HOW FAR HAVE WE COME IN UNDERSTANDING THE DYNAMICS OF THE MIDDLE ATMOSPHERE?

Michael E. McIntyre Centre for Atmospheric Science at the Department of Applied Mathematics and Theoretical Physics,^y Silver Street, Cambridge CB3 9EW, UK.

Tel: +44 1223 337871; Fax: +44 1223 337918 mem@damtp.cam.ac.uk; http://www.atmos-dynamics.damtp.cam.ac.uk/people/mem/

ABSTRACT

This lecture surveys two key aspects of the dynamics of global middleŋatmospheric circulations and stratosphereŰ troposphere mass exchange rates, with their implications for temperatures (departing systematically from radiative equilibrium) and for the transport, distribution, and phoŋ tochemical evolution of greenhouse gases. First, there is an overwhelming case that the tropical stratospheric quasiŋbiennial oscillation (QBO) is a waveŋdriven mean ~ow, though much uncertainty as to which waves are most important in driving it. The QBO is the most conŋ spicuous illustration of the way in which wave ^elds can act ŞantiŋfrictionallyŤ, driving the atmosphere away from solid rotation, not toward it in the manner of a viscosity. Second, the global stratospheric (BrewerŰDobson) and mesospheric (MurgatroydŰSingleton) mean circulations are waveŋdriven. Nothing else can explain for instance the refrigeration of the summer polar mesopause; and nothing else is ~uidŋdynamically possible in a strongly strati^ed, rapidly rotating, radiatively relaxational atmoŋ sphere under anything like the observed conditions. This driving can be thought of as a mechanical Şgyroscopic pumpingŤ. Again, there is uncertainty about exactly how the pumping action is shared between Rossby waves and gravity waves, and how this, and antiŋfrictional effects, might impact the robustness or otherwise of e.g. tropiŋ cal stratospheric upwelling Ů the part of the system that ŞtapeŋrecordsŤ the annual tropopause waterŋvapour cycle. The mesosphere has special importance not only as a senŋ sitive detector of gravityŋwave ^elds but also, potentially, of such things as longŋterm trends in water vapour and of poorly understood, or unsuspected, mechanisms related to solar variability.

1. INTRODUCTION

I greatly appreciate the honour of being invited to give one of the three Symposium Lectures to this community

0yThe Centre for Atmospheric Science is a joint initiative of the Department of Chemistry and the Department of Applied Mathematics and Theoretical Physics. General enquiries, telephone (+44-1223-)336473 or web site http://www.atm.ch.cam.ac.uk/

of scientists observing the real atmosphere. As a theoŋ retical ~uid dynamicist interested in the workings of the atmosphere (and as someone who should probably not be allowed too close to any critical experimental apparatus), I have long admired those who succeed in observing the real atmosphere with delicate, sophisticated and clever observing instruments, whether from the ground, from balloons or rockets, or from spacecraft. I am always asŋ tonished when any of these observing systems actually function as intended. It is obvious that there is a combiŋ natorially large number of ways in which things can go wrong at any stage, especially when new technology is being deployed in a hostile environment. That successful measurements are obtained as often as they are seems to me to be some kind of miracle, and certainly a testimony to the courage and persistence, as well as the skill and ingenuity, of those who dare to try it against the odds.

I also ^nd it amazing that we can understand anything at all about so complicated a system as the atmosphere. The complexity is becoming more and more apparent as the atmosphere is observed better and better. For instance Figure 1 overleaf, from Ref. [1], gives us a glimpse of the sort of ^neŋscale detail that is typical of soŋcalled Şvortical modeŤ motions. This example is on the 320 K isentropic surface and is part of what is involved in the exchange of mass and chemical constituents between the troposphere and lowermost stratosphere. Today there are very many such pictures in the literature, for various altitudes ranging up to somewhere near the stratopause though not, to my knowledge, in the mesosphere as yet. (For a small sample see, e.g., [Ref. 2, 3, 4, 5].) Such detail is surely wonderful yet frightening, especially when we remember that even ^ner detail must exist within the intermittent patches of threeŋdimensional, smallŋscale turbulence whose effects are noticeable from time to time when travelling in pasŋ senger aircraft. Figure 1 indicates how far we have come since the early 1980s, when I for one was trying to imagŋ ine, on the basis of much sparser observations, what real Şvortical modeŤ ~ows might look like [Ref. 6, 7].

Figure 1 was constructed by methods that bring to data analysis a kind of theoretical and numericalŋanalytic

Figure 1: Hypothetical passive tracer on the 320 K isentropic surface for 14 May 1992 at 1200 Z, showing some of the vortical fluid motions involved in the exchange of air between stratosphere and troposphere, from Ref. [1]. Tracer advection was calculated by the contour-advection technique [Ref. 9, 10], using winds from the operational analyses of the European Centre for Medium Range Weather Forecasts initialized four days earlier to coincide with PV (potential vorticity) contours whose values are 1, 2, 3, 4, and 5, in the standard PV units of 10�^6m^2s�^1 K kg�^1, in a smoothed isentropic map of PV from the same operational analyses. Values from 1 unit upward are coloured rainbow-wise from dark blue to red, and represent nominally stratospheric air.

