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ABSTRACT

Using 25 years of National Meteorological Center (NMC) data for 1964-88 the relation between tropical
and extratropical quasi-biennial oscillations (QBOs) was examined for zonally averaged quantities and planetary-
wave Eliassen-Palm fluxes in the Northern Hemisphere winter. The extratropical QBO discussed by Holton
and Tan existed in both temporal halves of the dataset. Autocorrelation analysis demonstrated that it was an
important mode of interannual variability in the extratropical winter stratosphere. Correlation with the tropics
was strongest when 40-mb equatorial winds were used to define the tropical QBO. Easterly phase at 40 mb
implied a weaker than normal polar night jet and warmer than normal polar temperature and vice versa. An
opposite relationship was obtained using 10-mb equatorial winds. The association between tropical and extra-
tropical QBOs was observed in about 90% of the winters and was statistically significant. ‘

It is shown that planetary-wave Eliassen-Palm fluxes were generally consistent with the extratropical QBO.
These fluxes were more (less) convergent in the midlatitude (subtropical ) upper stratosphere in the 40-mb east
(= easterly) phase category relative to the west category. The composite difference in flux divergence was a
dipole, the location of which coincided with the observed mean zonal wind anomaly. The difference was strongest
in early- to midwinter. However, composites of planetary-wave life cycles were similar in the two phase categories,
with only slightly more events, slightly larger events, and larger mean flow response in the east category. There
was very good correlation between planetary-wave flux convergence and observed mean flow tendencies on a
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daily basis, but the tendencies were smaller in magnitude.

1. Introduction

It is well known that there is large interannual vari-
ability in the Northern Hemisphere winter stratosphere.
The greatest variation is due to stratospheric sudden
warmings (Scherhag 1952; Labitzke 1977, 1981, 1982;
Schoeberl 1978; Quiroz 1986) that are associated with
the anomalous growth, upward propagation, and
breaking of planetary Rossby waves (Matsuno 1971;
Mclntyre 1982; Andrews et al. 1987). Major warmings
as defined by WMO criteria' have occurred in about
half of the observed winters (1955,2 1957, 1958, 1963,
1966, 1968, 1970, 1971, 1973, 1977, 1979, 1981, 1984,
1985, 1987, 1988, and 1989). They are commonly
spaced about two years apart; on this account it was
suggested that their timing may be influenced by the
quasi-biennial oscillation of the equatorial lower
stratosphere ( Labitzke 1982; MclIntyre 1982). Labitzke

' A major warming requires that the 10-mb mean temperature at
the North Pole exceed that at 60°N and the mean zonal wind reverse
to easterly as far south as this latitude.

2 The convention here is that the “1955” northern winter is actually
1954/55, and so on.
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noted that more major warmings occurred in the 50-
mb QBO east phase (namely 8 in 13 years, compared
to 4 in 16 years for the west phase). Subsequently La-
bitzke and van Loon (1988) uncovered a remarkable
correlation between North Pole temperatures and cen-
timetric solar flux when the data are partitioned ac-
cording to the phase of the QBO at 45 mb. It was pre-
viously noted that major warmings occurred in the west
phase near solar maxima (Labitzke 1982, 1987). There
is no known physical mechanism underlying the ap-
parent solar/ QBO/weather relationship (Geller 1989)
and there is some question whether the solar cycle in-
terpretation is unique (Baldwin and Dunkerton 1989a)
or stable (Hamilton 1990). Pursuing a different line
of thought, Dunkerton et al. (1988) noted that major
warmings have not occurred in the “deep westerly”
phase of the QBO, in agreement with a suggestion by
Mclntyre (1982) that planetary waves responsibie for
the warming are likely to be sensitive to winds in a
deep tropical layer. This association suffered a setback
in December 1987 when a major warming occurred in
the deep westerly phase (Baldwin and Dunkerton
1989b). Summarizing this evidence it is clear that the
stratospheric sudden warming is an important com-
ponent of interannual variability, but an association
with the tropical QBO is imperfect and unlikely to en-
tirely explain the occurrence of “major” warmings.
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Part of the problem could be due to the WMO def-
inition of a major warming. This definition is useful
in describing the dynamical phenomenon, i.e., the
rapid distortion, erosion, and/or splitting of the main
circumpolar vortex ( MclIntyre and Palmer 1983, 1984;
Dunkerton and Delisi 1986; Baldwin and Holton
1988). However, when it comes to interannual vari-
ability, the question is not simply whether a major
warming occurred in a particular winter. There are ad-
ditional factors that determine how much a particular
warming contributes to interannual variation. First,
there is the timing of the warming, whether in early,
middle, or late winter. Very early or very late warmings
generally have little effect on the average midwinter
circulation and temperature. Second, there is the per-
sistence of warming, or duration of anomaly once the
criteria are met. Similarly, any precursors or precon-
ditioning before a major warming will contribute to
the duration of an anomaly. In general, major warm-
ings have precursors and some persistent effect; their
contribution to interannual variation depends on
timing.

