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Maps of Ertel's potential vorticity, Q, are computed on an isentropic
surface in the middle of the stratosphere. They are derived using data
from Stratospheric Sounding Units on board ROAA satellites. The
reliability of the maps is demonstrated mainly by the consexvation of @
that is shown in successive analyses, and by the close agree%ent obtained

using independent data from two satellites.

The maps are used to follow the movement of material during the course of
strong disturbances which occurred in December 1981. They cleaxly show the
breaking of planetary waves in the stratosphere, an inherently non-linear
process. The effect of wave breaking on the structure of the westerly

vortex is considered.

The behaviour of diagnostics based on zonal averaging, such as the
Eliassen—-Palm flux, is accounted for by local changes in the distribution
of 0. The implications of our findings for the study of stratospheric

o

dynamics are discussed.



it Intyoguektion

Results based upon the conserxvation of potential vorticity. are of great
utility when studying rotating fluids such as the Earth's atmosphexe, and
form a unifying theme in dynamical meteoroloygy (e.g. Gill, 1982). A
relagion reguiring no assumptions about the direction of vorticity ox about
the ratio of horizontal to vertical scales was derived by Ertel (1942). It
involves a quantity, Q, now often referred to as Ertel's potential

vorticity, defined by
Q@ =pl (¥ xu+20).96 v (1)
using conventional notation as detailed in the Appendix. The theorem

states that if the motion is adiabatic so that

ae

and if it is also frictionless, then

a

Yor hydrostatic flow characteristic of atmospheric motions on the synoptic

or larger scale, Eq. (1) can be simplified by writing Q as

Q=-g(c+ )y | | (4)-
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whare the relative vorticity g involves differentation of ‘the horizontal
wind components on an isentropic surface'(sue button, 1976, fox a.
derivation). As fields of meteorological variables are generally held on

jsobaric surfaces, a convenient approximation to Q is
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vhere derivatives are taken on isobaric surfaces. This approximation is
valid for flows with large Richardson numbex, such ag the large-scale

circulations characteristit of the stratosphere (Hartmann, 1977).

Insofar as Q@ and 6 are conserved along a trajectory, the intersection of
surfaces of constant @ and € mark the material lines of the ﬁluid. The
behaviour of the material lines can therefore be followed as the flow
evolves by examining.maps of Q evaluated on isentropic surfaces. The
contours of Q thus presented give informatiog of a Lagrangian nature,
limited in practice by the resolution of measurement, exrors in calculation
znd non-conservation of Q.

~ - - P ‘ »
The advent of measurements from satellite-borne radiometers allows global
monitoring of thé stratospheric cixculation and presents the opporxtunity to
study aspects of the dynamics of this circulation using isentropic maps of
Q.‘ Analyses of motions based on measurements with radiosondes are less
satisfactory for levels above the lower stratosphere because their
precision deteriorates progressively with height. Moreover, such
measurements have comparatively poor horizontal resolution and calculations
of § would be of little value where data are sparse. Analyses based on a

O

mixture of data from radiosondes and satellites might contain spatial '
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inhomogeneities due to differences betwceq instruments which would be
reflected in the maps of Q. It may be advantageous thcrefore to use
homogeneous analyses derived using data from one satellite when calculating
Q, since this involves a high order of spatial differentiation of retrieved
fields of thickness or temperature.

)
A strong gradient of Q at middle latitudes in the wintexr gtratosphere is
associated with the cold westerly vortex that dominates the circulation.
The propagation of Rossby weves from the troposphere into the stratosphere
depends upon this gradient, which is set up by the variation of the
Coriolis parameter with latitude together with an important contribution
associated with the distribution of velocity. When disturbances propagate
upwards into the winter stratosphere contours of constant Q buckle, and
because the amplitude of disturbances increases with height in the lower
and middle stratosphere as the density decreases there is the possibility
that 'wave breaking' will occur at some level, particularly whexre the winds
are weak. This was suggested by McIntyre (1982) in his discussion of the
dynamics of sudden warmings. Such breaking would be signalled by the
irreversible (time orientated) deformation of the material lines of the
£1luid when contours of constant © no longer just undulate back and forth
but buckle beyond the point where they can unbuckle in a time-reversed way.
McIntyre and Palmexr (1983, and sequel 1984; both referred to hereafter as
MP) presented isentropic maps of Q for the middle stratosphere which, they
argued, reveal wave breaking. This was corroborated by maps of the

distribution of ozone presented by Leovy et al. (1984).




MP consider irreversible mixing of Q to be an important clem;nt of wave
breaking, proposing that effective mixing arises as tongues of relatively
high or low Q are formed which lengthen and narrow, eventually losing their
identity to instruments of limited resolution. In regions where such
mixing occurs, a coarse-grain (limited resolution) measure of Q would not
be conserved and gradients of Q may be permanently reduced in some places
and increased elsewhere (see Fig. 5 of Mclntyre, 1982), gg account in this
way for the strong mid-latitude gradient and weaker equatorward gradient of
Q shown on the maps they present. They refer to a ‘surf-zone' or
vigorously mixed region surrounding the westerly vortex of the winter

stratosphere.

One way that mixing associated with wave breaking would be important for
the dynamics of the strgtosphere would be in permanently changing the
distribution of-Q, with consequent effects on the eutcome of later
large-scale disturbances. MP propose that erosion of the westerly vortex
by mixing during wave breaking can pre-condition the stéatosphere for a
subsequent major warming by confining further disturbances to a smaller

westerly vortex.