sophistication that before about 1994 was found only in the domain of ŞacademicŤ ~uidŋdynamical studies [Ref. 8]. Such studies have given us highly accurate adapŋ tive numerical algorithms for Lagrangian tracer advection by any given timeŋdependent velocity ^eld. The particŋ ular algorithm used here is the one now called Şcontour advectionŤ [Ref. 8, 9, 10]. The velocity ^eld was obtained from an operational meteorological dataŋassimilation sysŋ tem, at the European Centre for Medium Range Weather Forecasts. In case you might think that no such ^ne deŋ tail could possibly be real Ů because of the relatively coarse spatial resolution of the velocity ^eld Ů let me mention that in some similar cases instrumented aircraft have been ~own across such ^laments and have directly veri^ed the corresponding jumps in chemical composiŋ tion [Ref. 3, 11]. That is not saying that we can believe all the tiniest details, but it is saying that the pattern as a whole is likely to be much closer to reality than one might think, and qualitatively very realistic indeed [Ref. 10]. It is related to a classic point in ~uid dynamics, the well known ability of simple straining ~ows Ů velocity ^elds of infinite spatial scale Ů to produce advected tracer feaŋ tures that shrink exponentially fast on the timescale of the strain rate [Ref. 12], thus producing features of arbitrarily small spatial scale.

(This leads to the classic randomŋstraining models of turŋ bulent tracer advection, the Batchelor spectrum and so forth [Ref. 13], whose extension to the kind of ~ow ilŋ lustrated in Figure 1 (strongly strati^ed, layerwiseŋtwoŋ dimensional) has recently been carried out by Haynes and Anglade [Ref. 14], bringing in the vertical shear and thence Prandtl’s ratio of scales f/N. Here N is the buoyŋ ancy frequency of the strati^cation and f the Coriolis parameter. It also reminds us that when thinking threeŋ dimensionally we might prefer to imagine not ^laments but sloping sheets of tracer Ů layers or laminae from a balloonist’s perspective Ů whose intersections with an isentropic surface appear as thin ^laments and whose typŋ ical or most probable slope ∼ f/N ∼ 10�^2.)

Now, in view of such a wealth of threeŋdimensional detail you might think that understanding Ů let alone quantifyŋ ing Ů such things as the rates of mass exchange between stratosphere and troposphere must be a daunting task. It is indeed daunting in many ways. Yet we do have some sigŋ ni^cant, though imperfect, knowledge and understanding, as I hope to indicate in this lecture. We even have quite a good idea of the way in which stratosphereŰtroposphere exchange rates are strongly affected, indeed in a certain sense largely controlled, in the longŋtime mean, by what goes on well above the tropopause Ů quite independently of the complex detail near the tropopause illustrated by Figure 1.

A variation on the same theme is our understanding of how despite being about the sunniest place on earth the sumŋ mer polar mesopause is also the coldest place on earth,and why there is enough water there to form the world’s highŋ est ice clouds, the famous and beautiful noctilucent clouds ^rst observed in the 1880s [Ref. 15], along with related phenomena seen in radar, rocket, and satellite measureŋ ments and apparently involving hydrated ions [Ref. 16]. On a qualitative level we understand both the low temperŋ atures and the replenishment of water vapour rather well Ů speci^cally, we can attribute them both to mean upŋ welling, and we understand what drives that upwelling Ů despite the complex detail that would probably be seen if we had mesospheric counterparts of Figure 1 that showed the vorticalŋmode motion over a large range of scales, intermingled with all the tidal and gravity wave activity. One of the essential points is that largeŋscale mean circuŋ lations at a given altitude, e.g. mean upwelling, are to a signi^cant extent under the control of wave breaking and other waveŋdissipation processes taking place above that altitude.

These examples, and other counterintuitive things like the in~uence of middleŋatmosphere eddy dynamics on tropiŋ cal tropopause temperatures [Ref. 17], are all beautiful exŋ amples of dynamical coupling in the middle atmosphere. And they are enough to tell us that in climate modelling, for instance, the middleŋatmospheric component of the climate system needs to be taken seriously if only beŋ cause of the vertical, and partly ŞdownwardŤ, aspects of that coupling Ů the in~uence of things above Ů and the possibility of unwanted effects from arti^cial upper boundary conditions [Ref. 18, 19, 20].

2. SOME THINGS WE UNDERSTAND

Let me try to be a little more systematic. Here is a list of points about the middle atmosphere that are well underŋ stood by dynamicists today:

1. The quasiŋbiennial oscillation (QBO) is wave driven.

(One of the most cogent arguments for this is the much neglected 1968 work of Wallace and Holton [Ref. 23]; I have discussed this point in [Ref. 24]. Like the MichelsonŰMorley experiment, the WallaceŰHolton work illustrates the great imporŋ tance of negative results in science. It made a strong case for an unknown kind of momentum ~ux as the only possible explanation of the observed zonal wind evolution, before wave driving was thought of.)

2. The globalŋscale BrewerŰDobson and MurgatroydŰ Singleton circulations are wave driven, in a way that depends on Coriolis effects. This is the main conŋ trol on longŋtimeŋaverage stratosphereŰtroposphere exchange rates, more precisely, on rates of mass exŋ change between the troposphere and the photochemŋ ically most active regions in the stratospheric Şoverŋ worldŤ above the 380 K isentropic surface ( <∼ 15 km altitude) [Ref. 18, 21, 22]. Similarly controlled are the rates of refrigeration and supply of water vapour to the summer polar mesopause.[Ref. 25]

3. The most important wave effects for these purposes are the irreversible ~uxes or transports of momenŋ tum and angular momentum that arise when waves are generated in one place and dissipated in another. This is the missing ingredient adumbrated by Walŋ lace and Holton (point 1 above).

