1 APRIL 1988

Climatology of the Stratospheric Polar Vortex and Planetary Wave Breaking

MARK P. BALDWIN AND JAMES R. HOLTON

MARK P. BALDWIN AND JAMES R. HOLTON
Department of Atmospheric Sciences, University of Washington

(Manuscript received 1 May 1987, in final form 22 October 1987)

ABSTRACT

We use the distribution of Ertel’s potential vorticity (PV) on the 850 K isentropic surface to establish a
climatology for the transient evolution of the planetary scale circulation in the Northern Hemisphere winter
midstratosphere. We compute PV distributions from gridded NMC daily temperature and height maps for the
10 and 30 mb levels, and show that a very good approximation for 850 K PV can be derived from 10 mb
heights and temperatures alone. )

We assume that reversals of the latitudinal gradient of PV, localized in longitude and latitude may be regarded
as signatures of planetary wave breaking. Wave breaking identified by such signatures tends to occur mainly in
the vicinity of the Aleutian anticyclone, with a secondary maximum over Europe. The area of the polar vortex,
defined as the area enclosed by PV contours greater than a certain critical value, is strongly influenced by wave
breaking. Erosion of the polar vortex due to transport and mixing of PV leads to a preconditioned state, when
defined in terms of vortex area, that always occurs prior to major stratospheric warmings.

During winters with little PV transport or mixing, the vortex area evolves rather uniformly in response to
radiative forcing. During winters with major sudden warmings, the wave breaking signature as defined here first
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appears at low values of PV, then rapidly moves toward higher values as the vortex area is reduced and the

“surf-zone” structure becomes well defined.

1. Introduction

Matsuno (1971) showed by numerical experiment
that sudden stratospheric warmings, which occur in
the Northern Hemisphere winter stratosphere, can be
largely explained on the basis of mean zonal flow de-
celerations driven by planetary waves propagating from
the troposphere into the polar stratosphere. Although
Matsuno’s explanation quickly became the accepted
theoretical paradigm for the sudden warming phe-
nomenon, it was recognized that not every case of en-
hanced wave propagation into the stratosphere leads
to a sudden warming, so that relating the occurrence
of warmings to particular tropospheric precursors has
remained a rather elusive goal.

An appealing explanation for the observed weak re-
lationship between enhanced wave propagation into
the stratosphere and the development of sudden
warmings was offered by McIntyre (1982) in a pro-
vocative essay on the nature of sudden warmings,
bringing together suggestions by Quiroz et al. (1975),
Dunkerton et al., 1981, Kanzawa (1982) and Palmer
(1981). MclIntyre suggested that for a reversal of the
mean zonal wind (and related warming) to occur in
the polar region it was necessary not only to have en-
hanced planetary wave propagation into the strato-
sphere, but to have the stratospheric vortex in an
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anomalous “preconditioned” state that would cause
the wave EP flux to be focused into high latitudes. Such
a preconditioned state is characterized by a tight polar
vortex (not necessarily centered on the pole) marked
by strong potential vorticity (PV) gradients, surrounded
by a broad latitudinal belt of weak PV gradients.
MclIntyre also pointed out that the latter could act as
a reflector, as suggested by nonlinear critical layer the-
ory, despite the breakdown of linear Rossby wave the-
ory (and associated concepts like the refractive index).
Such reflection gives rise to the possibility not only of
focusing but also of self-tuning resonant wave ampli-
fication in some ways similar to the mechanism sug-
gested by Plumb (1981). This suggests that analysis of
the distribution of PV and its temporal evolution is a
logical approach to the diagnosis of sudden warmings.

The use of PV as a stratospheric diagnostic is based
mainly on two principles. The first is that PV is a quasi-
conservative tracer of air motion along isentropic sur-
faces and the second is that the global PV distribution,
together with the stipulation of an appropriate basic
static stability, balance conditions and boundary con-
ditions, completely defines the flow. (See Hoskins et
al., 1985, for details.)

Potential vorticity is defined as

=%(VXu+29)-V0 (1)

where V is three-dimensional, p is air density, Q is the
earth’s rotation, and 6 is any function of specific en-
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tropy (taken here as potential temperature). The ap-
proximations and methods used in calculating PV from
observational data are discussed in section 2..

Mclntyre and Palmer (1983, 1984) were the first to
document the temporal changes in Ertel’s PV during
a sudden warming by displaying daily maps of PV for
the 850 K isentropic surface. Using Stratospheric
Sounding Unit (SSU) data they created coarse-grain
(up to zonal wave number 12) maps of PV on the 850
K surface for the late winter of 1978/79, which included
the spectacular wave-2 major warming. By calculating
PV on the 850 K surface, Mclntyre and Palmer were
able to show a coarse-grain view of what appeared to
be “breaking” planetary waves, which apparently
eroded the main vortex during the course of the winter
and eventually caused it to break up.