The role of mixing by the generation of smaller scales of motion during
wave breaking remains to be quantified. In some cases the mixing may be
incomplete and, moreover, the transport of Q will not just be down the
existing gradient of Q. We present in this paper isentropic maps of Q for
the stratosphere during wave breaking events, when the effective mixing of
Q was apparently far from.complete. The maps were derived using data from

Stratospheric Sounding Units (SSUs) on board NOAA satellites. In
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Section 2, we discuss the method used to analyse the radiometric data and
the approximations used in the calculation of Q. The reliability of our
maps is assessed in Section 3 by examining the extent to which Q is
conserved for features reproduced on successive daily analfses, and by
comparing fields derived from data obtained with another SsU on a different
satellite. Data from a limited number of radioscnde/rocket ascents are
also used to assess the satellite analyses, and the main features of the
circulation to which we refer are confirmed by comparison with completely
independent analyses obtained using data from radioéondes and rockets. The
analysed fields are shown to be of sufficient quality to be valuable in
diagnostic studies of the stratosphexre. Maps of Q are used in Section 4 in
a diagnostic study of wave breaking during a ‘Canadian Warming' which
occurred in December 1981. Non-linear advection on an isentropic surfa;é
is shown to have been an important element of the dynamics, and the
consequences for the distribution of Q in the stratosphere are considered.
It is noted that while a large area of relatively high Q was broken away
from the main vortex it remained substantially unmixed and subsequently
re—combined with the vortex. The overall gradients of @ were not
significantly changed in the process. Section § cqntains a study of some
dynanical features of the event using zonally averaged diagnostics. The

evolutidn of such diagnostics is related to the changing distribution of Q.

The conclusions are listed in Section 6.



pata, method of analysis and the calculation of O

(a) Data

The data used in this study were obtained primerily from Stratospheric
Sounding Units on boaxd the satelliﬁes NORA-6 and NOBA-7 of the
Tiros-N series. The instruments were developed by the Meteorological
Office; their features and performance have been described by Pick
and Brownscombe (1981; hereafter gg). We wili summarise the main
elementé of the analysis of received data emphasising those

particularly rclevant to. the calculation of isentropic fields of Q.

The satellites are in independent, sun-synchronous orbit at a height
of 850 ¥km, providing approximately 14 orbits of data per day. The
analyses are produced from radiances measured by the SSU, and alsp by
a Microwave SOQnding Unit (¥SU) and a High Resolution Infra-Red
Sounder (BIRS-2). An important point when assessipg derived maps of Q
is that all three nadir sounding radiometers scan across the orbital
path, though with differing patterns and resolution. Thi; scanning
feature leads to mucﬁ better horizontal resolution than a fixed angle
device. The observations from the three instruments are intexrpolated
and averaged to produce cffective fields of view of about 10°
half-width at 30° and 10° from nadir. The sub-orbital track reaches
latitude 81° which, with scanning, gives coverage to 87° in swaths of
approximately 1000 km width (comprisiné four independent fields of
view). The pattern of orxbits is such that the largest regular regions

without data in the daily cycle are about 1500 km from east to west




where ascending and descending parts of orbits cross in a band between
20° and 30° from the equator, though zt :igﬁ Jetitudes the side
scanning resulis in substantial overlap of observations. Because the
orbits of NOAA-6 and NOAA-7 precess al slightly different ratgs,
orbital tracks initially in phase move out c¢f phase in about four

days.

The weighting functions of the instrument ¢hannels used in this study
are shown by PB. The three channels of the SSU have weichting
functions centred in the middl? stratosphere near 15,5 and 1.5 mb; .
the MSU channels make maasurcmehts of the lowar stratosphere; and the
HIRS channels have rather broad weighting functions which span much of
the stratosphere. The effective vertical resolution is difficult to
determine for the system. The SSU weighting functions have
half-widths in ;he vertical of about 12-15 km, but because of the
overlap of several weighting functions the effective resolution is

probably about 10 km.

(b) Method of analysis

el

Thicknesses of the 100-20, 100-10, 100-5, 100-2 and 100-1 mb intervals
are retrieved from the equivalent hrightness temperatures (temperature
weighted by the instrumental weighting function) by statistical
regression, as described by PB. The regression coefficients are
determined using thicknesses derived from a set of 1200 rocket
soundings by a principal component analysis also described by PB. In

order to allow for a range of variation of basic atmospheiic




structure, the regression coefficients vary sinuscidally between
summer and winter extremes, and are based on data from rockets grouped

into seven latitudinal and seasonal zones.

The resulting profiles of thicknesses are interpolated on a 5° X 59
latitude-longitude grid using linear combinations of observaltions near
each grid point. The weights for the interpolations are simple linear
functions of distance and time, vanishing outside 5° of the grid point
and 12 hours from the nominal time of the analysis. Values at points
wvhere there axe no data are determined by linear interpolation from
surrounding points. The ficlds are then smoothed by Fourier analysis
with truncation at wave number 12 in the meridional (pole to pale) and
zonal directions. This value is a compromise in that some information
is lost at high latitudes where the orbital tracks are closely spaced.
At the latitudes where ascending and descending parts of orbits crpss,
however, there arc effectively only 14 groups of observations at a
latitude so that harmonics with zonal wavenumber greater than about 7

are not well resolved.