4. The result is a globalŋscale distribution of small but inexorably persistent (ratchetŋlike) zonal or eastŰ west zonalŋmean forces F whose qualitative sense is largely independent of smallŋscale detail, even though their precise quantitative distribution within waveŋdissipation regions usually depends on Şwave breakingŤ events of various kinds. Here Şwave breakingŤ is to be understood in the sense required by waveŰmean interaction theory [Ref. 26].

5. The waves involved range from planetaryŋscale Rossby waves to smallŋscale gravity waves, in adŋ dition to the equatorially trapped hybrid wave types that also contribute to the QBO.

6. There is a tendency for F to act ŞantiŋfrictionallyŤ in the sense of driving the system away from solid rotation. The QBO is the most conspicuous illusŋ tration of this phenomenon; here the antiŋfrictional behaviour arises from the simultaneous existence of prograde and retrograde phase speeds in the wave spectrum that produces F [Ref. 27, 28]. Conŋ versely, no model QBO can be produced by an F parametrized as frictional, e.g. as a Rayleigh fricŋ tion.

7. Another classic illustration of antiŋfrictional beŋ haviour is what used to be called the Şnegative visŋ cosityŤ associated with the largeŋscale eddy ~uxes of angular momentum that show up in meteorological analyses [Ref. 29]. In this case Rossbyŋwave dynamŋ ics is involved [Ref. 30, 31], and the antiŋfrictional behaviour arises for very general reasons associated with the properties of potential vorticity [Ref. 24].

8. Typical magnitudes of F , reckoned per unit mass in metres per second per day,appear to range over about three orders of magnitude from ∼ 10�^1 m s�^1d�^1 in the lower stratosphere to ∼ 10^2 m s�^1d�^1 or more near the mesopause, though we do not yet have a quantitatively satisfactory picture of real F distribuŋ tions at all the relevant altitudes Ů even in terms of their climatology, let alone variability, especially as regards the contributions from smallŋscale gravity waves.

9. The dynamical responses to such zonal forces, unŋ der the relevant parameter conditions, are of essenŋ tially two kinds [Ref. 32], depending mainly on the strength of Coriolis effects or, more precisely, on the soŋcalled Şinertial stabilityŤ, proportional to the Coriolis parameter f times the largeŋscale latitudinal gradient G of speci^c absolute angular momentum about the Earth’s axis. The ^rst kind of reponse, characteristic of the lowest latitudes where G and f are small, is a gradual acceleration ∂u/∂t of the zonal mean zonal wind u, as seen in the QBO.

10. The second kind of reponse to F is a Şgyroscopically pumpedŤ mean meridional circulation, as seen in the BrewerŰDobson and MurgatroydŰSingleton circulaŋ tions.

11. The gyroscopic pumping mechanism is explained in Figure 2 and its caption and depends on Coriolis forces or, more precisely, on inertial stability. It operates robustly away from the equator.

12. The circulation arising in response to the pumping action extends mainly below the altitudes at which the force F is applied, and to this extent may be said to be Şdownward controlledŤ (again see caption to Figure 2). However, there is also a tendency for the response to extend sideways, as well as downwards, into or across the tropics, and to do so persistently if the gyroscopic pumping is powerful enough. This involves nonlinear modi^cation of G in the tropics [Ref. 18, 33, 34].

13. Under the typical parameter conditions in the lower stratosphere, Şaway from the equatorŤ in point 11 means further than roughly ±15ffilatitude. More preŋ cisely and more generally, the pumping action and the Şdownward controlledŤ response to it operate roŋ bustly at latitudes where f ≠ 0 and where G is too strong to be vulnerable to nonlinear modi^cation. Conversely, the tendency of the response to extend sideways into a tropical region where F = 0 depends on G being weak, hence nonlinearly modi^able, in that region.

Other examples of gyroscopic pumping include the well known ŞEkman pumpingŤ in which the driving force F is provided by boundary friction rather than by waves, and certain other examples from solar physics [Ref. 35].

14. Solar heating does not directly drive the BrewerŰ Dobson and MurgatroydŰSingleton circulations. This is clear from the ~uidŋdynamical theory and associated thoughtŋexperiments. [Ref. 18, 36]. The point is also consistent, of course, with the observed equatorial, rather than polar, location of the real stratospheric upwelling at solstice, ŞdespiteŤ insoŋ lation being maximal at the pole. Numerical models exhibiting what appear to be globalŋscale circulaŋ tions driven by solar heating depend on assuming that F has some kind of arti^cial frictional behaviour, usually Rayleighŋfrictional.

15. The main effect of solar heating on middleŋ atmospheric circulations (beyond directly and inŋ directly maintaining various wave sources in the

. . . . .. .. .. .. .. .. .. ... ... ... ... ....

....

....

....

....

....

.....

.....

.....

.....

.....

......

......

......

.......

.......

.........

..........

..........

..........

...............

....................

..................................................

......................................................

....................

...............

.........

..........

.........

.........

.......

.......

......

......

......

..... ......

.....

..... .....

.... .... .... ... .... .... .... ... ... ... .. .. .. .. .. .. . . . . . . . . . .. .. . .. .. .. .. ... ... ... ... .... .... .... .... .... .... ..... ..... ..... ..... ..... ..... ...... ......

.......

.......

.......

.........

.........

..........

..............

.................

..............................

.......................................................................................

.................

..............

..........

.........

.........

........

