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Gilobalscale atmosphenc circulations illostrate with cutstanding clamity one of the prand themes i physics: the organiz-
aticm of chaotic Anctuations in complex dynamical systems, with nontrivial, persistent mean effects. This is a themie rec-
ognied &5 important not just for classical textbook cases like molecular gas kinetics but also for an increasmgly wade
range of dynamical sysiems with karge phase spaces, not in simple statistical-mechanical equilibrium or near-eoqubbrivm.
In the case of the aimosphere, the organtzation of fluctdatons s princpally dee 1o thres wave-propagation mechanisms
or quasi-clasticities; gravitybuoyancy, mertia'Coriolis, ond Rosshy'vortical. These enter the Auctuation dynamics along
with varioes forms of highly inhomogenemss torbulence, pyving rise 1o & "wave-turbulence jigsaw puzzeie” in which the
spatinl inhomogencity—characteristic of “wave-hreaking” undérstood in & suitably generabized sense—exhibis phase
cofierence and is &an essential, leading-order feature as illustrated. also, by the visible sarl sones near ocean beaches. Such
mbomaegenety 12 oulade the scope of cissical turbulence theory, winch assumes spatinl statistical homogeneity or small
departures therefrom. The wave mechanisms induce systematic correlations between Auctuating felds, giving rise to
mean fluxes or transports of momentum quite different from these found in gas kinetics or in classical turbulence theory,
Wave-induced momentum ransport 5 & beng-range process, effective over distances fnr exceeding the fuctuatig
material displacements or “mixing lengihs™ characterstic of the fluld motion isell. Such momenium transparl, moreoves,
often has an “anti-Irictional” charader, driving the system away from solid rotation, nol toward it as underhined mosd
plainly by the exptence of the stratosphenc quasi-biennial oscillation (OB and dis laboratory couanterparts,

Wave-induced momentum transpont drives the Coriolissmediated “gyroscopic pumping” of meridional circulations
wgainst radiative relagation, &8 ilustrated by the Murgatrosd-Singleton meseapheric circulation and the Brewer-Dodson
{misnamed Hadley) stratesphernie dculation. The Brewer-Dobson can be contrasted with the convectively deiven tro-
pospheric Hadley circulation and with e ocesns” thermolaline circulation. The ocenn is an opposite extreme case in the
sanse Thal radiative relaxation has no counterpart. IT the stratosphere 5 compared fo o tape recorder whose maotor is the
pyroscopis pump and whose recording head i the tropical tropopanse with ils sessonal water-vapour signal, then the dis-
tribution of rediative-equilibrium temperatures across the tropics may be compared to the guidance wheels influencing
the upward path of the tape. In other words, solar beating does not drive the tropacal stratespherse upwelling, but does
inflience the way in wiich the upwelling mass flux demanded by the wavesdnven pumping B distributed scross the
trogics, Becwuse the tropical mean areulation problem is nonlinear, one cannat think of the tropical part of the circo-
latbon 25 o bnear superposition of thermally and mechanically driven “contributions™.

Insights into the dynamics of aimospheric circalations have recently led o a breakihrough in an astrophysical prob-
lem, that of understanding the differental rotation, meridicnal circulation, and helium distribulion within the sun, with
strong imphcitions for belinsemmic myversion and the so-called Hthiom and berviliom problems. This &= an example of
meteorobomicnl understanding informing solar and stellar physacs.

A. INTRODUCTION

I want 1o rewisit the Aud dynamics of global-scale
atmospheric circulatens inoa way thal emphasizes
physical lundamentsls, and to show how this has led 1o
new insights into the workings of the sun's interior and
other stellar interiors. In all these problems we are deal-
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ing with ehactic Muid motien at vast Beynolds numbere,
involving various kinds of wrbulence, But a leitmotil
running through the whole story is the inapplicability of
the classical turbulence paradigm, not only guantita-
tively but also qualitatively, Classical turbulence theory
was historcally important and is still implicitly rebied
on bolh in the meteorolopcal bterature and in the
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astrophysical literature, whenever the concept of “eddy
viscosity” is used in one or another of its versions. The
chaotic fluctuations that are most important in shaping
global-scale circulations are organized, by contrast, in a
very nonclassical way, outside the scope of classical tur-
bulence theory but now recognized as essential even to
a qualitative understanding of those circulations.

Our understanding is most secure in the case of the
middle atmosphere, the region consisting of the strato-
sphere below 50 km and mesosphere above. One reason
is that we now have a wealth of Lagrangian information
from long-lived chemical tracers, thanks to the effort to
understand ozone-layer chemistry. The middle atmo-
sphere is more accessible to remote sensing than the
troposphere, because of its chemical diluteness and lack
of moist convection. Ozone, water vapour, and methane
mixing ratios are measured in parts per 10%, and most
other trace chemicals in parts per 10° or less. Clouds and
aerosols are relatively speaking thin or nonexistent,
though crucial to the chemistry when present (Albritton
et al., 1998). These circumstances, taken advantage of
by an array of clever and sophisticated obscrving
methods, have made the middle atmosphere into a won-
derful outdoor laboratory for the study of basic pro-
cesses in stratified, rotating fluid motion, such as must
also exist beneath the convection zones of sun-like stars.

In the fluid dynamics of the middle atmosphere, the
Coriolis and buoyancy effects associated with rotation
and stable stratification are of course immensely strong,
in relation to mean circulations and their chemical con-
sequences. Typical Coriolis timescales, of the order of
hours over a wide range of latitudes, and buoyancy
timescales, of the order of minutes, are several orders of
magnitude less than the timescales for mean circula-
tions and chemical transports. Coarse-grain gradient
Richardson numbers arc large. Thus mean circulations
feel an enormous stiffness from the Coriolis and buoy-
ancy effects. This implies stiffness of the fluid-dynamical
equations, in the numerical-analytical sense—the same
stiffness that famously spoiled L. F. Richardson’s pio-
neering attempt at numerical weather prediction. It also
reminds us of the possible importance of wave propa-
gation mechanisms—the reason why the classical tur-
bulence paradigm fails.

B. THERMAL AND CHEMICAL
EVIDENCE

Before saying more about the circulation dynamics,
let us recall two well-known facts that constrain any
theory. One is that, at solstice, the summer pole is the
sunnicst place on Earth. Diurnally averaged insola-
tion—the solar energy arriving per unit time per unit

horizontal area—is a maximum there, because of the
substantial tilt of the earth’s axis, 23.5° or 0.41 radian.
The other fact is that, at altitudes between about 80 km
and 90km, the summer pole has been observed again
and again to be the coldest place on carth (excluding
laboratories) despite being the sunniest.

This is the famous cold summer polar mesopause.
Even in a heavily averaged climatological picture
(Fleming et al., 1990), temperatures dip below about
150 K—colder even than the high Antarctic plateau in
midwinter, which seldom if ever gets below 170K. And
there are large fluctuations about climatological values:
rocket-launched falling sphere measurements have
recorded, on at least one occasion (Liibken, 1999), tem-
peratures as low as 10SK. Partly because of these
extremes of cold, the summer polar mesopause—more
preciscly, the region a few kilometres below it—is the
region of formation of, by far, the world’s highest
clouds, the so-called “polar mesospheric”, “noctilu-
cent”, or “night shining” clouds (Gadsden and
Schroder, 1989; Thomas ez al., 1989; Schrader, 1999a).
They occur at altitudes usually within the range 80-90
km and have often been detected by space-based instru-
ments, including visible-wavelength imagers on geosyn-
chronous meteorological satellites (Gadsden, 2000).
The clouds are also seen, less often, by ground-based
observers between latitudes ~50° to 60°, around mid-
night on some clear summer nights. They have been
noticed ever since the “Krakatau twilights” of 1883,
according to Schrider (1999). 1 have seen them myself,
looking north around 2am. from a low hill near
Cambridge, which at 52.2°N is near the equatorward
limit of observability.

Now noctilucent clouds are believed on good evi-
dence, including in sine rocket measurements, to be
made of ice crystals (G. Witt and E. Kopp, personal
communication). Their formation therefore depends
not only on the low temperatures but also, crucially, on
a supply of water vapour from below (Thomas et al.,
1989). Water vapour is photochemically destroyed on
timescales of days by the very hard solar ultraviolet that
can penetrate to the upper mesosphere (Brasseur and
Solomon, 1984, Fig. 4.40). The necessary supply of
water vapour depends on the existence of a systematic
rising motion over the summer polar cap, as suggested
schematically by the heavy dashed curve in Fig. 1. Air
and water vapour are thus brought up from the less
fiercely irradiated, and slightly less dry, lower layers.
Water vapour mixing ratios near 50km altitude, for
instance, are maintained relatively stably at just over 6
ppmv (parts per million by volume), partly by direct
supply of water and partly by the oxidation of methane,
both coming from the troposphere far below, via the
freeze-drying tropical tropopause.