Fields of geopotential height are produced by adding the thicknesses
to an objective analysis of geopotential height at 100 mb provided by
the National Meteorological Centre (Washington). NMC analyses are
used for the troposphere, and also at 50 mb to supplement the vertical
resolution in the lower stratosphere, although these do not affect the

calculation of the maps of Q at the level presehted here. Analyses of
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Lhicknesses are independent in time in that no information about the
actual state of the stratosphere is retained as a background field for

subsequent analyses.

PB and Nash and Brownscombe (1983) have discussed the validation of
185U Qata and analyses based on them: HNash and Brownscombe primarily
considered the precision of the radiances observed by the SsuUs, which
they evaluated by laboratory tests and by monitoring of the instrument
in orbit. For our study, we have used mainly analyses derived from
the SSU on NOAAL—-6G which Nash and Brownscombe have shown to be
extremely stable over several years. The SSU on NOAA-7 was less
stable over periods of a few months and there are small systematic

errors in the derived analyses, which we use only for comparison.

The most importgnt limitations in these analyses are imposed by
vertical resolution, horizontal coverage and interpolation. Some
indication of the effects of deficiencies in the coéverage and
interpolation can be gained by comparing analyses from satellites in
independent orbit, while vertical resolution and retrieval problems
may be studied by comparison with rocket soundings. Differences
between analyses of geopotential height for NOAA-6 and NOARA-T7 are
typically less than 10 dam in the lower and middle stratosphére, as

illustrated by PB.

Comparison of analysed geopotential heights with those calculated from
radiosonde and rocket observations is carried out routinely. Typical

differences at 10 mb are between about 5 and 10 dam. During
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stratospheric warmings, however, differcnces of more than 70 dam have

veen found in a region of intense warming. Such large erroxrs can
arise firstly from sharp, unresolveé gradients of tewperature in the
vertical; and secondly, but probably tc a lesser extent, because
standard rockel observations on which regression coefficients are
based may not be statistically reprcscntati;e of the unusual profiles
' which occur during warmings. Errors will also arise when the
circulation is changing quickly as obsecrvations are intefpolatcd to a

synoptic hour.

(c) "The calculation of isentropic maps of Q

To avoid large errors near the pole with finite differencing in
spherical co-ordinates, the isobaric height analyses are first
interpolated onto a polar-stereographic grid, the grid size being 580
Xm at S0°N. As winds are not directly measured, they are computed
using the geostrophic approximation. This approximation leads to Q
being over-estimated typically by about 10% in the centre of the
westerly vortex, with an error of comparable magnitude where the
circulation is strongly anti-cyclonic. ‘These estimates were obtained
by comparing fields of Q computed with and without the geostrophic
approximation from data provided by a multi-level numerical model
based on the primitive equations (that uscd by Butchart et al., 1982,
but with a higher resolution of 5° x 5° in the horizontal). Because
the gradient wind approximation reéuires a higher order of spatial.
differentiation of the analysed height fields, we feel that the

systematic error in @ resulting from the geostrophic approximation is

\L‘ ’
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preferable to locally large and uncertain errors that could arise when
using gradient winds. However, maps of Q are also produced routinely

using gradient winds as a check.

Potential vorticity, @, is calculated on an isentropic surface

poleward of 20° latitude using a finite difference equivalent of

Eqg. (5). The quantities {p and (88/0p) axe interpolated 1inear1§ with
respect to log (pressure) to the chosen isentropic surface. Comparxison
with fields for the middle stratosphere obtained using the more
accurate form, Eq. (4), shows that differences are at most about 5% in |
regions of strong gradiehts when geostrophic winds are used ih-both
cases. No further smoothing is applied to the derived fields of Q. We
present maps for the 850 K isentropic surface as this surface lies

near 10 mb where the two lowest channels of the SSU overlap.

The reliability of isentropic maps of Q

Maps of Q on isentropic surfaces are obtained by a series of numerical

processes involving the finite differentiation, interpolation and smoothing

of fields. All of these can lead to systematic errors, as will

approximations such as the use of geostrophic winds. Regression

coefficients used in the retrieval are based on rocket measurements

covering a limited range of atmospheric conditions, and the orbital

patterns of.the satellites are such that the gpatial coverage is not

uniform. Height analyses at 100 mb to which retrieved thicknesses are
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added will alzo coutain errors. Moxreovexr, the radiometers sanple over a
finite volume of the atmosphere resulting in averaged or coarse-grain maps

of Q.

hile the SSU has the advantage of side-scanning which improves horizontal
resolution, the vertical resolution is a limitation of this nadix sounding
instrument. Because in the retrieval process temperature disturbances are
spread in the vertical, horizontal variations in the atmosphere at
different levels are averaged to sowme extent. It is therefore possible for
features on potentially resolvable scales in the horxizontal to be poorly

represented by having insufficient depth in the vertical.