A broader definition of the “anomaly” contributing
to interannual variation is any perturbation of large
size and long duration relative to climatology (e.g.,
Dole 1983). Such anomalies in the winter stratosphere
are usually associated with major warmings or plane-
tary-wave events that fall short of the WMO criteria.
They are remarkably large and persistent in comparison
to tropospheric standards and contain a large zonally
symmetric component. The nature of these anomalies
can be appreciated by examining polar temperature

" time series in Naujokat et al. (1988) based on Berlin
data. For comparison, we derived these series using
NMC data (1964-88) and found similar results when
averaged over the entire polar cap inside of 72°N, as
shown in Fig. 1. The climatological 50-mb temperature
declines to a minimum in late December and rises
thereafter. Observed temperatures oscillated about cli-
matology with a typical peak-to-peak amplitude of 10—
40 K and time scale of 20-50 days or more. Anomalies
were therefore of long duration with respect to a sudden
warming (major warmings are indicated by asterisks
in Fig. 1). (This was consistent with precursors and
persistent elevation of temperature following the
warming.) At the same time, anomalies were of short
duration with respect to the entire winter. That is, most
winters contained both anomalously warm and cold
periods. In any winter, then, there was cancellation
between anomalies. Incidentally, it is noted that those
winters containing a major warming in December
through February often had colder temperatures than
normal in March-April and vice versa. This may be
due to the fact that the climatological average included
major warmings in most months, but in any given year
there was at most one or two warmings. A “cold”
anomaly may indicate the absence of a major warming,
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FIG. 1. Average temperature (K) north of 72°N at the 50-mb
level. Climatological average shown as dotted line. Asterisks denote
major warmings.
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This persistent aspect of interannual variability is
well known in the literature, and individual winter
months, or seasons, were described as disturbed or
“relatively undisturbed, cold,” recognizing the persis-
tence (e.g., Labitzke 1981). The axisymmetric com-
ponent of the anomaly was noted by Quiroz (1981)
who found a seesaw pattern in zonal mean wind be-
tween individual winters. In some winters the polar
night jet was anomalously strong and vice versa. By
thermal wind balance, this alternate strengthening and
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weakening of the jet was associated with cooling and
warming of the polar stratosphere and a weak opposite
tendency at low latitudes as seen in 1-point correlation
maps (Baldwin and Dunkerton 1989a). That is not to
say that the pattern was exactly axisymmetric since
planetary waves 1 and 2 were also associated with warm
and cold winters, respectively (Labitzke 1981).

Not surprisingly, this component of interannual
variability became associated with the tropical QBO.
Holton and Tan (1980) noted that the 50-mb QBO
west phase coincided rather well with anomalous
strengthening of the polar night jet and a modest at-
tenuation of the tropospheric jet stream. An opposite
anomaly was observed in the east phase. Those authors
also found differences in stationary planetary wave
structure associated with the zonally symmetric oscil-
lation. However, an attempt by Holton and Tan (1982)
to discover differences in Eliassen-Palm flux between
the two QBO phases was inconclusive. Adding to their
dilemma was a suggestion by van Loon et al. (1982)
that the El Nifio~Southern Oscillation might explain
the polar oscillation (Wallace and Chang 1982; Holton
1983). Van Loon and Labitzke (1987) attempted to
separate QBO and ENSO signals, but the question is
not yet resolved.’ However, it is clear that by using a
quantitative statistic (e.g., strength of the jet) rather
than a logical criterion (e.g., WMO definition ), Holton
and Tan obtained better evidence for a tropical-extra-
tropical QBO connection than that based on “major
warmings” per se. This improvement, as we shall see,
is due largely to the timing of major warmings and
their effect on average circulation statistics.