.......

......

......

......

.....

......

.....

.....

.....

.....

.....

.....

.....

....

....

.... ... ... ... ... .. .. .. .. .. .. .. . . . . .

qqqqqqqq qqq qqqqqqqqq qqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqq qqqqqqqqq qqq qqqqqqq q � @@ Westward force F ¡ 0

6_Ω

Figure 2: The gyroscopic pumping mechanism, in the case F < 0 appropriate to all breaking Rossby waves and to gravity waves in the winter mesosphere. When a ring of air located away from the equator is pushed westwards, then Coriolis effects try to turn it poleward. This is a mechanical pumping action. The response to it has been studied by modellers, both numerically and analytically [Ref. 21, 22, 18], and exhibits the so-called “downward control” property: in a thought-experiment in which, in a radiatively relaxational atmosphere, an extratropical F is switched on in some range of altitudes z ¿ z_1 and then left on, the circulation burrows downward below z_1 until it reaches the Earth’s surface, where it closes off in a frictional boundary layer [Ref. 21, 22] and settles toward a steady state in which there is no meridional circulation above the range of altitudes where F ≠ 0. The steady state is approached fastest for broad F distributions over a large range of latitudes — usually, for practical purposes, somewhat faster than seasonal timescales. Ref. [21] gives a careful analysis and discussion of timescales and their relation to f�^1, N�^1, and radiative relaxation times.

Figure 3: The tropical stratosphere as a ‘tape recorder’, from Ref. [42]; q.v. for a careful discussion of the data analysis and interpretation. The time-altitude plot is from HALOE, a solar occultation limb sounder on the Upper Atmosphere Research Satellite (UARS), showing the signal from the annual cycle in water vapor being advected upward by the large-scale mean velocity w. Near 20 km, w ≈ 0.2 mm s�^1. Soundings between 14ffiN and 14ffiS were used. The quantity plotted is “total hydrogen”, water vapor plus twice methane, in parts per million by volume. Because of methane oxidation chemistry this is to excellent approximation a passive tracer in the altitude range shown. The raw data have been fitted to a suitable set of extended empirical orthogonal functions (EEOFs) to extract the annual cycle in an objective way; the plot shows the contributions from the dominant two EEOFs, accounting for 68% of the variance. But the tape-recorder signal is still easily visible without any such processing — see Plate 1 of Ref. [42] — and in data from other instruments, notably the passive Microwave Limb Sounder on UARS [Plate 1a of Ref. 43].

troposphere) is to in~uence the heightŰlatitude disŋ tribution of radiative equilibrium temperatures T_{rad} in the middle atmosphere. This in turn affects zonal wind shears in thermalŋwind balance, hence wave refraction and Ş^lteringŤ Ů e.g. making eastwardŋ propagating waves break sooner than westwardŋ propagating ones Ů impacting the heightŰlatitude distribution of F and hence the globalŋscale disŋ tribution of gyroscopic pumping. For instance the MurgatroydŰSingleton circulation at solstice owes its existence to the strong selective ^lterŋ ing of upwardŋpropagating gravity waves by the stratopause jets below, making F westward in the winter and eastward in the summer hemisphere [E.g. Ref. 37, 38 & refs. therein]. This pumps air very powerfully in the summerŋtoŋwinter direction, in both hemispheres, at altitudes near the mesopause.

16. Solar heating has an entirely different and more subŋ

tle effect in the tropical stratosphere. It in~uences the precise pathway of the tropical stratospheric upŋ welling, tending, to a varying extent, to channel it toward the summer side of the Equator at solstice. Gyroscopic pumping still largely controls the net mass ~ux drawn up from the tropical troposphere, but the geographical distribution of upwelling is inŋ

~uenced by the geographical distribution of T_{rad} in the tropics. This is a dynamical regime quite unŋ like the free, tropicallyŋcon^ned Hadley convection that would take place in some equatorial latitude band if the gyroscopic pumping were switched off [Ref. 39, 40, 41]. The distinction becomes clearest in models avoiding the assumption Ů often incorrect, as I have been at pains to emphasize Ů that F has frictional behaviour.

3. THE TAPE-RECORDER ANALOGY

I like to think of the BrewerŰDobson circulation as a kind of tape recorder. This idea is beautifully illustrated by Figure 3, taken from Ref. [42], which shows the annual cycle in tropicalŋtropopausewater vapour mixing ratio beŋ ing carried up in the rising branch of the BrewerŰDobson circulation, like a signal being written to a moving tape by a Şrecording headŤ at the tropopause.

This tape recorder is not a very high quality one. For instance, the signal attenuates rather severely with height; Ref. [42] analyzes this quantitatively. The tape speed is so slow, a few tenths of a millimetre per second, of the order of a scale height per year, that even a small rate of lateral mixing across the subtropical Şeddyŋtransport barrierŤ [Ref. 18, §4] can attenuate the signal signi^cantly.

So too can a small vertical diffusivity K_z, even smaller than some of the classic estimates of order K_z ∼ 2 ×

10�1_m2_s�1_{. In fact, Ref. [42] ^nds that the remarkably}

weak attenuation of the tapeŋrecorder signal in Figure 3 at altitudes around 20 km demands K_z values as low as K_z ∼ 2 × 10�^2 m^2s�^1.