B THERMAL AND CHEMICAL EVIDEMCE 285

‘F'—._—l—————-_--.‘-‘-.‘
' "-.\
sense arf mesospheric \

cireulation (schematic)

\
\
\

I Januvary, 1873
I | I

/

|

|

I

1
\
)

60 |

1,.| |

[i] 20 &0
tatitude

pressure ailtitude (neminal kilametres)

FIGURE 1 Mass transport streambings of the ghobal-scale menn circulation for January 1979, solid curves, from Solomon e el (1986), This was
estimated frosm LIMS satellite radbometes data m conjunction with detailed caboulations of radiative heating and coofing rates. The picture gives
the typical latitude and hewght dependence of the ronal and bme averaged mass circulation of the stratosphere, defined n s quasi-Lagrangian sende
{Section H) giving a simpiified, but roughly correct, indication of the vertical advective transport of chemical constituents {Section H), The hawwy
dashed streamline indicates the qualitativee sense of the mescspheric or Musgatroyd-Singleton branch of the circulation, deduced from other obser-
vitiomal and theoretical evidence | Andrews aral, 19687 The lower palr of clreulatbon cells is oftan referred 1o as the Brower—Dobson elreulstion
andd the mescsopheric branch as the Murgatroyi-Singleton cireulation, The altitude scale 15 nominal keg-pressure altitude, based on o nomimal
presaune acale height of 7km. The fght-hand ecll of the circulation is a little stronger than usual, in this pictare; the wintertime strotosphere was
dynamically very active in January 1979, The northward mean velocities at top right (within the frame, not counting the heavy dashed streamline

are of the order of 2 0r 3ms~", On the heavy dashed sireamiine they woubd be mons like 10m s~

The rising motion in the summer polar mesosphers tive estimates are difficull because of uncertainties
is part of a sell-consistent picture that checks out very shout the detailed photochemistry, and about depar-
well in other ways, For instance the rising motion is an tures from local thermodynamic equilibrium (e.g.

essential part of why summer polar mesopause tem- Andrews ef al, 1987; Ward and Fomichev, 1996).
peratures are so low. There is a refrigerating action Temperatures in certain other parts of the middle

due to the expansion of the air as it rises through the atmaosphere also depart significantly from radiative
stable stratification, The comsequent adiabatic cooling equilibrium, for instance over the winter polar cap.
opposes the net radiative heating, which has positive There, air is compressed, and its temperature pushed
contributions both from the sun and from infrared radi- above radiative equilibrium, by the svstematic descend-
ation emitted by warmer layers near the stratopause ing motion seen on the right of Fig. 1. This contrasts
below (the infrared photons having long free paths at with the summer stratopause, the temperatire maxi-
these altitudes, many of them escaping directly 1o mum at pressure altitudes near 1 hiPa, or about 50 km or
space, but a few being reabsorbed on their way up). T pressure scale heights, which is relatively close to

The result is that temperatures around S0-50km are radiative equilibrium, probably within 10K or so, the
pulled down, by the refrigerating action, by as much as girculation being relatively weak, The high tempera-
~100K below radiative equilibrium, though quantita- fures at the summer stratopause are well explained by
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the absorption, by ozone, of solar ultravioler al wave-
lengths ~200-300 nm, which can penctrate down 1o 50
km or lower (Brasseur and Solomon, 1984, Fig, d.40;
Andrews et al., 1987). Implicit in all the foregoing is, of
course, the notion of a radiative equilibrium tempera-
ture ¥, toward which global-scale temperatures, in the
absence of any circulation, would tend 1o relax. This
notion i well justified by detailed studies of radiative
tramsfer (e.p. Andrews ef af, 1987: Fels, 1985), relax-
ation times being of the order of days 1o weeks.

A circulation like that in Fig. 1 and its seasonal vari-
anls is consistent not only with observed temperatures
and the observed behaviour water vapour and methane
but also with that of a number of other chemical con-
stituenis (nearly all of which, incidentally—having mol-
ecules lerger than diatomic—are greenhouse gases,
with quasi-bending modes of vibration at infrared fre-
quenecies).

For instance, man-made chlorofluorocarbons (CFCs)
are chemically inert under evervday conditions, To-
gether with their low water-solubility and small rate of
uptake by the oceans, this means that, as has been
checked and rechecked by countless observations
(Albritton et al., 1998), they are mixed fairly uniformly
throughout the troposphere. The troposphere can
therefore be thought of as a big tank or reservoir whose
contents are recirculated through the middle atmos-
phere at rates of the order suggested by Fig. 1, or a frac-
tion less. This accounts rather well for the observed
destruction rates of CFCs, which correspond to e-fold-
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ing atmospheric lifetimes of order a century—actually
somewhat shorter, by a factor 2 or so, for CFCIL
(CFCly) (Albritton er al., 1998), and somewhat longer
for CFC12 (CF,CL), the former being a bit less stable
because of its extra chlorine atom. It is mainly at alti-
udes =25km that the CFCs are destroved, by ulira-
violet photolysis; and so rates of CFC destruction are
closely tied to rates of circulation. In terms of mass flow
that reaches altitudes =25km, these rates amount to a
few percent of the tropaspheric mass per year. This is
consistent with circulation times of the order of scveral
vedars (Hall ef al,, 1999) and CFC e-folding lifetimes of
the order of a century because of the falloff of mass den-
sity with altitude, roughly in proportion to pressure, by
a factor e for each pressure scale height, i.e. for each 7
km or 0. Thus mass densities at, e.g.. 30 km, are about
1% of those at sea level.

It is ensy to check (Holton et al., 1995) that the orders
of magnitude in this picture require upward velocities
at, say, 20 km in the tropical lower stratosphere (hottom
centre of Fig. 1) of the order of 0.2mms™" or 6 km per
year, about one pressure scale height per year. This sort
of velocity is far too small 1o observe directly—aor so it
was thought until a few vears ago. Figure 2, from Moie
et al, (1998; see also Mote e al., 19961), comes close to
qualifying as a direct ohservation, and gives us a power-
[ul independent consistency check on the whole picture,

Fipure 2 was derived from satellite data obtained
guite recently, long after results like that of Fig. 1 had
been obtained, indirectly, with the help of an earlier
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FIGURE2 The tropical stratosphere 48 4 “tape recorder” {from Mote er al., 1998 g.v. for a careful discmsalon of the data analysis and interpret-
ation}. The tme-alziude ploi is from HALOE. & solar cecultation Hmb sounder an the Upper Almosphere Research Satellite (1 ARS), showing
the signal from the annual cvcle in water vapour being advected upward by the lnege-seale mean vebocity " Near 20km, & = 02 mms-!,
Soundings between 14°N and 14°3 were weed, The quantiey plotied is “total hydrogen™, water vapour plus twice methase, in parts per million [
volume. Because of methane oxidation chemistry, this i 1o excellent approximation & passive tracer in the altitade range shown. The raw data
have been fitted 1o a suitable set of extended empirical orthogonal functions (EEOFs) to extract the annoal cyele in an objective ways the plot
shiows the contribistions from the dominant two EEOFs, sccounting for 68% of the variance, Bul the tape-recorder signal is sull easily visible with-
out any such proceseing (see Plate 1 of Mote o al., 1908} —and tn dats from other instruments, aotably the prssive Microwave Limb Sounder on

UARS (Plate 1a of Moz e al, 1996,
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generation of satellites. 1t shows the water vapour sig-
nature of the annual cycle being earried up in the rising
flow just like a signal recorded on a moving magnetic
tape. Al altitudes around 20km, the velocity apparent
in the picture is very close to 0.2mms™ . Mote ef al.
{1998) follow a careful model-fitting procedure to verify
that upward advection at this speed is indeed the main
effect near 20 km, as distinet from, e.g., the vertical eddy
diffusion due to small-scale turbulence or infrared
random walking (Sparling et al, 1997).

But what, then, is driving the global-scale circulation
illustrated in Fig. 17 As with ordinary mechanical
refrigerators or compressors, something has to pump
the air around. It will not, by itself, move vertically
against the stromg stable stratification. To make noctilu-
cent clouds you have to do work against buoyancy
forces and and pull air upward. To warm the winter
pole you have to push air downward. So what is doing
the pulling and pushing?

The answer, as hinted earlier, is wave-induced mo-
menium  transport—more  precisely, the irreversible
transport of momentum and angular momentum by
wive molions generated in one place (mostly in the
more massive troposphere below) and dissipated in
another {mostly higher up), the dissipation mechanisms
including various kinds of wave breaking, in a sense (0
be explained in Section I, p. 204, This, in combination
with Coriolis effects, acts as a global-scale mechanical
pump, 45 we shall be reminded in Section H. Omne impli-
cation, confirmed by an analysis of MSU (Microwave
Sounding Unit) channel 4 satellite data {Yulaeva er al.,
1994), is that the seasonal variation of the total
upwelling mass flux in the tropical stratosphere is tied
to scasonal variations in extratropical rather than in
tropical conditions.

The way the momentum lransport works has fea-
tures that may seem surprising. and historically did
geem surprising, cspecially from a statistical-mechan-
ical or lurbulence—theoretical viewpoint, Such surprise
was expressed, for instance, in the closing pages of E. N,
Lorenz's (1967} landmark review on the general circu-
latiom. For if we regard the wave fields as examples of
chaotic fluctuations, what a plasma physicist might call
*weak turbulence™—and the real wave fields are often,
indeed, more or less chaotic—then we find on analysing
their properties that they have a distinct tendency to
behave “anti-frictionally” in the sense of driving the
mean state of the atmosphere not toward, but away
from, solid rotation.

This is the opposite to what is predicted by classical
turbulence theory, which says that chaotic fluctuations
about the mean should give rise to a viscosity, in much
the same way as in gas kinetics, Hence the notion of
“eddy viscosity”, Of course there was never the shight-

esl reazon why fluctuations should necessanily behave in
this classical way. Chaotic though they may be, many of
the fluctuating motions stronaly feel one or more of the
wave propagation mechanisms (Rossby, gravity, iner-
tia—gravity) that are neglected in classical turbulence
theory but are characteristic of stratified rotating uid
sysiems. By its nature, any wave propagation mechan-
ism tends to promaete systematic correlations between
the different Muctuating fields, hence systematic mean
stresses. In other words the fluctuations, however
chaotic or otherwise they mav be, tend to be organized
dynamically in such a way that momentum is systemati-
cally transported through the fAwid—over distances
limited only by the distances over which waves can
propagate.

This is the [M[undamental point. Wave-induced
momentum transport is. by its nature, a long-range
process, acting over distances that can be vastly greater
than the “mixing lengths”, or length scales for typical
material displacements, that characterize local turbu-
lent eddy motion. By contrast, the notion of “eddy vis-
cosity” makes sense only when the Auctuation-induced
moementum transport is at an opposite extreme—a
short-range process dominated by mixing length scales
that are smaller than length scales characterizing the
mean state, as with mean free paths in gas kinetics.