At this point, two kinds of question arise. First, is
the extratropical QBO still related to the tropical QBO,
dynamically or otherwise, and is this relationship more
significant in some months than in others? Which levels
of the tropical QBO are most important? Second, in-
dependent of the tropical QBO, can we discover a re-
lationship between planectary-wave fluxes and the ex-
tratropical oscillation?

With regard to the first question, we find that the
Holton-Tan relationship remains valid in the more
recent data, an impressive record when compared to
other examples from meteorology. Statistical signifi-
cance, however, depends on the stringency of statistical
tests. Tests demanding a certain autocorrelation in
random time series yield a lower significance than those
that do not, although in both cases the level of signif-
icance is high. The persistence of tropical-extratropical

3 Their ENSO cold event composite continued mostly QBO west
category years, while warm events were distributed more or less
equally between the two phase categories. This explains part of their
ENSO composite difference, but does not explain an anomaly in the
warm event category per se. In any case, the sample size was small,
and the issue is not likely to be resolved without a longer data record
and further theoretical study.

TIMOTHY J. DUNKERTON AND MARK P. BALDWIN

1045

relationship, correct in about 90% of the winters in our
25-yr sample, seems remarkable. The same could be
said about the shorter data record of the Southern
Hemisphere and an apparent effect of the tropical QBO
on Antarctic ozone depletion (Bojkov 1986; Garcia
and Solomon 1987; Lait et al. 1989; Kerr 1989).

With regard to the second question, the results in-
dicate a fairly close relationship between planetary-
wave fluxes and the zonal mean circulation, particu-
larly when transient contributions to the flux are re-
tained, all zonal wavenumbers are included, and the
analysis extended to the upper stratosphere where
composite differences in EP flux are largest. This result
provides no independent verification of a connection
to the tropical QBO (as one would not expect waves
and mean flow to be independent), but it reinforces a
belief-that planetary Rossby wave transport is the most
important effect governing the circulation of the
northern winter stratosphere.

In section 2, the data source and processing methods
are described, and the relation between major warmings
and persistent anomalies is examined. Significance of
the tropical-extratropical QBO connection is also dis-
cussed, as this result underlies the following presenta-
tion (in section 3) of composite differences in mean
circulation between east and west phases. Section 4
contains an analysis that is independent of the tropical
QBO: we discuss the teleconnectivity and spatial au-
tocorrelation of the zonally averaged circulation. Sec-
tion 5 presents composite differences in Eliassen—-Palm
cross sections thought to be associated with the zonal
mean variations. Consistent with previous studies of
extratropical circulation, the wave forcing significantly
exceeds the observed response of the mean flow, sug-
gesting—in this context—that planetary-wave fluxes
are an important part of the extratropical oscillation.

2. Data analysis and overview
a. Dataset and analysis methods

The dataset used in this study are National Meteo-
rological Center (NMC) heights and temperatures at
1200 UTC from 1000 to 10 mb for the period 1 January
1964-23 October 1978 and from 1000 to 1 mb for the
period 24 October 1978-12 March 1988. Winds at all
levels were calculated by the linear balance method
(Robinson 1986; Hitchman et al. 1987; Randel 1987a);
the zonally averaged component was obtained from
gradient balance. NMC analyses were interpolated to
a 4° lat X 5° long grid, and spherical harmonic
smoothing with triangular truncation at wavenumber
15 was applied to the data above 100 mb in the manner
described by Baldwin and Dunkerton (1989b). Com-
putation of Eliassen-Palm flux used the quasi-geo-
strophic form [Egs. (2.2a, b) of Dunkerton et al. 1981]
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but with horizontal perturbation winds derived from
linear balance. For other details of the analysis method
see Baldwin and Dunkerton (1989b).

b. Correlation of tropical and extratropical QBO

As noted by Holton and Tan (1980, 1982) the east
phase of the tropical QBO near 50 mb is associated
with weaker winds in the polar night jet and vice versa.
Their analysis extended from 1962-77 using the NMC
data up to 10 mb; our result, for the longer time period
1964-88 as shown in Fig. 2, confirms their discovery.
We found optimum correlation between 10-mb winds
at 62°N and the tropical QBO when the equatorial
wind at 40 mb was used. The equatorial wind was ob-
tained from Singapore (1.3°N) and was not deseason-
alized. As shown later, results using 30- or 50-mb
equatorial wind were similar, but produced slightly
lower correlations. In Fig. 2, wind components were
normalized by their standard deviation and the average
was removed, indicating a normalized anomaly. The
two time series are correlated with coefficient = 0.64.
This figure shows the average winds for December,
January, and February (DJF). As discussed later, com-
parably good results were obtained in any of the in-
dividual months November through February.

