, S. & Soules, S. D. 1972 Mon. Weath. Rev. 100, 582—589.

Goody, R. M. 1949 Proc. R. Soc. Lond. A 197, 487-505.

Hering, W. S., Touart, C. N. & Borden, T. R. 1967 J. atmos. Sci. 24, 402-413.

Hines, C. O. 1973 J. atmos. Sci. 31, 589-591.

Hirota, I. & Sato, Y. 1969 J. met. Soc. Japan 47, 390-402.

Hitschfeld, W. & Houghton, J. T. 1961 Q. J! R. met. Soc. 87, 562-577.

Holton, J. R. 1975 The dynamic meteorology of the stratosphere and mesosphere. Meteorological Monographs, vol. 15,
no. 37. Boston, Mass.: American Meteorological Society.

Holton, J. R. & Lindzen, R. S. 1972 J. atmos. Sci. 29, 1076-1080.

Houghton, J. T. 1963 Q. JI R. met Soc. 89, 319-331.

Kasahara, A., Sasamori, T. & Washington, W. M. 1973 J. atmos. Sci. 30, 1229-1251.

Keating, G. M.. 1978 Nature, Lond. 274, 873-874.

Krey, P. W,, Schonberg, M. & Tonkel, L. 1974 Rep. HASL-281, pp. I-130 — I-142. New York: U.S. Atomic
Energy Commission.

Labitzke, K. & Van Loon, H. 1972 Met. Monogr. 13, no. 35, 113-138.

Lamb, H. H. 1970 Phil. Trans. R. Soc. Lond. A 266, 425-433.

Leovy, C. 1964 J. atmos. Sci. 21, 238-248.

Lindzen, R. S. & Holton, J. R. 1968 J. atmos. Sci. 25, 1095-1107.

List, R. J. & Telegadas, K. 1969 J. atmos. Sci. 26, 1128-1136.

London, J., Bojkov, R. D., Oetmans, S. & Kelley, J.I. 1978 N.C.A.R. Technical Note{113+ STR. Boulder,
Colorado.

Manabe, S. & Hunt, B. G. 1968 Mon. Weath. Rev. 96, 447-502.

Manabe, S. & Mahlman, J. D. 1976 J. atmos. Sci. 33, 2185-2217.

Manabe, S. & Strickler, R. F. 1964 J. atmos. Sci. 21, 361-385.

Manabe, S. & Terpstra, T. B. 1974 J. atmos. Sci. 31, 3—-42.

Manabe, S. & Wetherald, R. T. 1967 J. atmos. Sci. 24, 241-259.

Mass, C. & Schneider, S. H. 1977 J. atmos. Sci. 34, 1995-2004.

Mastenbrook, H. J. 1971 J. atmos. Sci. 28, 1495-1501.

Matsuno, T. 1970 J. atmos. Sci. 27, 871-883.

Matsuno, T. 1971 J. atmos. Sci. 28, 1479-1494.

Murgatroyd, R.J. 1969 Global circulation of the atmosphere, (ed. G. A. Corby), pp. 154-195. London: Royal
Meteorological Society.

Newell, R. E. 1970 Nature, Lond. 227, 697-699.

Newell, R. E., Kidson, J. W. & Vincent, D. G. 1969 Nature, Lond. 222, 76.

Newell, R. E. & Wu, M.-F. 1978 Q. J! R. met. Soc. 104, 999-1002.

O’Neill, A. & Taylor, B. F. 1979 Q. J! R. met. Soc. 105, 71-92.

Plumb, R. A. 1977 J. atmos. Sci. 34, 1847-1858.

Quiroz, R. S. 1969 Mon. Weath. Rev. 97, 541-552.

Ramanathan, V. 1977 J. atmos. Sci. 34, 439-447.

Reed, R. J. & Vicek, C. L. 1969 J. atmos. Sci. 26, 163-167.

Riehl, H. & Malkus, J. S. 1958 Geophysica 6, 503-538.

Reiter, E. R. 1975 Rev. Geophys. Space Phys. 13, 459-474.

Reiter, E. R., Bauer, E., Grobecker, A. & Coroniti, S. 1975 C.I.4.P. Monograph 1. U.S. Department of Trans-
portation, Washington, D.C.

Simmons, A. J. 1974 Q. JI R. met. Soc. 100, 76-108.

Staley, D. O. 1957 Arch. Met. Geophys. Bioklim. A 10, 1-19.

U.S. Department of Commerce 1961 Monthly mean cross-sections pole to pole along meridian 75° W for the 1.G.Y.
period.

Willis, D. M. 1976 J. atmos. terr. Phys. 38, 685-698.

Willis, D. M. 1978 J. atmos. terr. Phys. 40, 513-528.

Wilson, C. L. 1970 Report of the study of critical environment problems (S.C.E.P.).

W.M.O. 1966 International Meteorological Vocabulary. W.M.O./O.M.M.[B.M.O. No. 182, TP.91.


http://rsta.royalsocietypublishing.org/