C. WAVE-INDUCED MOMENTUM
TRANSPORT: SOME
SIMPLE EXAMPLES

Wave-induced momentum transport has been well
known for two centuries or more as a generic phenom-
ench, characteristic of many types of waves in.a vacuum
or in fuid media. Photons in a vacuum provide the sim-
plest example, with wave amplitude a proportional to
a typical electric or magnetic field strength: we can
think of photons as being just like bulleis having a cer-
tain momentum and carrying that momentum from one
place to another, at rates ("), Waves in fluid media
are often deseribed in the same way, but it is important
1o understand that the picture is not literally true any
more. The analogy with photons in a vacuum is only an
analogy, indeed only a partial analogy (Mclntyre, 1981,
1993; Biihler and Mclntyre, 2001). This is because the
presence of the material medium not only vitiates
Lorenz invariance of the wave problem—there is now a
preferred frame of reference—but also significantly
complicates wave-mean momentum budgets correct to
2{a*). A material medium can support (Na®) mean
stresses in ways that a vacuum (in classical physics)
Cannot,

Careful analyses of problems of this kind correct 1o
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(){a%), with attention to boundary conditions as well as
1o the nonlinearities in the Auid-dvnamical eguations,
show that the notion of a wave packet possessing & def-
inite momentum no longer makes sense excepl in some
very restricted eircumstances. It makes no sense to talk
for instance about the waves in material media deposil-
ing “their momentum”, or exchanging “it” with the
mean flow. But the notion of & wave-induced momen-
tum fiux (a) does generally make sense, (b) is more
often than not correctly quantified by the photon anal-
ogy, though not always, and (¢) i in any case the rel-
evant thing for our purpose, It is in momentum fluxes,
i.c. transport rates, thal we are inleresied. To make
the literature on atmospheric waves make sense, one
sometimes has to insert the word “Aux™ or “transport”
after the word “momentum™.”

The underpinning mathematical theory is conceptu-
ally and technically tricky, especially in ils most general,
three-dimensional form. It is still under development
today; among recent contributions an especially import-
ant one is that of Bihler (2000). However, the theory
for the simplest and, for present purposes, most import-
ant case, that of waves on a zonally symmetric mean
Aow, is relatively straightforward and is available in
detail in the standard literature (eg. Andrews et al.,
1987). Some key points will be recalled briefly in
Section F onwards,

FThese peeine, mcluding point (b, wers in esence miude long ago by
Léon Brillouin, Following him, 1 have discused them more fully m
garlier publications, Ses Melniyre (1981, 1993}, and their bikliogra-
phies, tractng the profilem back to the “Abraham-Minkowski coniro-
versy” about light waves ina refcactive medium, and to o rare mistoke
by Lord Raybeigh. There is a perpetual soures of confusion insofar os
two distincl conservable quantities enter the theory, mamenium oo
the one hand and guesimorpseium of preadomomeiium, often mis-
leadingly called “wave momentum®, en the other, They are the same
in o vacuem bt differ when = materal mediom = present Preudo-
momentum is an (o) wave property, coleulabie from linearzed
wave theory alone. Momentum i3 calculable only if the state of the
materinl medinm i& known eomect o E40°); Both conservable guan-
tities are associnted with a translationn] symmetry, vin Noether's the-
arem, heoce look seperficeafly similar within the mathematical
fermalisms . of Hamiltonian and Lograngian dynamics, a ample
example heing Hamilten's cquations for my tracing. But the two
translational symmetries are physically different when a material
medium is present. One of them B tranglational invarance of the
physics, giving rise 1o conservation of momentum. The other is trans-
laticmial invariance, ie., homogensty, of the sedium, giving rise 10
comservation of pscudomeomentum. When ray tracing =0 a valid
approximation, one can wsually take the wave-induced momentum
flux 1o b equal to the pseudomomentum fiux (which in turn can be
equated to the owter product of the group velocity and the paesdo-
momentum density) without incorming serious errors in enleulating
wave-indeced forces. This i point (b} above, sometimes called the
“peeudomomenium rale”, 11 is a consequence of Keban's cireulation
theorem [ Andrews and Mclntyre, 1978; Mclintyre, 2000s; Bihler,
200, For the most recent upsdate see Bithler and Melntyre (2001),

A simple experiment can be wsed to shortcut the
theorctical issues and illustrate the physical reality, and
robusiness, of wave-induced momentum fransport
Figure 3a shows a version convenient for lecture
demonstrations, in which a small cylinder is oscillated
vertically and radiates capillary-gravity —waves
anisotropically to either side. If chalk dust or other
foating powder is sprinkled on the surface, where the
Auctuations are concentraled, one sees that the water
Aows away from the wavemaker in a persistent and con-
spicuous mean motion that sweeps the surface dust
along with it. The experiment can be done on an over-
head projector, and always works robustly. | have dem-
onstrated it countless times when lecturing on this
Lopic,

The chserved mean Aow depends on strong dissipa-
tion of the waves. This results in an irreversible flux or
transport of momentum from the wavemaker to the
fuid on either side of i, where the waves are dissipat-
ing. The wave dissipation is enhanced by the dirty water
surface, which gives rise to a strong viscous boundary
layer just under the surface, which may be intermit-
tently turbulent. That is, the waves can be breaking
even though oo air entrainment takes place. The fact
that irreversible momentum transport is involved can
be seen by carefully stopping the wavemaker, and
observing that the mean flow persists much longer than
does the outgoing wave field. There is a significant con-
tribution to the mean flow that is nol a mere Stokes
drift or other reversible mean-flow contribution
dependent on the continued presence of the oulgoing
waves {and on the choice of averaging operator to
define “mean Aow™). Such reversible contributions
refurmn to Zero as soon as the waves propagate out of the
region of interest, or become directionally randomized
or finally dissipated.

The fact that the flow is due o wave-induced
momentum transport and not to the oscillatory bound-
ary layer on the wavemaker itself is also clear in the
experiment, if one uses vertical oscillations of the wave-
maker. The Rayleigh-Schlichting boundary-layer
streaming generated at the surface of the wavemaker is
then directed toward the wavemaker, Le., In a sense
opposite to that observed. So the observed mean flow is
due, rather, to the wave-induced momentum {ransport,
Moreover, with a larger lank, one can do versions of the
experiment in which the waves are generated by a
larger, concave wavemaker that focuses them at a more
distant spot, as suggested in Fig, 3b. This larger-scale
demonstration is set up every vear at the Cambridge
Summer School in Geophysical and Environmental
Fluid Dynamics. Sure enough, the momentum is trans-
ported, then, aver the greater distance. The strongest
mean flow is seen where the waves are focused.
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FIGLURE 3  Simple experiments with water waves, illusteating the wave-mduced momentum transport {bere manifested by the appearance of a
strong mear faw dircctly driven by ith that results from the generation of waves in one place and their dissipation in another {Section ©). The
mean Aow cin be made visible by sprinkling a little powder such as chalk dust on the surface of the water. In experiment (a), a cylinder about 10
cin loag end 4 cm in diameter is oscillated vertically, Experiment {b) ises a cutved wavernakir about 60 em in radivs and arc length, Good results
are easly obtained with capillary-gravity waves having (requencies —5 He (From Melntyre and Norton, 15990}

A spectacular case of wave-induced momentum
transport over still greater distances was demonstrated
by Walter Munk and colleagues (Snodgrass et al., 1966)
in a famous observational study of surface gravity
waves propagating from the Southern Ocean across the
entire Pacific, all the way to beaches in Alaska, where
the waves, breaking in the near-shore surf zone, gener-
ate longshore mean corrents in fundamentally the same
way as in Fig. 3. In other words, mean forces exerted on
the Southern Ocean, by winds in the latitudes of the
“roaring forties™ amd “fifties”, were shown to drive
mean currents off the coast of Alaska.® Even more than
Fig. 3b, this underlines the point that wave-induced
momentum fransport is a long-range process,

D. THE QUASI-BIENNIAL
OSCILLATION (QBO)

Fundamentally  similar effects oceur with, for
example, internal gravity waves in a stably stratified
fluid. Figure 4 shows schematically the apparatus for
the celebrated Plumb-McEwan experiment {(Plumb
and McEwan, 1978), in which the effects manifest them-
selves in an especially interesting form, which 1 think
must surprise anyone encountering them for the first
time. A flexible membrane is oscillated in a standing
wave, at the bottom of an annular container filled with
a stably stratified salt solution. The imposed conditions

# For a carcful discussion of why the photon analogy 12 still only an
analogy, see expecially Melntyre (1993

Wavemaker

are close Lo mirror-symmetric. There s no externally-
imposed difference between the clockwise and anti-
clockwise directions around the annulus; in this
experiment, Coriolis effects are negligible. When the
bottom boundary is oseillated, with a period exceeding
2mN, the buoyancy or Brunt-Viisild period of the
stable stratification, internal gravity waves are gener-
ated. They can be regarded as a superposition of two
progressive modes, clockwise and anticleckwise, They
propagate upward and dissipate mainly by viscosity, salt
diffusivity being negligible for this purpese. In a larger-
scale apparatus they would dissipate by wave breaking,
bul to my knowledge such an experiment has not been
done,

Maive symmetry arguments suggest that nothing
interesting will happen. But, when the experiment is
run at sufficient wave amplitude, the mirror symmetry
is broken spontancously and a conspicuous mean Tow
arcund the annulus is generated. This poes robustly into
a quasi-periodic sequence of states, in which the mean
low keeps reversing, and only the long-lime-average
state is approximately mirror-symmeiric. Sufficient
amplitude means sulficient 10 overcome viscous drag on
the mean flow. The experiment has been repeated at
the University of Kyoto, and the results are available on
the web along with advice on experimental technigue:
see caption to Fig, 4,

The mechanism operating in the expeniment is
simple and well undersiood (Plumb, 1977). It involves
irreversible wave-induced transport of angular momen-
tum, dependent on the viscous dissipation of the waves,
and on wave refraction and Doppler shifting by the
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FIGURE 4 Schematic of the Plumb-McEwan experiment (Plumb and McEwan, 1978), showing how a reversing mean flow, first clockwise then
anticlockwise around the annulus, can be generated by nothing more than standing oscillations of a ficxible membrane at the bottom of an annu-
lar container filled with a stably stratified salt solution. The standing oscillations gencrate internal gravity waves at periods around 20s > 2=/N,
lhebwyanqoert—Vlhﬂlpeﬁodolthemblemaﬂaﬁm.Themuw pp"idthinlhea"iullppmmwuumwhh:hhmunam
sketched here, relative to the outer radius, 30 cm. Also, the original apparatus had twice the number of flexible segments, giving 8 full wavelengths
around the annulus. When gap widths are made significantly less than 12 em, with water as the working fluid, the experiment fails because of vis-
cous drag on the mean flow. For a useful set of notes on how the experiment was successfully repeated at Kyoto University, see the “Inside Stories™
and “Tech Tips™ at hllp:fm.;fd-dcnnm.mjﬂihﬂryl’fd_cxpiexp_ﬂ under the heading "QBO”, where a movie of the experiment running (avi

file format) can also be seen.

resulting shear flow, operating in a feedback loop. The
Doppler shifting leads to enhanced dissipation, reduced
vertical group velocity, and reduced vertical pen-
etration—or filtering, as it is often called—of the clock-
wise and anticlockwise progressive wave components
alternately. This gives rise to a characteristic
space-time signature in which features such as zero
crossings in the mean velocity profile propagate inex-
orably downward. The behaviour is clearly anti-fric-
tional: if one calculates an eddy viscosity as momentum
flux divided by mean shear, then one gets nonsensical
negative and infinite values. The fluctuations drive the
system away from, not toward, solid rotation.