Figure 2 is the best result, or nearly so, and indicates
what could be expected from the tropical-extratropical
relationship for the 25-yr Northern Hemisphere record.
The correlation was not perfect, but there were only
two years (1980 and 1984) when the two anomalies
were grossly separated and of opposite sign. In 1982

and 1988, the extratropical anomaly did not cross the

axis and achieve the same sign as the Singapore anom-
aly, but the tendency of the anomaly was correct. In
general, the relationship after 1978 was less convincing
than that before 1978. This was due mainly to weak
variation of the extratropical anomaly in 1980-1984.

U 10mb 62N and Sing. 40mb Wind
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FIG. 2. DJF-average mean zonal wind at 10 mb, 62°N (solid ) and
Singapore 40-mb wind (dashed). Both quantities were normalized
by their standard deviation and the average was removed.
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¢. Relationship to major warmings

Most, but not all, of the easterly anomalies in Fig.
2 could be attributed to major warmings (1966, 1968,
1970, 1971, 1973, 1977, 1985, and 1987). The major
warming of February 1979 occurred too late to affect
the DJF anomaly; this anomaly remained positive in
accord with the equatorial value. Similarly the March
1981 major warming had no effect. The February 1984
event did not influence the DJF anomaly although, in
this case, the equatorial anomaly was of opposite sign.
The December 1987 warming occurred too early to
affect the DJF value (plotted here at “88”’) so the re-
lation to a (westerly) tropical anomaly was maintained.
As noted by Baldwin and Dunkerton (1989b) this
midwinter period was, in fact, relatively undisturbed.

A few years, such as 1969, 1975, and 1982 (almost),
contained easterly anomalies but no major warming.
On the whole, then, the relationship between tropical
and extratropical wind anomalies was stronger than
the relationship with major warmings. This improve-
ment was due either to the timing of major warming
(which, if too early or too late, did not affect the DJF
average even though the warming occurred in the QBO
west phase) or to an easterly anomaly with no major
warming. We note, however, that the correlation dis-
played in Fig. 2 was not perfect; it was grossly incorrect
in 2 out of 25 cases and gave exactly the same sign in
21 out of 25 cases. In this respect it seems comparable
to the Southern Hemisphere correlation discussed by
Lait et al. (1989) (see also Kerr 1989).

d. Statistical significance

While the relation shown in Fig. 2 is not perfect, it
would be difficult to obtain by random variations. In
order to estimate the statistical significance of the re-
lation seen in Fig. 2, two Monte Carlo simulations were
performed. In both tests the time series of extratropical
winds was replaced by random numbers. In the first
test, it was assumed that in the absence of a relation
between the tropical and extratropical winds, the time
series of extratropical winds could be replaced by
numbers drawn from a normal distribution (random
normal deviates). Since each number in the time series
is drawn independently of the last, the average auto-
correlation of such a time series is zero. This is equiv-
alent to the assumption that in the absence of a QBO-
extratropical connection the extratropical circulation
would have no memory of the previous winter. When
the tropical winds are correlated with random normal
deviates, the probability of obtaining a correlation coef-
ficient of at least 0.62 is 0.1%. This relationship is sig-
nificant at the 1.0% level for any coefficient exceeding
0.47, which, as shown later, includes most of the ex-
tratropical stratosphere.
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The observed autocorrelation of the time series of
extratropical winds at 10 mb, 62°N is —0.24. In the
first Monte Carlo simulation it was assumed that this
autocorrelation would have been zero if there were no
relation between tropical and extratropical winds. A
more stringent test would demand that the random
time series have some autocorrelation similar to the
observed extratropical anomaly, in other words, that
there exists an extratropical QBO unrelated to the
tropical QBO ( Trenberth 1980). To simulate this pos-
sibility we constrained the random time series to have
alag 1 yr autocorrelation in the range —0.20 to —0.28,
centered about the observed autocorrelation —0.24. In
this case the probability of obtaining a correlation of
0.65 is 0.1%. For the same coefhicient, at least proba-
bilities are generally about twice as large as in the un-
constrained test. In either case, then, the observed cor-
relations have high significance.