But Figure 3 is a striking con^rmation Ů yet one more consistency check Ů on the general picture of the mean circulation that for some time has been clear from sevŋ eral independent lines of evidence. As is well known, these are (a) other information about chemical tracers [E.g. Ref. 2, 44 & many refs. therein], (b) estimates of the circulations from stateŋofŋtheŋart radiation schemes and observed temperatures [E.g. Ref. 45, 46, 47], and (c) a combination of dynamical observations, theory, and nuŋ merical modelling, including diagnostic estimates of the global F distribution due to Rossby waves together with (as yet rather crude) estimates of the gravityŋwave contriŋ bution [E.g. Ref. 37, 46, 48].

In the tapeŋrecorder analogy, with gyroscopic pumping acting as the ŞmotorŤ of the tape drive, the tropical disŋ tribution of T_{rad} is to be thought of as a system of Şguidŋ ance wheelsŤ (point 16 of §2), having an influence on the pathway taken by the tape but not on the net throughput. One might say that the sun shifts the tropical “guidance wheels” back and forth but does not directly power the “motor”.

Alternatively, one may think of regions of high T_{rad} in the tropics as like the deeper channels in a river bed, in some location where the river is flowing quietly, away from the rapids: flowing subcritically, that is, in the language of hydraulics. In such a region of subcritical flow, depth variations influence the path taken by the water but not the total flow rate. The total flow rate is determined in an entirely independent way, by conditions upstream, most immediately by the nearest upstream location of hydraulic control, such as a weir. Dredging the river bed to make one of the channels deeper makes not the slightest difference to the total flow rate, though it may well cause the flow to be locally stronger at the expense of being weaker elsewhere.

4. SUBTROPICAL SENSITIVITY

Of course such analogies have their limitations, and the Brewer–Dobson circulation is indeed not quite as simple as a tape recorder, or even a river, in all of its aspects. There are some serious fluid-dynamical technicalities here. Indeed, some aspects are only beginning to be understood by dynamical researchers. These have to do with the nonlinear modification of G in the tropics (points 12 and 13 above).

Gyroscopic pumping works most effectively when the force F producing it is distributed over a sufficiently broad latitude band in the extratropics. In particular, the westward force distribution F < 0 needs to extend sufficiently close to the Equator if it is to drive Brewer-Dobson cells that pull air up from the tropical troposphere as observed, rather than from higher latitudes. Just how close to the Equator, and whether there is any associated non-robustness, is unclear and is still being researched by dynamicists [Ref. 33, 34].

Some idealized models carry suggestions of nonrobustness in the form of hysteretical behaviour, in thought-experiments in which F is prescribed to be zero in some tropical band and westward at higher latitudes. Through nonlinear modification of G, one and the same F distribution can drive two different steady-state regimes of circulation. In the first of these, the pumping action pulls air up from the tropical troposphere throughout a broad cross-equatorial latitude band, somewhat as observed. In the second, the air is pulled up from a narrower latitude band in the subtropics, much closer to the latitude where F goes to zero.

However, such hysteretical behaviour has yet to be demonstrated in a general circulation model, and is not even exhibited by all models that might qualify as idealized stratospheres [Ref. 33]. All we can say for now is that there might well be a significant sensitivity of the tropical and subtropical branches of the Brewer–Dobson circulation to small wave-induced forces F in subtropical latitudes.

Significant F values for this purpose are well below the present threshold of observational constraints on, say, gravity wave drag. Again, we are talking about numbers ∼ 10�^1 m s�^1d�^1 for F . The weaker the inertial stability, the smaller the F required. What counts is long-time average F values, over months or longer. An educated guess would say that both Rossby and gravity waves are likely to be significant for this purpose, though in unknown proportions. And, as far as I know, the possible implications of “anti-frictional” F behaviour have not yet been considered at all.

5. MESOSPHERIC SENSITIVITY

We should not underestimate the potential importance of understanding the mesosphere better. It exhibits observable phenomena that are sensitive to what goes on below, and hence to what comes up from below, most conspicuously the supply of water vapour and the flux of gravity waves [E.g. Ref. 49]. And there is also the question of what comes in from above. Photochemical products modulated by solar variability on a range of timescales, through the solar wind and through hard ultraviolet, can be carried deep down into the ozone layer by the winter branch of the mean circulation, and, as is now increasingly discussed, may significantly affect ozone and radiation, complicating the issue of solar effects on climate change [E.g. Ref. 50, 51].

So observations of the mesosphere may well be recognized, sooner or later, as an important part of our repertoire of means to monitor and simulate global environmental change. Gravity waves in particular have tended up until now to be viewed as unimportant by climate researchers, who are rightly worried by more conspicuous effects like ocean–atmosphere, cloud–radiation and geosphere–biosphere interactions; but I hope that this lecture has illustrated why gravity waves need to be taken seriously. Our shaky knowledge of real wave fields implies that we have a correspondingly shaky knowledge of the dynamics of the Brewer–Dobson and even more the Murgatroyd–Singleton circulation, and therefore no assurance that such circulations — and their robustness or non-robustness against change — are being represented in a causally correct way in general circulation models. Yet we already know very well that those circulations are crucial to the ways in which greenhouse gases are moved around and chemically transformed.

Let me stress that our theoretical understanding of gravity-wave sources is even worse than our observational knowledge of them. For instance we have little idea how important or otherwise gravity wave emission from tropopause jets might be, or whether the observed correlation with tropopause jet-stream activity is mainly due to the correlation of such activity with surface winds and with orographic, and frontal, gravity-wave generation. A few theoreticians like myself have worried quite a lot about jet emission without getting very far. There are two conceivable mechanisms that might send gravity waves from tropopause jets into the high stratosphere and mesosphere.