It is now recognized as no accident that a similar
space-time signature is observed in the real atmos-
phere, in the form of the famous quasi-biennial oscilla-
tion (QBO) of the zonal winds in the equatorial lower
to middle stratosphere. The overwhelming weight of
evidence, from observation and modelling, says that
this flow in the real atmosphere is a wave-driven mean

flow, like the laboratory experiment, even though there
are still, even today, large uncertainties as 1o exactly
which wave types are significant (e.g. Baldwin ef al.,
2001), and large uncertainties as to the nature and
strength of their sources and as to whether some of
them propagate horizontally as well as vertically
{Andrews and McIntyre, 1976; Dunkerton, 1983).

By a strange coincidence, the whole oscillation, with
features descending at variable rates of the order of one
or two scale heights per year, takes place in air rising at
nearly the same rate, as illustrated in Fig. 2. Wave-
induced angular momentum fluxes have to be almost
twice what would otherwise be required (Gray and
Pyle, 1989; Dunkerton, 1991). This point seems to have
been missed in early work on the QBO, which also
tended to consider too small a set of wave types. The
important wave types include, but are not restricted to,
the equatorial Kelvin wave and other vertically propa-
gating waves trapped in an cquatorial waveguide
(Matsuno, 1966; Gill, 1982) by the “potential well” in
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the Coriolis parameter { = 2 1{} isin{latitude), twice the
vertical component of the earth's angular velocity L1,
which is picked out by the atmosphere’s stable stratifi-
cation N? = 4101 1%,

E. THE MICHELSON-MORLEY
PRINCIPLE

50 how, then, despite the uncertainties about wave
types and wave sources, can we be so confident that the
real QB0 s a wave-driven mean flow? In my vicw an
important part of the answer goes back Lo the seminal
paper of Wallace and Holton {1968). It points up the
importance of negative results in science—one might
call it the Michelson-Morley principle—a principle
neglected today, but neglected at our peril.

1 have discussed this more fully elsewhere {Mclntyre,
1994, 2000a); but the eszence of the matter is that stren-
pous efforts o model OBO dynamics without wave-
induced momentum transport—by scientists who well
knew what they were doing and were well aware of
observational constraings—failed in a significant way.
That failure preatly adds to our confidence that wave-
induced momentum transport i essential. Such trans-
port had not yet been thought of at the time; and
Wallace and Holton were led to a surprising, and no
doubt disconcerting, conclusion—that it was impossible
to explain the QBO without postulaling a myslerious
zonal foree field that descended as time progressed and
displayed an anti-frictional character. Despite being
unable to guess what physical processes might give rise
to such a force field, Wallace and Holton rather coura-
geously published their negative result. Tt was only then
recognized, increasingly clearly, through the work of
Lindzen and others (Lindzem and Holton, 1968;
Wallace and Kousky, 1968; Holton and Lindzen, 1972;
Plumls, 1977), that there is just one kind of physical
process in the atmosphere, wave-induced momentum
transport, that can and should produce the otherwise
mysterious force through filtering by wave refraction
and Doppler shifting. With a suitable spread of phase
speeds (Saravanan, 199)), one easily gets anti-frictional
behaviour and a space-time signature of just the kind
abserved.

The essential behaviour does not, incidemtally,
depend om the existence of “critical levels™ {an extreme
case of wave filtering), nor on influence from above, by
the semi-annual oscillation for instance, as was once
thought (Plumb, 1977). These points are underlined by
the results of the laboratory expeniment. In the experi-
ment, there are no critical levels, nor any phenomenon
resembling the semi-annual oscillation. The experiment
also illustrates anti-frictional behaviour in its purest

form: the system is driven away from solid rotation by
hterally mothing other than the Auctuations generated
by the cscillations of the lower boundary.

F. THE NONACCELERATION
CONSTRAINT

Theoretical modelling of the feedback loop or
Wwave-ean interaction giving rise to the anti-frictional
behaviour is vsually based on zonal averaging. The
most convenient formulation uses the so-called TEM
(transformed Eulerian-mean) equations, in which the
rate of wave-induced momentum transport is quantified
by an accurate standard diagnostic, the Eliassen—Palm
flux (Andrews & al., 1987, Andrews and Mcintyre,
1976). According to the TEM equations, one may pic-
ture the dynamics in terms of 4 zonally symmetric
“mean fiuid motion” in which notional rings of Auid are
pushed eastward or westward by the wave-induced
force, F say. The force is given quantitatively by the
divergence of the Eliassen-Palm Aux, which vanishes
under so-called “nonacceleration conditions™,

The most important ways for such conditions 1o be
violated—this is sometimes called “breaking the nonac-
celeration constraint™ (Melntyre, 1980 Melntyre and
Palmer, 1985} —are for the waves to be breaking or
atherwise dissipating. The nonacceleration constraint
can be regarded as coming from Kelvin's circulation
theorem, which is applicable to closed material con-
tours or circuits undulated by the wave motion, such as
the contour I” sketched in Fig. 4. For instance the mean-
flow changes in the Plumb-McEwan experiment are
associated with changes in the Kelvin circulation,
fir w-ds, caused by the viscous forces associated with
wave dissipation, The Kelvin circulation would other-
wise be invariant. Here u is the three-dimensional
velocity field and s the clement of arc length, The
role of material contours like I is also, incidentally,
the reason why Lagrangian means arise naturally in the
theory of wave—mean interaction (Andrews and
McIntyre, 1978; Bithler and Mclntyre, 1998; Mclntyre,
2000a; Bithler, 2000),

G. EXTRATROPICAL LATITUDES

With wave-indueed angular momentum Llransport o
conspicnously important near the equator. as illustrated
by the real QB0 it is perhaps not surprising that such
transport should turn out 1o have a role in higher lati-
tudes as well—though just how central a role was not
recognized until recently, outside small communities of
specialists who gradually developed the needed fluid-
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dynamical understanding. With hindsight, those devel-
opments can be traced back to (a) the work of Kelvin,
Hough, and Rossby on what arc now called Rossby
waves or vorticity waves, which turn out 1o be the prin-
cipal wave type involved: (b) the discovery by Rossby
(1936, 1940) and Ertel (1942) of the concept of poten-
tial vorticity (PV), mecasuring the Kelvin circulation
$r wds, for small circuits I lying on an isentropic sur-
face; (c) the recognition by Chamey (1948) and
Kleinschmidt (1950) of what is now called PV invert-
ibility, allowing Rossby-wave dynamics to be under-
stood intuitively, beyond idealized cases (Hoskins ez al.,
1985); (d) the recognition of large-scale anti-frictional
behaviour, principally by Jeffreys in the 1920s and by
Starr and co-workers in the 1950s; and (e) the attempts
by Taylor, Rossby, and others (echoed for instance in
Eady’s 1950 RMS Centenary paper) to develop a “vor-
ticity-transfer” view of turbulence stemming from
Taylor’s classic paper on eddy motion in the atmos-
phere (Taylor, 1915). The TEM theory, providing
important conceptual simplifications within a coherent
mathematical framework, began to take shape in the
work of Eliassen and Palm (1961), Charney and Drazin
(1961) and Dickinson (1969). Dickinson's seminal and
perceptive work gave strong hints, moreover, that it
would be fruitful to consider the waves and turbulence
together—as complementary, interacting pieces of a
single jigsaw puzzle. The first fully consistent theoreti-
cal model to capture all the essential aspects of such a
jigsaw was the “nonlincar Rossby wave critical-layer
theory” of Stewartson, Warn and Warn (Killworth and
Mclntyre, 1985), hereafter “SWW theory™, which used
matched asymptotic expansions lo represent the
dynamics of the interacting pieces for certain idealized
cases of breaking Rossby waves. We return briefly to
the SWW theory in Section J.

H. GYROSCOPIC PUMPING

Away from the equator the response to the zonal
force F depends on Coriolis effects, which, as noted
earlier, are immensely strong for present purposes. The
equator is exceptional because everything is dominated
there by the still stronger stable stratification, as
reflected in the sine-latitude dependence of the Coriolis
parameter fand in the large values of Prandtl’s ratio

N2Q) = 1P (1)

with N the buoyancy frequency as before, making the
horizontal component of ! unimportant. Haynes
{1998) has recently clarified what “away from the equa-
tor” means for present purposes, through scale-analyti-
cal estimates and numerical experiments with given

zonally symmetrical zonal forces F. When typical par-
ameters are substituted into his estimates, including
height scales, say = 10km, it is found that “away from
the equator” means further than about 15° latitude.
This number is insensitive to the precise choice of par-
ameters because of a quarter-power dependence on
time and height scales and on radiative relaxation
times. An interesting corollary of Haynes' results is that
there is no need for the QBO to depend exclusively on
forces F confined to the tropics.

Away from the equator, the most important part of
the response to a given F is what is now called the
“wave driving”, or “gyroscopic pumping”, of the mean
meridional circulation. If a ring of fluid feels a persist-
ent westward push, for instance, as suggested in Fig. 5,
then Coriolis effects tend to deflect it persistently pole-
ward—a mechanical pumping action that depends on
the earth’s rotation. This is the essence of what is hap-
pening at most altitudes and latitudes in Fig. 1. At top
left, above the frame of Fig. 1, near the summer
mesopause, the situation is similar apart from sign:
because of gravity-wave filtering, the wave-driven push
is eastward and the air is pumped equatorward. This in
turn pulls air upward in the polar cap, producing the
strong refrigeration already noted.