In view of the complexity of the retrieval method and subseguent
manipulation of data and because the exact state of the real atmosphere is
not known, a precise estimate of errors involved cannot be attempted. The
best thatvcan be done is to compare different types of measurewents and to
try to understand the diffexences between them, realising that differences
will inevitably occur between measuring systems with different
characteristics. While it would be preferable to compare maps of Q derived
using fully independent measurements, we only have available at present
such maps from two SSUs in independent orbit. We now consider the

reliability of our maps of Q by comparing the ficlds derived using data

from these SSUs and by noting to what extent Q is consexved in a sequence

of analyses., 1In addition, we compare values of the guantity (3o/8p), used
in the calculation of Q, with those obtained from the few available

radiosonde/rocket profiles.
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Figs. 1, 2 and 3 show & sequence of maps of Q and geostrophic winds on the
850 K isentropic surface for 7, 9 and 11l December 1981, during the period
on which the discussion of Sections 4 and 5 concentrates. The period was
chosen not only because of its dynamical intore;t but also because the
vertical depth of changes to the stratospheric circulation was large, so
the vertical resolution of the SSU is not a major limiting factor. The top
field (a) is obtained using data from the SSU on the satellite NOAA-G (the
nore stable SSU), and the bottom field (b) from that on NOAA-7. The data
received from both instruments on these days were abmost complete.
Regression coaﬁficients are specific to each instrument to allow for
differences in their characteristics, While the method of analysis is
shared by both satellites, as is the field at 100 mb to which thicknesses
are tied, the orbits do not generally coincide. ILocal features common to
the two analyses are thus less likely to be peculiarities of the orbital
pattern. The orbital crossings at the equator are in phase on 7 December
and out of phase on 11 December (the latter meaning that an ascending cxbit
of one satellite occurs at the same place on the equator as a descending

orbit of the other).

On all 3 days, the two sets of maps are in close agreement in both the
pattern and numerical values of Q. Both show an elongated westerly vortex
with local centres having high values of @ in the middle of the vortex.
These centres are mostly well reproduced in each pair of analyses both in
positioﬁ and in numerical value, even on ll December.(Fig. 3) when the
orbits are out of phase. When the coverage of both satellites is equally
good, differences of up to abbut 10% occur in the highesgt values in the

westerly vortex. A somewhat higher percentage difference is found in
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regions where gradients of Q are weaker, such ac along tongdcs of locally
high or low Q. Tue tongue of relatively high Q extending westward over
North America is reproduced in both sets, and local centres within_thé
tongue are common to both. It seems unlikely that these centres are
related to the orbital track of the satellite; they do not tend to lie
where an orbit passes over a region and theirxr separatiog does not generally
correspond to the orbital spacing. Moreover, isentropic'maps of Q at other
levels in the lower and middle stratosphere show ?hat they are deep
features which should be resolvable by the SSU. Along the length of the
tongues, the gradient of Q is small and some variation between analyses is
to be expected in the position and numerical value of embedded local
centres. However, an examination of many more maps for different periods
shows that the break-up of such tongues into local centres is a real
process in the stratosphere which can be reccrded by our radiometric

measurements. a .

The maps also show near 180°E an incursion of low Q to higher latitudes,
and in Pig. 1 both analyses show that the geostrophic winds are directed
across contours of constant @ at this incursion. Hear the incursion,vthe
analyses show that the westerly jet bifurcates with the strongest winds
blowing over the polar cap and a weaker westerly jet at lower latitudes.
Resolved gradients of Q are'comparatively weak in the area separating the
jets and the position and evolution of actual material lines is less
certain. To ensure that the close agreement between the two sets of
analyses is not merely the result of tying independently retriéved
thicknesses to a common énalysis at 100 nb, Q and geostrophic winds were

calculated with the height of the 100 mb surface set to a constant value of

-
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16 xm. The close agreement is maintained as thg example in Fig. 4 shows.
The height of the 100 mb surface affects the pattern of Q and the winds
maihly at low latitudes where the horizontal gradients of the 100-10 wb
thicknesses are weak. Fig. 4 also confirnns that the local. centres-of high
Q in the western hemispherxe, shown in Fig. 2, are not imposed

hydrostatically by the analysis at 100 mb.

The conservation of  provides an important objective check on the
reliability of the coarse—grain maps, particularly since no.constraint of
continuity in time is imposed in tle analysis. Even localised featuxes can
be identified throughout the period shown on both sets of analyses, e.g.
the local maximum near 165°W, 40°N. The maps also show good temporal
continuity in the highest and lowest values of ( throughout late Novembei

and December.

As a further test of conservation we have computed the total area where Q
is greater than a specified value for several values of Q. The results are
shown in Fig. 5, in which curves are plotted for one month using data from
NOAA-6 with one curve duplicated for comparison using data from NOAAR-7. If
plotted contours of constant Q actually represeht material lines and
inviscid, adiabatic conditions can be reasonably assumed, then the
integrated areas should be nearly constant for quasi non-divergent flow.
The areas are not fixed, however, but vary systematically (and not
monotonically) on a time-scale of the order of a week. It seems that this
variation is related to the limited resolution of the measurements and the
lack of conservation this entailg. For example, the change in the area

inside the contour Jlabelled '4' in mid December can be linked in Fig. 11
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(to be discussed latexr) with the uncertain position of the contour where
gradients of Q are weak over Canada., The curves, however, show very little
random variability; even when the flow became highly contorted in early
December, areas are conserved remarkably well. Apart from a systematic
difference (due to instrumental changes uncorrected in the analysis of data
from NOAn—-7), areas computed with data frow the kwo satellites are in close
agreement in Fig. 5, even though the orbital patterns went in and out of

phase scveral times during the period shown.