One is ‘Kelvin-Helmholtz envelope radiation’ from the shear layer above a tropopause jet [Ref. 52]. The other is the spontaneous-adjustment emission, or “Lighthill radiation” [Ref. 53], of low frequency inertia–gravity waves by unsteady jet-streak events near the tropopause. Both of these processes are extraordinarily hard to model convincingly, either numerically or theoretically. There are no small parameters that give nice asymptotic theories where one can precisely understand what is going on. Numerics is demanding, with a premium on very fine resolution to describe the jet-streak dynamics accurately, and more than a suspicion that some of the results obtained so far in the literature could well be numerical artefacts. This is an ongoing area of research where we do not have many answers yet. So observational case studies that associate stratospheric and mesospheric gravity waves with tropopause jets will continue to be enormously valuable, especially over flat land or oceans.

Also still poorly understood is the problem of vertical mixing by mesospheric gravity-wave breaking. I convinced myself in 1989, through a simple but rather clear-cut thought-experiment [Ref. 25], that, because mesospheric wave breaking tends to be convective and not shear-driven, the usual formula

K_z = βε/N^2 ,

where ε is turbulent dissipation per unit mass, and β a dimensionless number, is not useful in this case (even though it may be useful for some cases of mechanically or shear-driven turbulence). It turns out that β and turbulent Prandtl numbers are hopelessly sensitive to the degree of wave supersaturation — whether the breaking is violent, as on a steep ocean beach, or gentle as on a shallow beach. And the whole thing is sensitive to initial-condition noise. In trying to quantify real vertical mixing in the mesosphere and lower thermosphere, we are going to remain heavily dependent on observations of the real mixing of atomic oxygen and other tracers.

Measurements of ε are still extremely useful, of course, in their own right, because they provide important observational constraints on theoretical attempts to model gravity waves and gravity wave breaking.

Yet another unanswered question, though one on which some progress is being made, is whether mesoscale diabatic heating patterns from cumulonimbus convection could possibly be the dominant source of gravity waves from such convection. If so, we can use linear gravity–wave generation theory, given the diabatic heating [E.g. Ref. 54, 55, 56], about which heating the various GEWEX-associated projects are giving us increasing amounts of information. Again, observational case studies of the resulting mesospheric gravity waves, especially, should continue to be enormously valuable here.

I like Gary Thomas’ analogy of the “miners’ canary”. It is well known that coal miners used to take a canary in a cage down with them because the bird was more sensitive than humans to small amounts of dangerous methane. Similarly, the mesosphere with its sensitivity to what goes on below, as well as above, could serve humanity as an early warning of new danger to its global environment, just as the polar stratosphere has already done, and in a totally unforeseen way. Who knows where the next signal will come from? Will it be terrestrial or extraterrestrial?

6. POSTLUDE: PUBLIC UNDERSTANDING

Good scientific research is, and has always been, like driving in the fog; and scientific observing instruments are our eyes and ears on an uncertain future. When new data emerge from the fog of uncertainty, it would be irresponsible not to consider changing direction as necessary, and irresponsible not to go slowly even if no obstacle is visible — the relevant “precautionary principle”, as it is now called. Will the sea level rise by 2 m over the next century? On present knowledge that may seem improbable; but it is not impossible.

People and organizations who say that there is no need to worry about global environmental change are therefore showing, I would argue, exactly the same kind of irresponsibility as a bus driver who shuts his or her eyes in the fog, turns up the volume on the Walkman, and steps on the gas — except that the passengers at risk are now the entire population on Earth. The same irresponsibility is shown by telecommunications interests that threaten to jam the electromagnetic spectral windows crucial to terrestrial and extraterrestrial observation.

Scientists as a community are in trouble today, for many complicated reasons [Ref. 57]. I think one of them is that a small minority of scientists, among others, have talked too long and loudly about Absolute Control and Absolute Truth — as with the talk about Designer Babies, Knowing the Mind of God, etc. — showing insufficient respect for that greater reality, scientific uncertainty, which is combinatorially large. Our changing planetary environment has already taught us, the human species, new respect for scientific uncertainty, and is likely to continue to do so. That an observed reality, the Antarctic ozone hole, should have persuaded a major multinational industry to change course was something entirely new, something politically impossible in our culture until very recently.

Those who take the trouble to observe the atmosphere carefully, and other parts of the planetary life support system on which we depend, are in my opinion doing one of the most important things a human being can do. Let us have the courage, then, to keep our eyes and ears open.

Acknowledgements: I thank ESA for kindly inviting me to give this lecture. I am grateful to many colleagues for stimulation, help, and advice, including Joan Alexander, Oliver Bühler, Rupert Ford, Dave Fritts, Peter Haynes, Jim Holton, Ernst Kopp, Bryan Lawrence, Franz-Josef Lübken, Warwick Norton, Tim Palmer, Alan Plumb, Karen Rosenlof, Jürgen Röttger, David Sankey, Gary Thomas, Bob Vincent, Chris Warner, Georg Witt, and Darryn Waugh. My own recent research has been supported by the UK Natural Environment Research Council through the UK Universities’ Global Atmospheric Modelling Project, and through an SERC/EPSRC Senior Research Fellowship.