We can leamn more about the fluid dynamics
involved through thought experiments and numerical
experiments with given forces F, applied to a zonally
symmetric model atmosphere away from the equator.
Because of the tendency toward anti-frictional behav-
iour of the real wavc-induced forces, this is arguably a
more useful experiment than the kind in which F is
taken to be a friction force. The mean circulation that
arises in response to the given F can be identified with
the “residual mean™ meridional and vertical velocities
{¥", w") that appear in the TEM equations.

The vertical velocity w' is not, incidentally, the same
as a Lagrangian mcan. But it has in common with
Lagrangian means—in the restricted circumstances in
which the latter are well defined (Sparling et al., 1997;
Thuburn and Mclntyre, 1997)—the property of pushing
or pulling temperatures above or below radiative equi-
librium temperatures 7., as assumed in Section B.
This property can be seen from the TEM equations, in
which eddy heat fluxes can be neglected under typical
parameter conditions (Andrews er al., 1987). It is this
same property that was used in deriving Fig. 1 from
observed temperatures, with the help of a sophisticated
radiation scheme. The w" field and the associated
meridional velocity ¥ required to produce the observed
departures of zonal-mean temperatures from 7T, are
what were actually calculated, with appropriate correc-
tions to ensure mass conservation (Shine, 1989), then
converted into the corresponding stream function. For
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Westward force, F' < 0

FIGURE 5 The gyroscopic pumping mechanisen, in the case F < 0 (approprinte to Rosshy waves everywhere and to internal geavity waves in
the winter mesosphere), When a ring of air Incated awsy from the eguater 15 pushed westwards, Corolis effects try to defiect it pobeward, This is
the mechanical pumping acticn that drives the mean circulation against radintive retaxation. The pecture reminds us that the old idea of a sun-
driven “Hadley" circulation in the middle stmosphere cannot, for instance, explain why the Brewer-Dobson cells look nothing like the

Murgatrowd-Singlaton cell al solstice,

refated reasons, ®° is also a better measure of the mean
vertical advection of chemical tracers than is the
Eulerian mean, W.

What happens when one starls the gyroscopic pump?
More precisely, what do the equations say will happen in
a thought experiment in which onc starts exerling a
given, zonally symmetrical, steady westward force, F < (),
in some region occupying finite ranges of altitude and lat-
itnde away from the equator? To a first approvimation
the answer is that one sees a time-dependent adjustment
in which the motion gradually settles loward steady pole-
ward flow ©° through the forcing region, whose Coriolis
force {I" comes into balance with the force F as the
steady state 15 approached, Away from the equator, this
behaviour i robust.

In the final steady state, the mass streamlines close
entirely downward (Haynes ef al., 1991, 1996). This last
aspect of the response pattern is sometimes called the
“downward control” property. The word “control”
does not mean anything absolute, of course, but simply
refers to what happens in this perticular thought experi-
ment, or numerical experiment. in which F is given and
in which attention is focused on the circulation pattern
{#", w"} that anses in response Lo the given F.

The steady-state response can be pictured as resem-

bling the lower part of Fig, 1, a tvpical experiment, i we
choose an F distribution with suitable negative values, If,
for instance, we choose F to be negative within, but zero
heneath. the frame of the figure then, during the adjust-
ment toward the steady state, the lower part of the
streamline pattern gradually burrows downward until it
reaches the earth’s surface, where it closes off in a fric-
tional boundary taver. This downward burrowing is an
aspect of the downward control property that will be
impartant for our discussion of the solar interior,

The downward burrowing is Tastest, and the steady
state is approached fastest, for broad, deep, global-scale
P distributions covering a large range of latitudes,
having low-order zonally symmetrical Hoogh function
structure, The approach to steadiness is then usually,
for practical purposes, somewhat faster than seasonal
timescales i the middle and vpper stratosphere at
least, Subglobal scales, on the other band, represented
by higher-order Hough functions, take much longer to
adjust. Haynes er af, give a careful analysis and dis-
cussion of the finer points of the adjustrment process and
of its timescales and their relation to latitudinal struc-
ture and to 1, N1 and radistive relaxation times,
There iz some further discussion of the time-dependent
behaviour in Holton er al, {1995) and in Haynes {1998),
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In the most accurate form of the theory, the steady-
state balance F = — 7" is replaced by F = —fg#" where
Fr is the latitudinal gradient of M, the zonal-mean
specific angular momentum, divided by the perpendicu-
lar distance o the earth's axis, One can then have
steady-state “sideways control” (Dunkerton, 19911, to
the cxient that the isopleths of M slope sidewnys as
must happen most significantly in parts of the tropics,
where fis relatively small,

The downward control property i related to the
finitencss of the pressure and density scale heights, Le.,
to the exponential falloff of pressure and density with
altitude.  Apain glossing over some techmicalities
(Haynes et o, 1991}, we have a situation in which the
finite mass of atmosphere above the forcing region is
incapable of ahsorbing infinite amoums of angular
momentum. In the parameter regimes of infterest the
system salves this problem, so to speak, by approaching
a steady state in which all the angular momentum being
supplicd by F is sent downward into the solid earth,
whaose momeéent of inertia 15 regarded as infinite for this
purpose, OF course the ability 1o approach a steady
state @t all depends on the relaxational character of
infrared radiation.

If one gets too close to the equator, then not only can
the M isopleths slope sideways, but their pattern can be
substantially reshaped as part of the response to F.
Advection of the relative contribulion to M, as distincl
from the Coriolis contribution, makes the problem non-
linear. A possible consequence is that the response o
the given F may no longer be robusl, or even unigue,
though mass conservation still demands that air must be
pulled up from somewhere not too far from the egua-
tor. This iz at the research fromtier of atmospheric
dynamics and is not yet well understood, though
progress is being made (Haynes, 1998; Scoft and
Haynes, 1998; Sankey, [998; Plumb and Eluszkiewicz,
1999, There are simplified (shallow-water) models
that do exhibit nonunigueness in the form of hystereti-
val  beboviour—muliiple. eyuilibriz, regime  flipping
{Sankey, 1998)—in the upward path taken by the trop-
ical or subtropical branch of the circulation that arises
in response to a given F, though we do not yet have a
clear view of the signiticance for stratified fow.

‘The path taken is also influenced, within the tropics,
by the distribution of radiative equilibrium tempera-
tures 1, and therefore of solar heating across the trop-
ics. In terms of the tape-tecorder analogy, changing the
solar declination is a bit like moving the pudance
wheels of the tape recorder, again affecting the path
taken by the rising air within the tropics but not, to a
lirsl approsimation, the total mass flux demanded by
the gyroscopic pumping that is extracting the air from
the {ropics. Such a picture is consistent with the obser-

vational evidence from MSLU channel 4. mentioned in
Section B, on the seasonal variation in the upwelling
mass Mux {Yulaeva er af., 19094},

In the analogy we may think of the gyroscopic pump-
ing action as the tape recorder™s “motor”. OF course
from an old-lime audio enthusiast’s viewpoint the tape
recorder is a poor quality one, with no “capstan” and
with much "wow and futter™ in the form of seasonal,
intraseasonal, and interannual variability, And the non-
lingarity of the tropical upwelling problem, and its poss-
ible hysterctical behaviour, mean that the guidance
wheels are sloppy and allow lots of “play™ in the path
taken.

L. ROSSBY AND GRAVITY WAVE
BREAKING

Which wave types are most important for the global-
seale circulation in the real extratropical middle atmos-
phere? Here, as hinted earlier. we think we know mare
than in the case of the tropics and the QBO. Below 50
km or so in the winter hemisphere, and below 25km or
s in the summer hemisphere, it seems clear from
observational and modelling studies that the circulation
i driven mainky by large-scale Rosshy waves propagal-
ing or diffracting vpwards.

Because of their strong chirality or handedness. tied
i the sense of the earth’s rotation, Rossby waves have
ratehet-like properties that lend to produce persistently
westward, or retrograde, mean forces whenever and
wherever the waves are dissipated. This explains the
persistently  poleward mean motion  in the
Brewer-Dobson cells illustrated in Fig, 1. The two prin-
cipal ways in which Rossby waves are dissipated arc by
infrared radiative damping and by wave breaking.
Usually, in the real atmosphere, there is an intimate
combination of both. For Rossby waves, as for all the
other wave types of interest, “breaking™ is most aptly
defined as the rapid and irreversible deformation of
thisse material contours that would otherwise undulate
reversibly in the manner described by linearized wave
theory (Mclntyre and Palmer, 1984, 1985), as with the
contour [T sketched in Fig. 4 “Rapid” means on
timescales comparable 1o an intrinsic wave period or
less,

This definition ot wave breaking is very widely appli-
cable. It applies to the surface capillary-gravity waves
of Fig. 3 and to breakers on Alaska beaches, as well as
to Rosshy waves and to the internal gravity waves of
Fig. 4. It applies regardless of whether wave breaking is
mediated by dynamical instabilities, as s usual with
internal gravity waves, or not, as with plunging ocean-
beach breakers, In ocean-beach breakers there is no
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identifiable instability process. What is common to all
cases is that the irreversible deformation of material
contours like I' is another way to “break the nonaccel-
eration constraint”, When Rossby waves break, the
resulting motion can often be described as layerwise
two-dimensional turbulence, constrained, like the
waves themselves, by the strong stratification. The typi-
cal consequence is again to drive the system away from,
not toward, solid rotation as we shall see shortly.