This discussion pertains to mean circulation vari-
ables (zonal wind, polar temperature, geopotential, etc.)
for which the extratropical and tropical QBOs are well
correlated. In the next section, composite differences
of these fields are shown. Because of hydrostatic and
gradient wind balance, these quantities are not inde-
pendent. Comments about statistical significance per-
tain to all of these fields alike; the composites add
nothing to the significance already determined. It is
important to keep this in mind when discussing a per-
ceived relationship between atmospheric variables and
external forcing (Livezey and Chen 1983; Baldwin and
Dunkerton 1989a).

Later in this paper, composite differences of Elias-
sen-Palm flux are shown supporting our hypothesis
that planetary-wave fluxes are consistent with the ob-
served zonally averaged extratropical QBO. It should
be noted that because these quadratic fluxes are noisier,
less regular, and not linearly related to the mean fields,
the estimated significance is considerably lower. There
is consistency between waves and mean flow—more
evident in the upper than lower stratosphere—but we
do not have the same confidence in this relationship.

3. Extratropical composites based on the equatorial
QBO

a. Geopotential

Composites were constructed from DJF mean fields
and partitioned according to the phase of the equatorial
QBO at 40 mb. Results for geopotential are shown in
Fig. 3, including zonal mean and wave components
averaged over this 3-month interval. Similar results
were obtained at 50 and 10 mb, the former level cor-
responding to that of Holton and Tan (1980). (We
show east minus west, whereas they showed west minus
east. A positive anomaly indicates a shallower vortex
in the QBO east phase, or easterly mean flow anomaly.)
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The magnitude of the polar anomaly at 50 mb was a
little over 300 gpm, comparable to what Holton and
Tan (1980) obtained for December and January. The
10-mb anomaly was twice as large, comparable to that
of Holton and Tan ( 1982) for January—-March (JFM).
South of about 55°N the anomaly reversed sign; at 50
mb it was rather small (less than 100 gpm). In Holton
and Tan (1980) the midlatitude anomalies were larger
but appeared at different longitudes in each month. At
10 mb (Fig. 3f) the midiatitude anomaly covered much
of the Pacific but was smaller than the corresponding
JFM anomaly in Holton and Tan (1982). Figure 3
suggests, then, that the composite difference originated
mainly in the depth of the polar vortex, with only a
small depression of geopotential surface in midlati-
tudes. This result differs from Holton and Tan (1980,
1982) and may be due to the more recent years. Figures
4a,b compare the composite difference obtained with
data from 1964-75 and 1976-88, respectively. Figure
4a better resembles Fig. 1 of Holton and Tan (1982)
than Fig. 4b. Weakening of the composite in Fig. 4b
is consistent with the time series of Fig. 2. The phase
of the anomaly also changed somewhat.

b. Mean zonal wind

Figure 5 shows the east-minus-west composite dif-
ference of DJF mean zonal wind partitioned according
to the phase of the equatorial QBO at different levels.
All patterns displayed a dipole changing sign around
40°-45°N. Separate calculations (not shown ) indicated
that the angular momentum anomaly associated with
this dipole was nearly antisymmetric, such that the
amount of angular momentum associated with the po-
lar jet anomaly was comparable but opposite to that
contained in the subtropical anomaly.

The 40-mb QBO level generated the largest anomaly
and most significant correlation between tropical and
extratropical QBOs. Using the 10-mb QBO level, the
anomalies reversed sign consistent with phase descent
in the equatorial QBO. In other words, the east phase
at 10 mb was associated with a positive anomaly in the
polar night jet. It is the west phase at 10 mb that was

. associated with a negative anomaly in the jet or, more

precisely, a west-over-east alignment of the equatorial
QBO. This would be consistent with the numerical re-
sults of Dameris and Ebel (1990). However, it points
to a basic ambiguity in the effect of the QBO, namely,
whether this effect—if real—originates in the lower
stratosphere (such that the east phase reduces the polar
night jet) or in the middle stratosphere (such that the
west phase reduces the polar night jet). In the first case,
diminution of the jet could be associated with a con-
traction of the waveguide for quasi-stationary waves
and possible nonlinear reflection from the critical layer
(MclIntyre 1982; Killworth and McIntyre 1985). In
the second case, planetary-wave amplification might
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50mb Z: East 40mb QBO. DJF 50mb Z: West 40mb QBO. DJF

50mb Z: E-W 40mb QBO. DJF 10mb Z: East 40mb GBO. DJF

FiG. 3. Geopotential at 50 mb (a—c) and 10 mb (d-f) for Singapore 40-mb QBO east category (a, d),
west category (b, e), and composite difference (c, f ). (Units: gpm.)