As a prelininary assessment of the ‘limitation imposed by vertical
resolution, we have computed values of (86/9p) in Eq. (5) at various levels
in the stratosphere using data from all available combined radio-scnde/
rocket ascents (14 in total) during the period late November to mid
December. The values of (96/dp) were compared with those derived from
co-located vertical profiles retrieved from measurements by the ssu. At
the 850 K isentropic surface near 10 mb, differences were up to about 10%.
we caution, however, that this applies to a particular period and limited
set of rockets; this value can be a significant underestimate of
differences where vertical structure is only partially resolved by the Ssu,
such as may arise during strong warmings. As discussed later, the
stratospheric disturbances in this period should be resolvable as they
showed comparatively little westward tilt with height and extended over a

large depth.
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We conclude from the conservation of @, temporal continuity of patterns and
their reproducibility using different data that, for our period of study,
maps of Q can be used to follow the movement of material in the

stratosphere, albeit with a coarse-grain view.

4. The dynamics of a strong stratospheric disturbance in early winter

During November — December 1981, a strong disturbance occurred in the
stratosphere with the warmest air being d?awn noréh eastwards over Canada
as the predominantly westerly flow became meridional in places. Pig. 6
shows the brightness temperature measured by the lowest channel of éhe SSuU
(centred necar 15 mb) for 25 November and 7 December. While the temperature
pattern became highly distorted, the temperature of the warm pool actually
decre;sed, and changgs both locally and in the zonal mean were smaller than
those observed during some stratospheric warmings later in winter., Naujokat
et al. (1982) have néted, however, that the warming showed the most intense
development of height in zonal wavenumber 1 observed in.the Northern

Hemisphere since 1965,

Warmings of this type have been called Canadian warmings by Labitzke
(1977). 'They tend to occur in early winter and to be copfined to the lower
and‘middle stratosphere. For the case in 1981, the increase in temperature
over the pole was greater at 30 mb than at 10 mb, and the top channel of
the SSU (centred near 1.5 mb) did not detect much warming. However, the
vertical depth of the cﬁanges in temperature was such that, at 10 wb in
early December, easterly winds replaced westerliea in the zonal méan from

the pole to almost 60°N. Based on the zonal winds, the warming could
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almost be called ‘majér' according to the definition used by the Woxld
Meteorological Organisation, although it may be éontrastcd with majoxr
warmings occurring later in winter (such as that described by Palmer, 1981)
in that temperature changes were comparatively small and the westexrly
vortex was not completely split into well scparated centres of circulation.
In terms of the movement of @, however, the disturbance is a clear example
of wave breaking in the stratosphere in that it involved the irreversible

deformation of matexrial lines over great distances.

We now discuss the dynamics of the warming by first examining a sequence of
maps of Q and geostrophic winds evaluated on the 850 K isentropic surface.
For deep perturbations in the lower and middle stratospﬁere, such as we
study here, Fels (1982) has calculated that the rediative damping time is
on the order of 20 days. This justifies taking @ contours as material

lines for an event which evolves over a week or so.

The build-up of the disturbance in late Novenber was characferised by air
with low values of Q being drawn north eastwards around the westerly
vortex, apparently cutting through the outer edge of the vortex. This is
shown in Figs. 7 and 8 for 25 and 30 November. &s the area of low Q
reached polar latitudes, a tight gradient of Q was established to the north
in a region of cross-polar flow. Fig. 9 shows that by 4 December, the nain
westerly vortex was markedly elongated, extending into a tongue of high Q
to the south of the areas of low Q. By 7 December, Fig. la shows that an
area of low Q has been drawn right across pélar regions to pinch off the’
tongue of high @ from the main vortex near O°E by 9 December (Fig; 28933 O

is a dynamically active quantity since its evolving distribution feeds back
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on the wind field which advects it., This is strikingly illubtrated in Fig.
la by the giant meander formed in the flow around adjacent tongues of high
and low Q. A comparison of Fig. la with Fig. 7 shows that the strong

cross—-polar jet has rotated anti-clockwise as seen on the maps.

The changing wind pattern and the extreme buckling of contours clearly
cannot be described as a linear perturbation @bout any basic state, zonally
symmetric or not, at least for any length of time. Rather, quasi-
horizontal, non-lincar advection of Q on an isentropic surface appears

'
central to thé dynamics, the non-linearity arising because of the role Q
plays in governing the advecting wind field. The non-linear nature of the
process has been demonstrated by O'Neill and Pope (work to be reported)
using the numerical model of Butchart et al. (1982). Changing the sign of
the perturbation applied at the lower boundary of the model does not change

the sign of the response in the stratosphere in the region where tongues of

high and low Q are formed.

A comparison of the brightness temperatures in Fig. 6 with the
corresponding maps of Q in Figs. 7 and la shows that the eastward and
poleward moving warm centre can be related to advection of air. We suggest
that non-linear advection can account for the eastward movement of thermal
systems often observed during the course of stratospheric warmings, rather
than the excitation of an eastward-travelling linear wave in the

atmosphere,
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The pattern of adjacent tongues of high and low Q in Fig. la is similar to
the distribution of Q associated with some examples of blocking in the
tropmsphere (G.J. Shutts, personal communication), albeit that the pattern
will be typically on a larger scale in the stratosphere. Fig. la shows
that the jet bifurcated near 180°E, with one branch becowing meridional and
the other remaining westexrly. The two streams re-combined near 30°E. The
divided current enclosed cyclonic and anti-cyclonic regidns, which is a
characteristic feature of one type of blocking deyelopment in the
troposphere (see, for example, Namias and Clapp, 1951, Fig. 11 and
associated discussion). Despite the similarity of the patterns, however,
there may be important dynamiéal differences to be identified in the

evolution of the stratospheric and tropospheric systems.