Observational and model studies quantitatively diag-
nosing the Eliassen-Palm flux show that the forces due
to breaking Rossby waves are indeed sufficient to drive
the poleward flows in Fig. 1, in the Brewer-Dobson
cells (Rosenlof and Holton, 1993; Holton et al., 1995),
though internal gravity waves may make a contribution
that could also be significant. Gravity waves may be
especially significant in the summertime upper strato-
sphere where Rossby-wave activity is weak and »* is
small (Rosenlof, 1996; Alexander and Rosenlof, 1996),
and perhaps also in the subtropical stratosphere where
a relatively small F can produce significant gyroscopic
pumping, because of the relatively small values of M
gradients. Above 50km or so, internal gravity waves
take over as the most important wave type (c.g.
Lindzen, 1981: Holton, 1982; Hamilton, 1997). Unlike
Rossby waves, internal gravity waves can of course pro-
duce mean forces that are cither prograde or retro-
grade, depending on wave filtering. as in the Plumb-
McEwan experiment. Observations of internal gravity
waves in the mesosphere, mostly by radar and lidar
techniques, supplemented by rocket soundings, suggest
that in order-of-magnitude terms, at least, such waves
are well able to drive a Murgatroyd-Singleton circu-
lation qualitatively like the heavy dashed curve in Fig. 1
and strong cnough to make noctilucent clouds. The
waves are observed to dissipate mainly by breaking due
to unstable convective overturning, of heavy air over
light, as clcarly seen in the formation of adiabatic layers
(e.g. Fritts er al.. 1988) and in the mixing of certain
chemical tracers such 0s atomic oxygen (C. R. Philbrick,
personal communication).

J. THE JIGSAW PUZZLE: BAROTROPIC
MODELS

Rossby-wave dynamics, including propagation,
breaking, and the associated momentum and angular-
momentum (ransport—the whole wave-turbulence
jigsaw puzzle—can be illustrated by the simple text-
book case of barotropic nondivergent vortex dynamics
in Rossby's “beta plane™ or “approximately flat carth”
model. In place of the PV we have the absolute vortic-
ity Q(x.y.1), say. Invertibility holds exactly: a strcam

function W(x.y.r) describing the incompressible velocity
field can be derived by from the Q field by inverting a
Poisson equation, given suitable boundary conditions
such as evanescence at infinity:

b= VO - 2)
Here fly) is again the Coriolis parameter, and
u={uy), u=—alay, v= dix (3)

where (x.y) arc eastward and northward Cartesian
coordinates and («,v) the corresponding components of
the velocity vector u(x,y). There is just one evolution
equation

DQIDt = 0 (4)

where D/Dr is the two-dimensional material derivative,
defined by

DID:t = alat + w¥ = a/ar + udlox + valdy  (5)

If desired, one can model dissipation by adding terms to
the right of equation (4). Note incidentally that invert-
ibility, as always, entails nonlocality, i.e. instantancous
action-at-a-distance—perfectly accurate in this case
because all fast waves, such as acoustic waves and grav-
ity waves, have been suppressed by giving them infinite
propagation speeds. In this implicit sense, the system is
infinitely stiff: there is no delay in the pushing of one
fluid element by another, all the way to infinity. Note
also the single time derivative, in the single evolution
equation (4), pointing to the chirality and ratchet-like
properties of Rossby waves.

We may regard the system (2)-(5) as describing
motion on an isentropic or constant-8 surface in a
strongly stratified atmosphere, in the limit of infinite
buoyancy frequency N, where 8 is potential tempera-
ture. Figure 6 shows the characteristic pattern of a
Rossby-wave disturbance, in which constant-Q con-
tours, I'g,. say. lying on the isentropic surface—which
according to (4) are also material contours—undulate
in the ty-direction, corresponding 10 north-south on
the real earth and implying a pattern of Q anomalies
from which inversion, (2), (3), yields a velocity field
qualitatively as shown by the solid arrows (Hoskins et
al., 1985). If one now makes a mental movie of the
resulting motion, one sees that the undulations will
propagate westward because the velocity field is a
quarter wavelength out of phase with the displacement
field. This is the Rossby-wave propagation mechanism,
sometimes called “quasi-elasticity” to emphasize that it
is a restoring effect, tending to return parcels to their
equilibrium latitudes, but perhaps better called “semi-
clasticity” because of the chirality.

The standard Rossby wave theory—linearize equa-
tion (4) about rest, take B = dfidy = constant, look for
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l"Qo contours
seen from
above
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FIGURE 6 Plan view of the chiral or one-way restoring mechanism or “quasi-clasticity” to which Rossby waves owe their existence (diagram
taken from Hoskins ef ol 1985). The mechanism has a central role in nearly all large-scale dynamical processes in the atmosphere and occans,
including barotropi and baroclinic instabilities, vortex coberence (e.g. blocking), and vortex interactions.

solutions = exp(ikx + ily — iw) so that V2= —(k?+
£)-1, and deduce w = —pk(k* + F)'—presumes that
the sideways displacements and slopes of the undulat-
ing contours I'gy are small and that the undulations are
reversible. Rossby-wave breaking is the opposite
extreme situation, in which this condition of reversible
undulation is violated, and the contours I'g, deform
irreversibly; the relevant arrow-of-time “paradox™ is
discussed in McIntyre and Palmer (1984),

Now if the Rossby wave undulations take place in a
mean or background shear flow @ = (ii(y), 0), and have
a monochromatic zonal (x) phase speed that coincides
with the background flow velocity at some value of y—
by convention called a critical line—then there is always
some surrounding region in which Rossby-wave break-
ing, in the foregoing sense, is important. This region is
sometimes called a “Rossby-wave surf zone™. Such
zones can be broad or narrow according as the wave
amplitude is large or small. In the narrow case, the SWW
theory and its further development in Killworth and
Mclntyre (1985) and in Haynes (1989) has given us a
comprehensive understanding of how the wave field and
surf zone interact, when modelled using equations
(2)-(5). The results illustrate in detail how the nonaccel-
eration constraint can be broken even in a dissipation-
less fluid system such as (2)-(5).

The idealized problems considered in the SWW
theory and its further development are problems in
which a small-amplitude Rossby wave, excited by an
undulating side boundary, encounters a critical line in a
basic flow initially having constant shear. A narrow surf
zone forms in which the contours Iy, deform irre-
versibly in a recirculating flow, a so-called Kelvin cat’s-

eye pattern, straddling the critical line. As the contours
wrap around, the Q distribution changes and, partly
through the action-at-a-distance implied by the inver-
sion, i.e. by the V-2 operator in equation (2), induces a
change in the flow outside the surf zone. This affects
phase gradients with respect to y in the outer flow,
hence trough tilts and Reynolds stresses v, in such a
way that the surf zone appears as an absorber to the
Rossby waves outside it during the early stages of wave
breaking, but later becomes a reflector because of the
finite scope for rearrangement of the Q distribution
within a surf zone of finite width. The way in which the
surf zone interacts with its surroundings is precisely
cxpressed by the use of matched asympotic expansions.
Full details of the analysis are too lengthy to reproduce
here but can be found in the review material of
Killworth and McIntyre (1985), which also establishes
a general theorem implying that the absorption-
reflection behaviour is generic.

The esscnce of what happens is, however, very
simple, and is summarized in Fig. 7. The skeich on the
left, Fig. 7a, shows the background Q profile, 0 = const.
+ By, superposed on the result of rearranging it in such
as way as to homogenize it over some finite y-interval.
This mimics in simplified form what happens in the surf
zone. Figure 7(b) is the zonally (x-)averaged Q profile
from an actual solution, in a case where the flow in the
surf zone is chaotic because of the onset of secondary
instabilities (Haynes, 1989, and personal communi-
cation). To get the corresponding zonal mean momen-
tum change, the inversion implied by (2)-(3) is trivial:
one merely has 10 integrate with respect to y the mean
change 8Qin Q:
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FIGURE 7 The relation berween mean wave-induced forcs and ¢hrearrungement by a breaking Rosshy wave, in the simplest relevant maodel
system, the dynamical system (2531, {Coartesy P. H. Haynes; for mathematical details sze Killworth and Melntyre {[985) and Haynes (15985, )
Plat {ndshows idenhized G distributions before and after mixize (3 o some y-ieterval o latitude baed; {b) shows the s-avernaed { disiribution in
i peoual model simulation using equations (23455 () shows the resulling menn momentom deficil, eguaton (8}, whise profile would ke a
simple parabolic shape in the idealized case corresponding o (8). Notice that the momenium has been tramsported agunst its own mein gradaent,
hecatse the wave source i st positive y and the background shear s positive

sa(y) = [ SO (6)

The result is shown in Fig. Te. The momentum change
corresponding to the simplified, left-hand Q(y) profile
in Fig. 7a is a parabolic shape, not shown, qualitatively
similar to the right-hand graph. The parabolic shape
results from integrating the linear & profile. More
generally, it is plain from (6) that any @ rearrange-
ment that ereates a surf-zone-like feature with weak-
ened mean  gradient will give rise (0 @ momentum
deficit, This is another clearcul example of anti-fric-
tional behaviour, because &i(v) has to be added Looa
background fow @y} = v with positive shear di{y)lay =
0} {not shown in the figure), and the wave source is
located al positive v, outside the domain of the ligure.
Thus the momentuin has been transported against its
own mean gradient.
The mean momentum lendency 18 given by
o _ 8 =
R (7
where the overbars denote the Eulerian zonal mean
and primes denote fluctuations about thal mean. This
makes explicit the relation between the mean momen-
tum tendency, the wave-induced Reynolds stress con-
vergence, and the eddy Oux of (! measuring the rate of
rearrangement of the (F distribution in the surf zone.
The second equality, a corollary of (3) and the relation
£ = #ax® + ah'fan? from (2), was given in Taylor's
(1915) classic paper and is often called the *Taylor
identity™.
The essential point, then, is that whenever the (O dis-

iribution is rearranged by Rossby-wave breaking, a
momentwmn deficit appears—signalling the presence of
a retrograde force due e irreversible wave-induced
momentum transport. This illustrates not only anti-
frictional behaviour but also the ratchet-like character
of the whole process. ultimately a consequence of the
single time derivative in (4). The momentum change
where Bosshy waves dissipate by breaking is always ret-
rograde, iLe., against the background rotation, westward
in the case of the earth. I there is some forcing effect
that tends to restore the backeround (2 gradient
(requiring & nonzero term on the right of (43), then the
(? rearrangement and the irreversible momentum (rans-
port cin persist,

A feature that is robust, and appears to carry over 1o
larger-amplitude cases, is the strong spatial inhomo-
geneity of the “jigsaw purzle”. The fow is more “wave-
like” in some places (the outer flow) and more
“turbulent” in others (the surf zone), where “lurbulent™
means that the material contours deform irreversibly.
Each region strongly affects the others dynamically.
Maore realistic cases with larger wave amplitude typi-
cally show the same peneric features. Figure 8 shows
some material tracer fields for such a case, mimicking
conditions in the real lower o middle stratosphere by
poing to a more realistic spherical peometry and to
divergent (shallow-waler) barotropic flow (see caption
and Norton, 1994; Mclntyre and Norton, 2000). The
inhomogeneity s very striking indeed. The midlatitade
surf zone is strongly turbulent, while its borders are
relatively wave-like, This 8 especially so at the inner
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DAY 8@ DAY 100