REFERENCES

1. Appenzeller C et al. 1996, Fragmentation of stratospheric intrusions. J. Geophys. Res., 101, 1435–1456.

2. Sutton R T et al. 1994, High-resolution stratospheric tracer fields estimated from satellite observations using Lagrangian trajectory calculations. J. Atmos. Sci., 51, 2995–3005, and other papers in the UARS special issue, 51, 2781– 3105.

3. Waugh D W et al. 1994, Transport of material out of the stratospheric Arctic vortex by Rossby wave breaking. J. Geophys. Res., 99, 1071–1078.

4. Chen P 1994, The permeability of the Antarctic vortex edge. J. Geophys. Res., 99, 20563–20571.

5. Mariotti A et al. 1997, Comparison between vertical ozone soundings and reconstructed potential vorticity maps by contour advection with surgery. J. Geophys. Res., 102, 6131–6142.

6. McIntyre M E 1980, Towards a Lagrangianmean description of stratospheric circulations and chemical transports. Phil. Trans. Roy. Soc. Lond., A296, 129–148. (Special middleatmosphere issue, ed. J. T. Houghton.)

7. McIntyre M E 1982, How well do we understand the dynamics of stratospheric warmings? J. Meteorol. Soc. Japan, 60, 37–65. (Special middleatmosphere issue, ed. K. Ninomiya; note: “latitude” was misprinted as “altitude” on page 39a line 2.)

8. Dritschel D G 1989, Contour dynamics and contour surgery: numerical algorithms for extended, high-resolution modelling of vortex dynamics in two-dimensional, inviscid, incompressible flows. Computer Phys. Rep., 10, 77– 146.

9. Norton W A 1994, Breaking Rossby waves in a model stratosphere diagnosed by a vortexfollowing coordinate system and a technique for advecting material contours. J. Atmos. Sci., 51, 654–673.

10. Waugh D W and Plumb R A 1994, Contour advection with surgery: a technique for investigating finescale structure in tracer transport. J. Atmos. Sci., 51, 530–540.

11. Pyle J A et al. 1995, Early modelling results from the SESAME and ASHOE campaigns. Faraday Discuss., 100, 371–387.

12. Batchelor G K 1952, The effect of homogeneous turbulence on material lines and surfaces. Proc. Roy. Soc. Lond., A213, 349–366.

13. Batchelor G K 1959, Small-scale variation of convected quantities like temperature in turbulent fluid. Part 1. General discussion and the case of small conductivity. J. Fluid Mech., 5, 113–133.

14. Haynes P H and Anglade J 1997, The verticalscale cascade of atmospheric tracers due to large-scale differential advection. J. Atmos. Sci., 54, 1121–1136.

15. Schröder W and Rendtel J 1998, Height determination of noctilucent clouds — 100 years. Bull. Amer. Meteorol. Soc., 79, 324–329.

16. E. Kopp, personal communication 1999. The evidence from rocket-borne measurements of hydrated ions strongly supports the hypothesis that noctilucent clouds are ice clouds (and that the polar summer mesospheric radar echoes seen a few km higher involve hydrated ions).

17. Yulaeva E et al. 1994, On the cause of the annual cycle in tropical lower stratospheric temperatures. J. Atmos. Sci., 51, 169–174.

18. Holton J R et al. 1995, Stratosphere– troposphere exchange. Revs. Geophys., 33, 403– 439, & refs. therein.

19. Shepherd T G et al. 1996, Sponge layer feedbacks in middle-atmosphere models. J. Geophys. Res., 101, 23447–23464.

20. Hartley D E et al. 1998, A new perspective on the dynamical link between the stratosphere and troposphere. Nature, 391, 471–474.

21. Haynes P H et al. 1991, On the “downward control” of extratropical diabatic circulations by eddy-induced mean zonal forces. J. Atmos. Sci., 48, 651–678.

22. Haynes P H et al. 1996, Reply to Comments by J. Egger on ‘On the “downward control” of extratropical diabatic circulations by eddyinduced mean zonal forces’. J. Atmos. Sci., 53, 2105–2107.

23. Wallace J M and Holton J R 1968, A diagnostic numerical model of the quasi-biennial oscillation. J. Atmos. Sci., 25, 280–292.

24. McIntyre M E 1994, The quasi-biennial oscillation (QBO): some points about the terrestrial QBO and the possibility of related phenomena in the solar interior. In: The Solar Engine and its Influence on the Terrestrial Atmosphere and Climate (Vol. 25 of NATO ASI Subseries I, Global Environmental Change), ed. E. Nesme-Ribes; Heidelberg, Springer-Verlag, 293–320. See also http://www.atm.damtp.cam.ac.uk/people/mem/

25. McIntyre M E 1989, On dynamics and transport near the polar mesopause in summer. J. Geophys. Res., 94, 14617–14628. [Special issue on noctilucent clouds, ed. G. P. Thomas.]

26. McIntyre M E and Palmer T N 1985, A note on the general concept of wave breaking for Rossby and gravity waves. Pure Appl. Geophys., 123, 964–975.

27. Plumb R A 1977, The interaction of two internal waves with the mean flow: implications for the theory of the quasi-biennial oscillation. J. Atmos. Sci., 34, 1847–1858.