our seguence of maps shows that as the long tongue of high Q became
separated from the main westerly vortex, distinct local centres of high Q
formed along its length. These centres can be located on successive days
on our maps, three being shown clearly in Fig. 2a for 9 December. They
seem to develop near the exit of the strong jet which forms north of the
incursion of low Q. A series of them appear as the axis of this jet
rotates, which suggests that they may be formed when the tongue of high Q
is broken up by comparatively small disturbances steered downstream along
the jet. MP have also noted that the necessary condition for instability
(Charney and Stern, 1962) is satisfied locally since the meridional
gradient of -Q in the tongue changes sign, and they propose that, as a
result of this instability, local centres of high Q emerge where filaments
of material are entraineé in a small region, 9hey argue that this would

make the mixing of Q incomplete on a coarse-grain map.
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The circulation shown in Fig. 2a is in good agzéement with that chown in
Pig. 10, a corresponding and independent analysis of geopotential height at
10 mb kindly prepared for us at the Free University of Berlin. It is a
hand-drawn analysis of data from radiosondes and rockets. The direct wind
observations confirm the presence of a closed cyclonic circulation over
North America — a ‘'‘cut-off low', reminiscent of those formed during
blocking in the troposphere. The other centres of high Q on Qux maps lie

over oceans where there are very few radiosonde observations.

Fig. 3a for 11 December shows that the main vortex was elongated into two
distinct centres of high Q. (The corresponding Berlin analysis confirus
the two cyclonic centres at 30 mb, but in the analysis at 10 nmb there are
not enough observations to resolve two centres.) An elongated vortex is a
common feature of stratospheric warmings, whether they are labelled as
wave-1l or wave-2 warmings because of the position of the vortex with
respect to the pole. For this Canadian warming, it seems that the wave-2
component in the stratosphere was a concomitant of non—linear advection
during wave breaking, and not just a linear response to the observed weak
wave-2 component of the tropospheric flow. Noq;liﬁeax advection during
wave breaking may account for the observation by Labitzke (1977) that
stratospheric warmings commonly involve the growth of wave 1 in the
stratosphere followed by the growth of wave 2 as wave 1 declines. &an
initially displaced polar vortex being stretched over the pole in the

course of wave breaking is consistent with this evolution.
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On our coarse grain maps, the local centres of high Q had paFtially
re—-combined with the main vortex when further Qave breaking occurred.

Fig. 11 for 18 December shows an early stage of a development which
proceeded in a similar way to that in early December; low Q was drawn
around the westerly vortex across the polar cap and a tongue of high Q was
temporarily separated from the main vortex. (The increase in the shaded
area in Fig. 11 compared with earlier figures is likely to be the result of
limited resolution, as noted in Section 3.) Such a succession of events
through winter appears as pulsations in the strength of the stratospheric
Aleutian High. Injections of low 0 from equatorial latitudes during wave
breaking nmust maintain the Aleutian High against dissipation as a feature
in a time-mean chart. Shutts (1983) has invoked a similar argument for the

maintenance of blocking anti-cyclones in the troposphere.

Despite the disruption of the vortex by strong perturbations in quick
succession, Fig. 12 shows that on 25 Decemnber the vortex was similar to its
state one month earlier (Fig. 7). This is confirmed by Fig. 5 in that
areas contained within contours of fixed Q are about the same at the
beginning and end of the period. The westerly vortex on these occasions
wasg comparatively undisturbed so there is less uncertainty in its structure
because of limited resolution of measurements. 2Any mixing effect of wave
breaking on a coarse—grain distribution of Q was clearly limited in our
examples, or was offset by the non-conservative effect of radiation over
the period.- BAn important task for the future would be to assess the role

of the latter.
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5. Dizgnostics based on zonal averaging

Having recorded that advection of Q on isentropic surfaces wae a principal
dynamical feature of the Canadian warming of.December 1981, weé now consider
how this advection is reflected in the behaviour of zonally averaged
diagnostics, such as Eliagsen-Palm fluxes introdﬁced by Andrews and

McIntyre (1978).

Fig. 13 for 30 Noveuber shows the direction and divergence of the total
Eliassen-Palm (EP) flux comprising all resolved harmonics around latitude
circles. The divergence is the guantity denoted as Dp (the effectiée zonal
force per unit mass) by Edmon et al. (1980). The EP fluxes lean distinctly
equatorwards in the stratosphere at low latitudes, but are more vertically
aligned at high latitudes. In the corresponding map of Q@ (Fig. 8), troughs
and ridges in the flow formed by adjacent tongues of Jow and high @ have a
south-west to north-east orientation, corresponding to a poleward eddy
momentum flux and hence an equatorward EP flux in Fig., 13, This may be
termed the 'absorbing' stage of wave breaking in that EP fluxes point
strongly to low latitudes and converge there (cf. the discussion of
critical layers by McIntyre, 1982). At high latitudes vhere the flow is
almost meridional across the polar cap in Fig. 8, the inflow and outflow
across latitude circles are nearly off-setting in the zonally averaged eddy
momentum flux and the EP flux is more vertically aligned. The strong
convergence of the EP flux at high latitudes in Fig. 13 can be associated

in Pig. 8 with the replacement over the polar cap of high Q by low Q,
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recalling that convergence of the EP. flux corresponds to an equalorward
flux of potential vorticity (e.g. Edmon et al., 1980, Eq. 2.5) in the

quasigeostrophic approximation.