originate from an expanded waveguide in the QBO of the equatorial QBO, such as 40 mb, could influence
west phase (i.e., less absorption) or linear reflection the entire extratropical atmosphere.*

from the northern flank of equatorial westerlies [e.g.,

as implied by Hamilton (1984) and Dunkerton and P . . I
Delisi(1985)]. This ambiguity cannot be resolved from .« U8 s dimcnsorl mod D. O Sllva (persna con
the data and provides strong justification for numerical  qye entirely to an easterly anomaly in the equatorial lower strato-
studies. In any case, it seems unlikely that a single layer  sphere.
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10mb Z: West 40mb QBO. DJF 10mb Z: E-W 40mb QBO. DJF

F1G. 3. ( Continued)

From Fig. 5b it is apparent that the extratropical subtropical anomaly at higher levels. In all cases the
QBO penetrated the troposphere. This is consistent polar anomaly penetrated the troposphere with larger
with Quiroz (1980) and Holton and Tan (1982), al- amplitude. Spatial autocorrelations discussed in the
though in our case strengthening of the tropospheric next section suggest that the subtropical tropospheric
jet stream in the east phase was small relative to the and stratospheric anomalies are distinct.

1964-75 10mb Z: E-W 40mb QBO 1976-88 10mb Z: E-W 40mb QBO

FIG. 4. Geopotential composite difference at 10 mb as in Fig. 2f but for (a) 1964-75 and (b) 1976-88.
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at (a) 50 mb, (b) 40 mb, (¢) 30 mb, (d) 10 mb. (Units: ms™".)

For the last 10 years (1979-88), the composite dif-
ference was smaller in magnitude but similar in struc-
ture (Fig. 6). The negative anomaly reached a maxi-
mum at 5 or 2 mb, while the positive anomaly in the
subtropics peaked near 10 mb before turning equator-
ward at higher levels. Figure 6, if combined with trop-
ical wind data, would show a westerly QBO anomaly
overlying an easterly anomaly at the equator, while in
the subtropics the westerly anomaly would slope pole-
wards and downwards before giving way to a distinct
easterly anomaly in mid- and high latitudes.

¢. Temperature

Composites of DJF temperature difference (east mi-
nus west phase) are shown in Figs. 7a,b for 25- and

10-yr records, respectively. The longer record produced
a stronger positive anomaly in polar latitudes, consis-
tent with previous discussion. The last 10 years (1979-
88) revealed a quadrupole pattern with reversed
anomalies in the upper stratosphere, consistent with a
maximum wind anomaly in the 5-2 mb layer (Fig. 6).

d. Tropical-extratropical correlations

Figure 2 showed the correlation between DJF Sin-
gapore 40-mb wind and NMC mean zonal wind at 10
mb, 62°N. This grid point was selected for its large
mean zonal wind anomaly and, as it turns out, had the
highest correlation. Coefficients at other grid points are
displayed in Fig. 8. Consistent with the anomaly fields
(e.g., Fig. 5b), the correlation pattern was a dipole
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FiG. 6. Composite difference of DJF mean zonal wind
as in Fig. 5b, but for 1979-88 only.

changing sign between 40°-45°N. Based on our sta-
tistical analysis it appears that the coefficients were
highly significant throughout most of the stratosphere
and part of the polar upper troposphere. They were
less significant in the tropospheric jet stream as noted
by Holton and Tan (1982).

Consistent with previous discussion, the correlations
were higher in the period 1964-75 than in 1976-88
(Figs. 9a,b respectively). The pattern was robust, nev-
ertheless.

Figure 10 shows a latitude-time view of the corre-
lations between Singapore 40-mb wind and 10-mb
NMC winds for successive 3 month periods (JFM,
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FMA, . .. DJF). (Values were plotted at the center of
each averaging interval so that DJF, for example, ap-
pears above “J*.) This pattern is very nearly the same
as that obtained for individual months, except that De-
cember correlations were slightly lower than Novem-
ber’s (not shown). The striking feature of Fig. 10 1s a
latitudinal shift of the dipole center through the north-
ern winter, beginning near 30°N in October and trav-
eling into polar latitudes by March-April. In general
the period November through February had the stron-
gest signal. It was difficult to detect a similar latitudinal
shift in the 50-mb maps of Holton and Tan (1980).
This effect may be more prominent in the middle
stratosphere due to vortex erosion (Butchart and
Remsberg 1986).