28. McIntyre M E 1998, Breaking waves and globalscale chemical transport in the Earth’s atmosphere, with spinoffs for the Sun’s interior, [Invited paper to the 12th Nishinomiya–Yukawa Memorial Symposium, ‘Dynamic Organization of Fluctuations — Molecular Machines, Powder Flows, and Fluid Turbulence’], Prog. of Theor. Phys. (Kyoto), Supplem. No. 130, 137–166; see also an important Corrigendum, Prog. of Theor. Phys. (Kyoto), 101, 189 (January 1999) and on http://www.atm.damtp.cam.ac.uk/people/mem/

29. Starr V P 1968, Physics of Negative Viscosity Phenomena. McGraw-Hill, 256 pp.

30. Hoskins B J et al. 1985, On the use and significance of isentropic potential-vorticity maps. Q. J. Roy. Meteorol. Soc., 111, 877–946; also Corrigendum 113, 402–404.

31. Thorncroft C D et al. 1993, Two paradigms of baroclinic-wave life-cycle behaviour. Q. J. Roy. Meteorol. Soc., 119, 17–55.

32. Haynes P H 1998, The latitudinal structure of the quasi-biennial oscillation. Q. J. Roy. Meteorol. Soc., 124, 2645–2670.

33. Sankey, D 1998, The Dynamics of Upwelling in the Equatorial Lower Stratosphere. PhD Thesis, Cambridge University, 232 pp.

34. Plumb R A and Eluszkiewicz J 1999, The Brewer–Dobson circulation: dynamics of the tropical upwelling. J. Atmos. Sci., 56, 868–890.

35. Gough D O and McIntyre M E 1998, Inevitability of a magnetic field in the Sun’s radiative interior. Nature, 394, 755–757.

36. McIntyre M E 1992, Atmospheric dynamics:

some fundamentals, with observational implications. In: Proc. Internat. School Phys. “Enrico Fermi”, CXV Course, ed. J. C. Gille, G. Visconti; Amsterdam, Oxford, New York, Toronto, North-Holland, 313–386. See “polar-cooling thought-experiment”.

37. Alexander M J and Rosenlof K H 1996, Nonstationary gravity wave forcing of the stratospheric zonal mean wind. J. Geophys. Res., 101, 23465– 23474.

38. Alexander M J 1997, A model of non-stationary gravity waves in the stratosphere and comparison to observations. In: Gravity Wave Processes: Their Parameterization in Global Climate, ed. K. Hamilton; Heidelberg, Springer- Verlag, 153–168.

39. Schneider E K 1977, Axially symmetric steadystate models of the basic state for instability and climate studies. Part II: Nonlinear calculations. J. Atmos. Sci., 34, 280–297.

40. Held I M and Hou A Y 1980, Nonlinear axially symmetric circulations in a nearly inviscid atmosphere. J. Atmos. Sci., 37, 515–533.

41. Dunkerton T J 1989, Nonlinear Hadley circulation driven by asymmetric differential heating. J. Atmos. Sci., 46, 956–974.

42. Mote P W et al. 1998, Vertical velocity, vertical diffusion, and dilution by midlatitude air in the tropical lower stratosphere. J. Geophys. Res., 103, 8651–8666.

43. Mote P W et al. 1996, An atmospheric tape recorder: the imprint of tropical tropopause temperatures on stratospheric water vapor. J. Geophys. Res., 101, 3989–4006.

44. Gray L J 1999, A model study of the influence of the quasi-biennial oscillation on trace gas distribution in the middle and upper stratosphere. J. Geophys. Res., to appear.

45. Shine K P 1989: Sources and sinks of zonal momentum in the middle atmosphere diagnosed using the diabatic circulation. Q. J. Roy. Meteorol. Soc., 115, 265–292.

46. Rosenlof K H 1995, Seasonal cycle of the residual mean meridional circulation in the stratosphere. J. Geophys. Res., 100, 5173–5191.

47. Eluszkiewicz J D et al. 1997: Sensitivity of the residual circulation diagnosed from the UARS data to the uncertainties in the input fields and to the inclusion of aerosols. J. Atmos. Sci., 54, 1739–1757.

48. Rosenlof K and Holton J R 1993, Estimates of the stratospheric residual circulation using the downward control principle. J. Geophys. Res., 98, 10465–10479.

49. Thomas G E et al. 1989, Relation between increasing methane and the presence of ice clouds at the mesopause. Nature, 338, 490–492.

50. Haigh J D 1999, A GCM study of climate change in response to the 11-year solar cycle. Q. J. Roy. Meteorol. Soc., 125, 871–892.

51. Shindell D et al. 1999, Solar cycle variability, ozone, and climate. Science, 284, 305–308.

52. Bühler O et al. 1998, On shear-generated gravity waves that reach the mesosphere. Part I: wave generation. J. Atmos. Sci., in press.

53. Ford R et al. 1999, Balance and the slow quasimanifold: some explicit results. J. Atmos. Sci., in press.

54. Manzini E Hamilton, K 1993, Middle atmospheric travelling waves forced by latent and convective heating. J. Atmos. Sci., 50, 2180– 2200.

55. Bergman J W and Salby M L 1994, Equatorial wave activity derived from fluctuations in observed convection. J. Atmos. Sci., 51, 3791– 3806.

56. Pandya P E and Alexander M J 1999, Linear stratospheric gravity waves above convective thermal forcing. J. Atmos. Sci., to appear.

57. McIntyre M E 2000, Lucidity and Science, or, The Two Sides of the Platonic. Book in preparation. Draft preface/prelude and other material now available at first click on my home page, http://www.atm.damtp.cam.ac.uk/people/mem/ and see also McIntyre M E 1997, Lucidity and science: II: From acausality illusions and free will to final theories, mathematics, and music. Interdisciplinary Science Reviews, 22, 285–303.