A westward tilt with height is associated with the vertical component of
the EP flux and vertical propagation of disturbances. This tilt virtually
disappeared in the lower and middle stratosphere during early Decenber as
low Q continued to be drawn eastwards around the vortex. The upper
stratosphere became cut off by the breaking of waves below it, and

perturbation amplitudes rapidly decreased with height above 5 wb.

Fig. 14 for 9 December shows that arrows representing the EP flux lie
almost horizontally towards the pole in the stratosphere, and there is
strong convergence at high latitudes and divergence at lower latitudes. A
few days later, the direction of these arrows is almost completely
reversed. The distribution of winds for 9 December (Fig. 2a) pﬁts in
proper perspective what appears to be a notable feature of the EP fluxes.
The flow is cross polar and a slight change to the curvature of the flow
over the polar cap is magnified in the computation of departures froa the
zonal mean. Such a switching in the direction of éolar EP fluxes is
therefore not unexpected during major warmings as a consequence of the
displacement of the westerly vortex from the pole, and has been reported by
Palmer (1981) and by O'Neill and Youngblut (1982). It would not seem valid
to account for the phenomenon by linear propagation of waves on the current

zonal mean state of the stratosphere.
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A change in the direction of EP fluxes on account of glight distortions to
a cross-polar flow should be contrasted with the polar 'focusing' of the
fluxes which can occur at an advanced stgg& of wave breaking as contours of
Q become more buckled. The latter effect is most cleaxly seen in ﬁhe
idealised numerical experiment of Dunkerton et al. (128l) where, by the
symmetxry imposed by forcing in wave 2 only, no éross—palar £low can occur.
The focusing describad in their paper involves non-linear isentropic
advection of Q rather than linear refraction of waves. In the atmocphere
during the pgriod of the present study, Q was conéinually being advected
around the westerly vortex, and this 'reflecting stage®' of wave breaking
(see McIntyre, 1982) when a single event reaches maturity was never‘seen in

the pattern of EP fluxes,

Cross-polar flow when the westerly vortex is displaced from the pole can
lead to rapid changes in zonal mean diagnostics if, during wave breaking,
low Q is advected agound the vortex from low latitudes directly into the
polar cap. This may occur if an initially digplaced vartex (the normal
situation in the winter stratosphere of the Northern Hemisphere) is
subjected to a further perturbation from the troposphere. Labitzke (1977)
has suggested that a pre-cursor for a major warming (defined by polar
easterlies in the zonal mean) is that amplitudes of wave 1 in the
stratosphere are large and those of wave 2 small, which is consistent with
the occurrence of crogs-polar flow. Palmer and Hsu (1983) have alsgo
pointed out that zonal mean diagnostics are sensitive to the location of
the main vortex, though they considered haxﬁonic waves propagating linearly
on a displaced vortex rather than advéction around the vortex during wave

breaking.
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The movement of the zonal mean jet to high latitudes has also been regarded
as a pre-condition for a major warming (e.g. Kanzawa, 1982). This can be
reconciled with Labitzke's suggestion if the zonal wean westerly jet at
high latitudes does not occur in an axially symmetric f£low but is the
adjunct of a westerly vortex displaced from the ﬁole (large wave 1). For
example, the zonal mean winds for the flow shown in Fig. 11 are strongest
near 70°N. Rather than confinement of waves by linear propagation on the
zonal mean state, advection of low values of Q directly into the polar cap

geems the likely reason rapid zonal mean changes are favoured.

Non-linear, local processes during wave breaking result in changes ih zonal
mean and eddy quantities. When the flow is highly non linear, it can be
misleading to regard eddies as forcing changes in the current zonal wean if
the implication is Qf causality. Physically: the interpretation that the
eddies represent a forcing 1is warranted only if they evolve independently
of the zonal mean, at least to some approximation. The noﬁions of
wave-mean flow or wave-wave interaction have limited value when the waves
and the mean are defined with respect to a co—ordinate system that ceases

to be relevant to the flow that obtains. .

6. Conclusions

Difficulties for the interpretation of isentropic maps of Q derived from
patellite data are the limited resolution of measurements and the

non-conservative effects of radiation. Both can pose problens for the study

of stratospheric warmings, particularly where large vertical gradients of
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temperature arise. Our study has cpncentratvd on an event in the middle
stratosphere for which these difficulties do not appeaxr to have been
serious. We have used SSU data to calculgte maps of Q and demonstrated for
our case that the derived fields show good temporal continuity, conserve Q
well when resolution is not a-limitation, and'are in close agreement when

obtained using data from different SSUs in independent orbit.

In agreement with the findings of Mcintyre and Palmer (1983, 1984) maps of
0 show that wave breaking occurs in the stratospheré. This happens when
material lines .buckle beyond the point where they can merely upbuckle in a
time-reversed way. The Canadian warming of December 1981 was one of the
clearest examples of wave breaking we have found in an examination of 5
years of SSU data, although associated temperature changes were not
remarkable. During the event an area of low Q was advected over large
distances around the westerly vortex and into the polar cap as regions of

high Q wexre temporarily separated from the vortex.