FIGURE 8 Model flow on the sphere, chsely resembling flow in the real wintertime stratosphiers at altivudes around 25 or 30 km, The AP pro-
jection is conformal (polar stereographic), with the equator and the 30N and 607N Intitude circles shown dashed. The Bow is visualized by passive
traces relensed as a compact blob into the midlatitude strutospheric surf zone, dearly showing the fast two-dimensional turbulent mixing in that
reaon, despite which the dratospheric pelar vortex remains almoat completely isclated from its surroindings, and likewise, to a lesser extent, the
tropics (helping to explain what i seen in Fig. 2). The isolation af the {vore of the} polar vortex recalls classic smoke rings and is of great import-
ance to stratospheric polar cheemistry, including e Antarctic ozone hode and its (30 far less severe) Arctc counterpart. The isolation @ due to the
combined effects of the Rossby.wave restoring mechanism and the strong shear just outside the edge. (Courtesy of D W, A, Nortan, from whom
an animated video of the model run is available (Dept of Atmospheric, Oceanic, and Planetary Physics, Clarendon Laboratory, Parks Road,
Oxford, OX1 3PU, UK).) Details of the mode] and the model run are given in Nerton (1994). A “shallow water™ model i used, with mean depth
Akm, giving behaviour qualitatively close to that of {2) except that the inversion operatar is replaced by one with shorler runge (Rosshy length
=K km in middie latitudes); for justification of this last assection, see Mclntyrs and Norton {20HI0 ).
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border of the surfl zone, marking the edge of the polar
vortex—whose resilence makes it appear to behave, in
animaled versions of Fig, 8, almosi like an elastic band.
This is a clear example of what is now called an “eddy-
transport barrier”. The barrier effect results from the
combined effects of the Rossby-wave restoring mech-
anism and strong shear just outside the poler vortex
(Juckes and Mclntyre, 1987). All this has implications
not only for chemistry, in a well-known way, but also,
for mstance, for the dynamics of the much-discussed
Holton-Tan effect, as will be noted shortly.

K. GENERALIZATION TO REALISTIC
STRATIFIED FLOW

The whole picture just summarized generalizes 1o lay-
erwise two-dimensional motion in a finitely stratified
atmosphere provided that we reinterpret @ as the
Rossby=Ertel PV

O=p 20+ V= u)-7V8 (8)

where p is mass density, and replace V-7 in equation (2)
by a more complicated, three-dimensional inversion
operator (quasi-geostrophic or higher-order (Hoskins
at al., 1985, Davis, 1992)). Qualitatively, everything is
much the same as before: equation (4) is unchanged,
and its single time derivative implies the same chirality
as before; Rossby quasi-elasticity still works as shown in
Fig. 6; and the rearrangement of PV on iscntropic sur-
faces is still robustly associated with an angular momen-
tum deficii {Fobinson, 1988), and with ratchet-like,
irreversible angular momentum transport in the sense
required to drive the Brewer-Dobson cells. The Taylor
identity still holds except that the Revnolds stress
divergence is replaced, to a frst approximation, by a
form of the Eliassen-Falm flux diverpence.

The wave—turbulence inhomogeneity illustrated in
Figs 7 and & is also found to be typical of the real, strat-
ified atmosphere. One reason for the generic character
of the inhomogeneity is its tendency to be self-reintorc-
ing. Where ) contours are crowded together, typically
at the edges of surf zones—idealized as the “comers” in
the (I profile in Fig. Ta—one has a strengthening of the
Rosshy quasi-elasticity, Even more mmiportantly, there is
& weakening within surf zones. Thus mixing becomes
easier in surf zones once they begin to be established,
and vice versa, Other things being equal, then, the inho-
mogeneity tends to perpetuate itself. The structure can
of course be changed by sufficiently drastic chanpes in
circumstance, such as the introduction of strong
Rossby-wave motion with a different phase speed from
the original one, tending to carve out a surf zone near a
different y value in the background shear {Bowman,

I'J'?ﬁ}. Likewise, the QOBO-related changes in tropeal
winds can change relative or intrinsic phase speeds and
hence modulate the tropical and subtropical structure, a
fact that, together with the absorption-reflection
hehaviour of surf zones, must change the dynamics of
the winter-stratospheric  “Rossby-wave  cavity”
(Matsunao, 19707, Such a mechanism of modulation by
the QOBO—a highly nonlinear mechanism—probably
underlies the celebrated Holton-Tan effect (Baldwin et
al., 2001).

Another reason o expect the wave—turbulence inho-
mogeneity is, as [ have argued more carefully elsewhere
(Mclntyre, 1994, 2000a), the fundamental integral con-
straint on PV rearrangement on a (lopologically spher-
ical} isentropic surface § enclosing the earth. Using the
definition (#) together with Stokes’ theorem on the
closed isentropic surface §, we have

[[poas =0 (9)

where dA is the area element and b is defined soch
that pdAd¥ 15 the mass element. That is, b = piVl,
Because b is positive definite. (%) tells us at once that
the only way to mix ' 1o homogeneity on the surface
5 is to make O zero everywhere—a famtastically
improbable state on a planet as rapidly rotating as the
earth. Since real Rosshy waves do break, and do mix
(2, they must do so imperfectly and produce spatial
inhomogeneity and anti-frictional tendencies,

To be sure, one can imagine a thought experiment in
which the air on and near the isentropic surface §
begins by rotating solidly with the earth and then has its
angular velocity uniformly reduced by some madent
Rossby-wave figld, in such a way as to give a uniformiy
reduced pole-to-pole latitudinal profile of Q. But the
tailoring of a Rosshy-wave field o do this would be a
miore delicate affair than standing a pencil on its tip; and
the natural occurrence of such & wave field would be
another fantastically improbable thing. To summarize,
then, these fAuid systems naterally exhibil a strong
wave—turbulence inhomogeneity, and with it a marked
tendency for the associated wave-mduced momentum
transport to behave anti-frictionally, in the sense of
driving the system away from, not toward, solid rota-
tion.

L. THE SUN'S RADIATIVE INTERIOR

1. Inevitability of a Magnetic Field

When put together with new helioseismic data,
our understanding of stratospheric circulations has
recently enabled us to learn something new and sig-
nificant about the sun’s deep interior. Here T mean the
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radiative interior, at radii < 5 % 10°km, as distinet
from the overlying convection zone, whose upper sur-
face is the visible surface at about 7 % 10°km. We can
now pnswer in the affirmative, with high confidence, an
age-old question: does a dynamically significant mag-
netic ficld pervade the interior? The mere existence of
such a field has immediate and far-reaching conse-
gquences, as will be explained, for our ability 1o sharpen
theoretical hypotheses about other aspects of the sun's
intericr and 1o make inferences from helioseismic
inversion.

Of course the possibility that there could be such an
interior ficld has long been recopnized, if only becaunse
magnetic diffusion times {(~10'"y) are comparable to,
or somewhat longer than, the age of the sun {Cowling,
1945), the latter currently being estimated as close to ¢
* 10"y, Thus the interior needs no dynamo action: it
could contain a magnetic ficld left over from the sun's
formative years. Indeed, when the sun began to form as
a protostar, the intersiellar magnetie field must have
been greatly concentrated as material collapsed inward
(e.8., Gough, 19%), and references therein), dragging
the field with it and spinning up to high rotation rates.
On the other hand, it is also posgible, and has often
been hvpothesized, that any such interior ficld was
expelled or annihilated long ago—perbaps by some
kind of turbulent motion within the early sun—Ieaving
only the rapidly oscillating field associated with the
convection zone and its 22.vear cvele, for which
dynamo action i$ & plausible explanation. Be that as it
may, models of solar spindown—the sun's evolution
from its early, rapidly rotating state, exporting angular
momentum through the solar wind—have ended o
assume that the interior was free of dynamically signifi-
cant interior magnetic fields for most of the relevant
timespan of 4 X 10°y (see. for instance, Spiegel and
Zahn, 1992, and references therein).

The argument now to be sketched (for more detail,
see Melntyre, 1994 and Gough and Meclntyre, 1998)
depends crucially on recent helioseismic results con-
cerning the sun’s differential rotation (e.g, Thompson et
al., 199%6; Kosovichey e al., 1997), These strongly indi-
cate, for one thing, that classical laminar spindown
models will not fit observations, The convection zone is
in quite strong differential rotation, as suggested
schematically in Fig. % and its caption. But the radiative
interior, by contrast, turns out to be approximately in
sohd body rotation except possibly near the poles. (The
helioseismic technigue, which depends on observing the
ratational splitting of acoustic vibrational modes of the
sum, is insensitive o details near the rotstion axis.) Now
this near-solid interior rotation, of which the first indi-
cations began to emerge about a decade ago, is incom-
patible mot only with classical laminar spindown but

also with practically any other purely Auid-dynamical
picture, How can anyone claim such a thing? The basis
is our observational and theoretical knowledge of ter-
restrial middle-atmospheric dynamics,

The sun's interior is strongly stratified, and, for [rres-
ent purposes, is o fluid-dynamical system very like the
terresirial stratosphere. with short buoyancy  and
Coriolis timescales, Even the ratio of those timescales is
similar: throughout mast of the interior, Prandtl’s ratio
NIZIEN = 1{F. So, in & laminar spindown model for
nstance, the dynamics is qualitatively like that in a zon-
ally symmetrical terrestrial model stratosphere. The
main difference is one of detail: because photon mean
free paths are small, radiative hest transfer is diffusive,
and also rather weak for fluid-dynamical purposes ( dif-
fusivities ~1{Fm? 7).