In their conceptual model, “the extratropical middle
stratosphere is divided into two sharply defined, zonally
asymmetric regions, a polar main vortex, characterized
by steep gradients of PV at its edge, surrounded by a
broad “surf zone” within which systematic, large-scale
gradients of PV are comparatively weak.” Wave
breaking is a vivid term to describe the process by which
potential vorticity undergoes rapid irreversible trans-
port and mixing when planetary waves encounter the
surf zone. Although the appropriateness of the term
“wave breaking” has been questioned by Rood (1985)
we shall use the wave breaking terminology as a matter
‘of convenience. Its justification and theoretical signif-
icance in terms of wave~mean flow interaction theory
has been elaborated on by Mclntyre and Palmer (1984,
1985). ,

The study of Mclntyre and Palmer (1983, 1984) in-
dicated that as the waves break, high potential vorticity
air is stripped off the edge of the main vortex, and is
mixed with the surrounding low PV air. Unfortunately,
the observations. allow only a low-resolution, blurred
view of process, so it is unclear, for instance, how per-
fect or imperfect the mixing might be. -

Clough et al. (1985) used SSU data truncated at zonal
wave 12 to compute the PV distribution for December
1981 with great care over data processing validation.
Their results essentially confirmed the wave breaking
hypothesis of Mclntyre and Palmer using five years of
SSU data (most of which was not shown). They con-
cluded that wave breaking appears to be happening
nearly all the time in the winter stratosphere of both
hemispheres. In the Northern Hemisphere the most
pronounced breaking occurs in a preferred geographic
location, and a monthly mean isentropic map of PV
in midwinter shows distinct tongues of high and low
PV in the vicinity of the Aleutian anticyclone.

Butchart and Remsberg (1986) calculated diagnostics
based on the vortex area for the year 1978/79. Using
Limb Infrared Monitor of the Stratosphere (LIMS) data
and retaining only six zonal harmonics, they defined
the vortex areas as the fractional area of the Northern
Hemisphere for which PV is greater than or equal to
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a given critical value. That critical value, which varied
throughout the winter, essentially marked the boundary
between the regions of strong PV gradients and weak
PV gradients. Butchart and Remsberg’s results showed
that in 1978/79 the surf zone/main vortex structure
became evident after mid-December (the time of a Ca-
nadian warming) and became very clear during mid-
to-late winter. Moreover, the area of the vortex thus.
defined generally decreased in time owing to two fac-
tors: the area enclosed by a given contour tended to
decrease and the area defined as the vortex (i.e., the
area with large PV gradients) involved only higher and
higher values of P as the winter progressed. The break-
ing planetary waves caused higher and higher PV con-
tours to be drawn out into the surf zone as the winter
progressed. These area diagnostics showed that, at least
for the 1978/79 winter, the area of the vortex decreased.
It may be hypothesized that this preconditioned the
vortex so that upward and poleward propagating plan-
etary waves were later able to disrupt the entire vortex

" in late February.

Dunkerton and Delisi (1986) used the LIMS data
for the 1978/79 winter to calculate daily PV maps at
850 K and 1300 K and to do trajectory calculations.
They truncated the data using spherical harmonics
keeping zonal wave 6 and total wavenumber up to 24.
In addition to presenting daily maps documenting the
evolution of PV at 850 K, they concluded that the vor-
tex shape and orientation are both important attributes
of the vortex. The presence of traveling waves was
shown to be likely to affect the timing of the warming.

Juckes and MclIntyre (1987) used an ultrahigh res-
olution barotropic model to simulate planetary wave
breaking in the stratosphere. The model developed
breaking planetary waves which “rolled up” into small
vortices. The wave breaking process appeared to be
one-sided, with high PV air being drawn out into lower
latitudes, but low PV air not observed to be drawn into
the main vortex. This suggests that the main vortex
may act as a material entity, the interior of which is
isolated from the surrounding surf zone.

A number of questions still remain about the use of
PV diagnostics and the climatology of PV. Clough et
al. found, by inspection of a five-year dataset, that the
observably resolved wave breaking tended to occur near
the Aleutian high. Can their findings be verified objec-
tively in a long-term dataset? How does the vortex/
surf zone structure develop, if it develops at all, in a
typical year? How do warming years differ from less
disturbed years? Is the vortex always eroded or other-
wise reduced in size prior to a major warming, or can
a warming occur without any 'such preconditioning?
In order to answer these questions, we have developed
a climatology of PV at the 850 K level.

2. Data analysis

All results were calculated from NMC data for the
years 1964-82, consisting of geopotential height and
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temperature at 10 and 30 mb. The data were trans-
formed onto a 4° latitude by 5° longitude grid from
18°N to the pole.