The term ‘wave breaking' unifies what is observed in the stratosphere with
other examplgs of wave breaking in different fluids, although the outcome
of the phenomenon may vary with the circumstances. The breaking of ocean
waves on a beach causes a substantial convergence of momentum flux as the
reflected wave is weak. Our examples of wave breaking in the stratosphere
appear to have behaved differently. In two such events, regions of high Q
were separated from the nain westerly vortex only to re-combine with it as
the stratosphere became temporarily less diéturbed, so that the strucﬁure
of the vortex was no£ grea£ly changed in a coarse—grain map. Wave breaking

in these casgses did not lead, as compléte mixing would, to irreversible

-

* '
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down-gradient transpori of Q. Because the mixing of 9 was limited, the
sitratospheric waves were, in effect, more ‘reflected' from the region where
fﬁey broke than ocean waves would be in gtriking a beach, in that the
transport of Q was not one way. There is likely tc be, however, é
cumulative effect on the coarse—§rain distribution of @ resulting from the
genefation of small scales of motion'by.a succeﬁsion of breaking waves.
wave breaking in the stratosphere is an impoxtant dynamical process because
it appears, from a preliminary study we have madé of several wintexs, to be
happening nearly all of the time in the wintexr stratosphere of both
hemispheres. In the Northerﬁ Hemisphere, the most pronounced breaking
occurs in a preferred geographical location, and a monthly-mean map of 0 in
mid winter can show distinct tongues of high and low Q in the vicinity of

the Aleutian High (V.D. Pope, personal communication).

A range of behaviour can be expected for these breaking waves. The
Canadian warming of our study involved a huge breaking waQe whicﬁ affected
a deep layer in the stratosphere and for which Q was well congserved. For
other Qave breaking events, coarse—grain'maps of @ may show poor
conservation even over a few days when vertical structure is generated
below a scale that can be adequately resolved. Thig can happen if tongues
of high and low Q axre advected at different rates on different isentropic
surfaces, thus sharpening vertical gradients. The vertical averaging
inherent in the measuremenis will change the isentropic gradients of Q, in

addition to any mixing on isentropic surfaces. An example where

30



S

aifferential advection led to substantial loss of resolved @ is discugsed
by Fairlie and O'Neill (to be reported) for a strong stratosphexic warming

in January 1982.

The stratification introduced by differential advection would be
dyna@ically important for the subsequent evolution of the circulation.
Firstly, upward-propagating Rossby waves have large horizontal and vertical
wavelengths, and we suppose that their propagation is influenced mainly by
the coarse—-grain distribution of Q. Where @ is tagken up in compaxatively
sinall vertical scales, the distribution of @ that the waves “feel" will be
altered. Secondly, non-congervative changes in Q due to radiation will

become more important as relaxation times are shorter where stronger

vertical gradients in temperature are introduced (Fels, 1982).

We noted that wave breaking is not within the compass of linear theory, and
we considered how the associated isentropic advection of Q was reflected in
zonal mean diagnostics. We ascribed some well-known feaﬁures of these
diagnostics and their evolution to local processes, and remarked that
non—-linear advection of @ around a displaced polar vortex can lead to rapid

changes in zonal mean quanities. 5

We conclude that an examination of maps of Q will be moxe illuninating as a

test of dynamica) hypotheses than a study of zonal mean quantities alone.
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Appendix

Symbols used in the text.

- el Coriolis parameter

g Acceleration due to gravitf

P Pressure

(o] Extel's potential vorticity

L Time

u Velocity 3

/& Vertical component of relative vorticity
e Potential temperature

[l Density

E Angular velocity of the Earth
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¥igure captions
) e o 4R Ertel's potential vorticity, @, and geostrophic winds evaluated
on the 850 K isentxopic surface for 7 December 1981; (a) using data from
NOAR-6 and (b) using data from NOAA-7. Units: Km2kg—ls~l x 10-4. 1In

theée units, areas with values of Q hetween 4 and 6 are shaded.

-Fig. 2: As Fig. 1 for 9 December 1981.
|
FPig. 3: As Fig. 1 for 11 December 1981.
Fig. 4: As Fig. 2 but with analysed thicknesses tied to a 100 mb

surface with a constant height of 16 km.,

Fig. 5: Area (km2 x 106) on 850 K isentropic maps with values of Q
greater than specified value. Curves are labelled in units of
¥m2 Kg~2s-) x 10-%. sSolid lines using data from NOAA-6; dashed line using

data from NORA-7.

Fig. 6: Brightness temperature (K) from the lowest channel of the SSU
on NOAM-6, which has a weighting function centred near 15 mb (&) on

25 Rovember 1981; (b) on 7 December 1981,

FPig. 7: Ertel's potential vorticity, Q, and geostrophic winds evaluated
on the 850 K isentropic surface for 25 November 1981, using data from

NOAA-G. Units: Km2kg=ls—1 x 10-4,



Fig. 8: As Fig. 7 for 30 November 1981.
Fig. -9t Ag . Fig. 7 for 4 December 1981,

Fig. 10: Winds and analysed geopotential height at 10 mb for

9 Dececmber 1981, provided by the Free University of Berlin.

FPig. 11 As Fig. 7 for 18 December 1981,
Fig. 12: ‘As Fig. 7 for 25 December 1981.
Fig, 33 Direction and divergence (see text) of Eliassen—-Palm flux for

30 November 1981. Units: ms—2 x 10°5,

Fig. 14: As Fig. 13 for 9 December 1981,
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