Now if laminar spindown were the only thing hap-
pening, it would drive the interior away from solid
rotation toward some differentially rotating state that
matches the differential rotation of the convection
zone. I on the other hand, layerwise two-dimensional
turbulence were present in the interior, perhaps
through the breaking of Rossby waves emitted from
the convection zone, then the effect would again be to
drive the interior away from solid rotation in, prob-
ably, some other way (Mclntyre, 1994), subject to the
same kinds of dynamical consirainis as those with
which we are familiar in the terrestrial stratosphere,
not least the integral constraint (9), Broadband gravity
waves emitted from the convection zone would tend to
do the same thing, drive the interior away from solid
rotation, in yet another way, through anti-frictional
behaviour as in the terrestrial QBO. In summary, one
can get all kinds of forms of departures from solid
rolation, but one cannot get solid rotation ot of the
fluid dynamics except by some fantastically improbable
accident. Recall again, for instance, the spontaneous
symmetry-breaking in the Plumb-McEwan experi-
ment.

I am claiming, therefare, that there appears to be no
purely Auid-dynamical process that can make the
inlerior rotate nearly solidly as observed. This is the
asis for concluding that there must be an interior
poloidal magnetic field, Such a field, a lew lines of
which are sketched in the right hall of Fig, 9, can do the
job very easily, through Alfvénic torques. Moreover, it
15 the only known way to do the job—1o stop the
interiot differential rotation that feid-dynamical pro-
cesses would otherwise bring about.

Recent refinements 1o the helioseismic results, from
the MDI (Michelson Doppler Interferometer) instru-
ment on the SOHO spacecraft (Solar and Heliospherie
Observatory) have strongly confirmed the near solid
interior rotation and have furthermore begun to re-
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FIGURE 9 Schematic of propesed new modal for the sun's intenor (Gough and Melntyre, 1998} The strong differcatiol rotation of the con-
vection zone, now well known from helioseismic imversion (Thompson er al, 19%; Kosovichey & al, 1997}, is roughly depib-independent and iz
iaficated schematically by the words “PROGRADE" and “RETROGRADE", Angulor velocitics range over aboat =10% of an intermesfinte
value, ({1 = 2,7 = 1055, close 1o the typical inferior value. Interior rotation rates are much more nearly uniform. The poleidal magnetic Geld
oreupying the radintive interior is a necessary dynamical ingredient, crucial o explaining the nhserved depth of the tachockne, the thin shear layer
separating the base of the convection xone from the interior, whose depth & is roughly of the order 001 > 10°km; of, the sun’s radius, 7 = 10° km.
The sstimute of magnetic feld strength (B = 1079 (1esla) is an extremely rough, preliminary estimate, refinement of which will depend on intn-
cate nonlinear modelling not yei done, and on the fullest possible use of hebiosesmic data now bemng accumuelated. Becawse of the expected
approximate scaling (Gough and Melntyre, 1998}, which furns out to inyolve o ninth power law, 1B = A%, it will be espectally crucial o work
toward refined estimates of A, The latest attemnpl at a guantitative estimate {Ellictt and Goagh, 1999) tentatively replaces 0.1 = 10° km by 13 ¥

10 kmi. The next refinament will b= to make A a function of latitude,

golve the detailed vertical structure at the top of the
interior, jusl under the bhase of the convection Zome.
There is strong vertical shear in a laver of small but
now just-resolvable thickness, =2% of the solar radios;
but the magnitudes invelved (Richardson numbers
NYvertical shearl® = 1) imply overwhelmingly strong
control by the stable stratification, leading to layerwise
two-dimensional motion. Older ideas that the region
might be shear-unstable, and three-dimensionally tur-
bulent, appear to be definitely ruled out. Con-

sequently, the shear laver, which solar physicisis call
the “tachocling”, must have a relatively quiescent
dynamical character like the rest of the interior, e, at
worst layerwise two-dimensionally turbulent like the
wintertime terrestrial stratosphere, or possibly as gui-
escent, even, as the summertime upper stratosphere.
On this basis, and from the helioseismic results, one
can estimate the circulation of the tachocline in much
the same way as the circulation shown in Fig, 1. [t tumns
out that the circulation or ventilation time is about 108
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limes longer: not several years but more like several
milkion vears (Gough and McIntyre, 1998). Bul this is a
mere instant in comparison with 4 % 1Py, the age of
the sun and the timescale of its spindown. Rates of
change due to spindown can therefore be neglected in
theories of tachocline structure and dynamics: the
dynamics can be treated as quasi-steady, Furthermore,
wave-induced forces, which are hard to estimate but are
generally thought to be significant, if at all, on longer
timescales —10fy to 10°y (see Garcia Lépez and Spruit,
1991, and references therein) can likewise be neglected,
almost certainly, in the tachocline dynamics with s
1Py circulation timescale.

The only remotely plausible candidate for driving a
circulation that is so fasl, relative o the other
timescales involved, is gyroscopic pumping by
Reynolds stresses within the dynamically vigorous con-
veclion zone above. As in the terrestrial stratosphere,
this must produce a downward-burrowing circulation,
The burrowing has to be stopped, however, not by a
frictional boundary layer at a solid surface but by &
magnetic diffusion layer capping the interior magnetic
field. If the burrowing is not stopped somehow, then
we are back to a classical laminar spindown scenario,
which would produce a tachocline much deeper than
observed (Haynes er al., 1991; Spiegel and Zahn, 1992;
Gough and MeIntyre, 1998),

2. The Tachopause and the Lithium and
Beryllium Problems

An idealized boundary-layer theory for the magnetic
diffusion layer (Gough and Mclntyre, 1998} confirms
that the magnetic field is, indeed, capable of stopping
the burrowing, and furthermore that the bowndary
layer is thin, more than an order of magnitude thinner
than the tachocline itself, This is turn implies that the
tachocline must end in a relatively sharp “tachopause”.
Such information can be fed back inio helioseismic
inversion models. In particular, the fast tachocline cir-
culation implies that there has to be a near-discontinu-
ity in helium abundance, hence sound speed, at the
tachopause; such a structure has recently been shown to
fit the heliosesmic data very well and to lead 1o a
refined estimate of the tachocline thickness (Elliott and
Gough, 1999}, see caption to Fig. 9.

The boundary layer theory also gives us a first,
rather crude, estimate, ca. 107*T, of typical magnetic
ficld strengths just below the tachopause. Stronger
fields would imply smaller tachocline depths A, and
vice versa. However, this estimate is likely to need
revision, partly because it turns out that A is only
weakly dependent on field strength (caption to Fig, 9),
and partly because a quantitative estimate will require

solution of a rather complicated, and strongly nonlin-
ear, magnetohydrodynamic problem for the upwelling
branch of the tachocline circulation. This is work in
progress. In the upwelling branch, which has to be in
middle latitudes to be consistent with the observed
pattern of differential rotation, we expect the interior
field to be skimmed up into the convection zone,
where it will be subject to reconnection. There will
probably be significant zonal Lorenz forces in this
upwelling region.

The implications are, however, already far-reaching
in at least three senses, First, il the interior is con-
strained by the simplest possible magnetic field, well
diffused from its primordial state and aligned with the
rolation axis, hence in the form of a poloidal field with
field lines configured as in Fig, 9, as if wrapped around
a torus, or doughnut, then what is known as Ferrgro's
law of isorotation applies. This says that the angular vel-
ocity on the surface of each torus containing closed field
lines must be constant, which is equivalent to saying
that no Alfvénic torsional oscillations are excited.
(There is an argument saving that such torsional oscil-
lations will be damped rather quickly relative to the
sun's age, essentially because of the near-degeneracy of
the problem, with singular cigenfunctions in the form of
a delta function confined to the surface of one torus
(Hollweg, 1978; McIntyre, 1994.)) Because some of the
toroidal surfaces penetrate deep into the interior, this
offers for the first time a chance of obtaining infor-
mation about differential rotation near the sun’s core—
information  that is unobtainable directly from
helioseismic inversion.

The second implication is a better understanding of
spindown itself. The spindown problem under the
constraint of Ferraro's law (with or without wave-
induced forces) becomes very different from the
classic spindown problem, again bringing new under-
standing to what we observe of the present differen-
tial rotation,

The third is a new possibility for solving the notori-
ous lithium-burning problem {e.g. Garcia Lépez and
Spruit, 1991; §. Vauclair, personel communication), To
explain observed lithium abundances at the surfaces of
various populations of stars, one needs constitoent-
transporting mixing mechanisms or circulations that
reach below the tachocline, The strong gyroscopic
pumping by the convection zone might have such a role.
Omn the simplest picture sketched in Fig, 9, there are just
two places where the circulation might be able to
burrow to sufficient depth for the purpose: they are the
two poles, where the magnetic field must vanish. if con-
fined IJ}I' the convection zone, The downward-burrow-
ing circulation might therefore be able to “dig" a kind
of “polar pit” in the magnetic field, &t each pole (Gough
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and Meclntyre, 1998), penetrating much more deeply
than elsewhere. It can probably afford to take its time
over this, say =10%y. This could still be enough to burn
the lithivm. Even if the interior magnetic field were
more complicated, the hairy-sphere theorem tells us
that weak points vulnerable to “pit digging™ must exist.
Detailed predictions will again depend on numerical
solution of a highly nonlinear magnetohydrodvnamic
problem, yet to be attempted. There i a similar prob-
lem with beryllium, sharpening the observational con-
straints on the numerical modelling in the same way as
with multiple chemical species in the earth’s middle
atmosphere.

1 shall end on a much more speculative note, Tt is
conceivable thatl, despite their generally high damping
rates, interior Alfvénic torsional oscillations might
nevertheless be significant especially if the fleld some-
how confipures itself to minimize the damping. Could
there be, one wonders, a QBO-like torsional oscillation
in the sun's interior excited by broadband gravity waves
from the convection zone, despite the likely weakness
of such waves? This would be a bit like the balance
wheel of a watch, My present feeling is that it is less
likely than when 1 argued for it in 1994 (McIntyre,
1994 )—but then again, people who study isotopes in
palagoclimatic records tell us that there is evidence for
solar oscillations on many timescales, centuries to mil-
lenmia, far slower than the sunspot cycle. Perhaps all
these fluctuations on various timescales originate, with-
out gxception, in the convection zone. That is entirely
possible, in such a strongly nonlinear dynamical subsys-
tem. But then again, perhaps some of these time scales
come from the radiative interior. They ate compatible
with the range of possible interior ficld strengths.
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