All grids were checked to make sure that the average,
high and low values were within reasonable limits.
Grids with suspect data were plotted and checked by
eye. This procedure resulted in the deletion of about
ten days of data. The dataset contains several gaps
ranging from one day to eight months. Linear inter-
polation in time was used to fill gaps of up to one week.
Two longer gaps affected the calculations. These pe-
riods, from May 1972 through 7 January 1973 and
March 1981 through December 1981, were simply
omitted.

One problem with the use of satellite data is that the
data have less resolution zonally than meridionally.
This is particularly true of the LIMS data which contain
only six zonal harmonics. This truncation emphasizes
tongues of PV elongated in the zonal direction. In this
respect it is interesting to compare maps produced for
the same days by McIntyre and Palmer (SSU, wave
12) and Dunkerton and Delisi (LIMS, wave 6). The
latter show much less structure in the zonal direction.
The ideal truncation would be isotropic and at a res-
olution sufficient to capture the blobs of PV debris
streaming off the main vortex, while eliminating spu-
rious, small-scale noise. If some or all of the blobs are
real, then they may be smaller vortices themselves. All
grids were transformed into spherical harmonic coef-
ficients by the method of Blackmon (1976). After trying
many different truncation schemes, triangular trun-
cation at wave 15 was chosen. The NMC dataset qual-
ity, judged from the apparent level of spurious noise
in the height fields, varies somewhat in time, and in
particular is worse after 1975 when satellite observa-
tions were more heavily relied upon. Truncation at
wave 15 seems to provide the necessary smoothing for
the data during the late 1970s while not substantially
affecting the earlier data. Triangular truncation has the
additional advantage that it is an isotropic filter on the
sphere (Sardeshmukh and Hoskins, 1984). Thus there
is no artificial emphasis by the filter on features that
are elongated in the zonal, or any other, direction.

Since observed winds were not available, winds were
calculated by the linear balance method (Robinson,
1986; Hitchman et al., 1987). The commonly used
geostrophic approximation has been shown to be a
mediocre approximation to the actual winds in a gen-
eral circulation model (Boville, 1987). The linear bal-
ance method produces winds which are qualitatively
similar to gradient winds but which take into account
the deceleration correction (McIntyre and Palmer,
1984) and thus are allowed to have a cross-isobar com-
ponent. Randel (1987) has demonstrated that the linear
balance winds are an improvement over geostrophic
winds, which overestimate the speed of the polar
night jet.

Following Mclntyre and Palmer (1984) the high
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Richardson number approximation to Ertel’s PV
(Hartmann, 1977) was used

o6
P=-gi+N)y @
where relative vorticities, {, are computed on constant
pressure surfaces. The pressure of the 850 K surface
was computed using the 10 mb temperature and the
10-30 mb temperature difference. The 850 K vorticity
was then interpolated (and sometimes extrapolated
slightly above 10 mb) from that on the 10 and 30 mb
surfaces. In addition, P was scaled by the method
Dunkerton and Delisi (1986). Here P was multiplied

by
—1/[g(60/9p)] 3)

where d0,/dp is the standard atmosphere value of 46/
dp at the standard height of the 850 K isentropic sur-
face. The numerical value is —26.7 K mb™! and is con-
stant on the 850 K surface. The P is then expressed in
vorticity units (s™!). This scaling simplifies comparisons
of P with absolute vorticity.

All height and temperature fields were interpolated
onto a 4° latitude by 5° longitude grid for the calcu-
lations. Although the height and temperature fields did
not show any spurious boundary features, the differ-
entiations required to calculate vorticity revealed some
obviously spurious features at the southern boundary
of the plotted fields (20°N). The actual grid ends at
18°N and one-sided differences may be the cause of
some of these features. Such spurious features are most
prominent during the late 1970s (in particular, after
16 December 1975) when the data are noisiest. To
reduce the influence of this boundary noise, the wind
and vorticity fields were truncated at zonal wavenum-
bers 6, 8 and 10 at 18°, 22° and 26°, respectively. This
procedure largely eliminated the smaller-scale spurious
features on the worst grids while not significantly af-
fecting the grids that were already relatively smooth.
Some of the increased “noise” may actually represent
real features made visible by the increased data cov-
erage afforded by the satellite coverage. However,
judging from its temporal inconsistency and compar-
ison with “pure” satellite data (e.g., Dunkerton and
Delisi, 1986), most of these features appear to be spu-
rious.

3. Approximations to potential vorticity

In the middle stratosphere, where the isentropic sur-
faces coincide fairly well with pressure surfaces, how
well does absolute vorticity alone represent the features
seen on PV maps? To answer this question 10 mb vor-
ticity and 850 K PV maps were compared for a large
number of days. The 10 mb level was chosen because
it is close to the 850 K surface. Two representative
days (shown as Fig. 1) were selected: 1 January 1964
because a wave breaking event is visible early in the
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