A separate correlation maximum appeared briefly
in northern summer, which we do not understand; it
may be a spurious feature due to random correlation.

4. Teleconnectivity and spatial autocorrelations

The material discussed in this section is independent
of the tropical QBO and partitioning. It is instructive
to look at interannual variability of the extratropical
atmosphere apart from the tropical QBO. This analysis
revealed that the dipole pattern present in wind anom-
alies and correlation maps was an important mode of
interannual variability in extratropical latitudes.

a. Teleconnectivity

This quantity represents the maximum anticorre-
lation obtained at a grid point when that point is cor-
related with all other grid points (in the present case,
at lag zero) (e.g., Wallace and Gutzler 1981). Figure
11 shows an example for DJF mean zonal wind. The
teleconnectivity was high near 30 mb, 60°N because
in this region there was some other grid point where
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FiG. 8. Correlation between Singapore 40-mb wind and
DJF mean zonal wind on the NMC grid.

the zonal wind was anticorrelated with coeflicient ex-
ceeding —0.85. The polar atmosphere near 60°N ex-
hibited high teleconnectivity at all levels, whereas in
the subtropics there were two distinct centers of action.
Details of the teleconnection patterns can be further
elucidated by constructing I-point correlation maps,
i.e., the spatial autocorrelations of mean zonal wind at
lag zero.

b. Spatial autocorrelations

Figures 12a—-d show spatial autocorrelations of DJF
mean zonal wind for the 25-yr climatology (i.e., mean
zonal wind at a reference gridpoint correlated with
mean zonal wind at all other points). Four reference
points were chosen from the teleconnectivity diagram
in Fig. 11. We refer to these points as “polar strato-
sphere” (Fig. 12a), “subtropical stratosphere” (Fig.
12b), “polar troposphere” (Fig. 12¢), and “subtropical
troposphere™ (Fig. 12d). All four panels had a similar
dipole structure with perfect correlation at the reference
grid point and a strong anticorrelation in the opposite
half of the dipole (hence, a large teleconnectivity).
Correlations decayed vertically away from the reference
point, as did anticorrelations. There was a tendency in
each diagram for the subtropical correlations to split
roughly about the 100-mb level. The polar correlation
was uniform by comparison.

Polar stratosphere autocorrelations (Fig. 12a) were
similar to the tropical QBO correlation (Fig. 8) but
were larger in amplitude, exceeding —0.8 in the op-
posite half of the dipole. This might suggest that the
extratropical oscillation (with lag 1-yr autocorrelation
—0.24) existed independently of the tropical QBO,;
however, it does not explain why the correlation with
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the tropical QBO was statistically significant (section
2d). We tentatively conclude that (i) the tropical QBO
excited a fundamental, dipole-shaped mode of vari-
ability in the extratropical atmosphere, or (ii) appar-
ently by chance the tropical QBO coincided with such
a mode of variation for much of the 25-yr record.’

Subtropical stratosphere autocorrelations (Fig. 12b)
were nearly opposite to those of Fig. 12a. The tropo-
spheric patterns (Figs. 12¢,d) were likewise opposite
to one another but somewhat narrower than the strato-
spheric dipole. There was no counterpart of this tro-
pospheric dipole in the tropical QBO correlation (Fig.
8). This fact suggests that while the tropical QBO might
have had some effect on the polar troposphere, the tro-
pospheric variability at mid- and subtropical latitudes
was of different origin. In any case it was much less
correlated with the tropical QBO.

Figure 13 shows the autocorrelation of mean zonal
wind for the last 10 years (1979-88) using 10 mb, 62°N
as the reference point. This pattern showed a slightly
weaker anticorrelation with the subtropical stratosphere
and midlatitude troposphere. Also, the correlations
decayed with height rather abruptly in the stratosphere.

It should be noted that the subtropical stratospheric
anomaly existed in a region of weak mean flow. A 10-
yr average DJF mean zonal wind is shown in Fig. 14,
The region of weak westerlies is above 100 mb, in the
70-5 mb layer. The subtropical variation was therefore
small, but nevertheless well correlated with higher lat-
itudes. As already noted, the two components of an-
gular momentum were comparable in magnitude.

5. Planetary-wave Eliassen—Palm fluxes
a. Composite differences

Composite Eliassen—-Palm cross sections for east and
west categories (defined using Singapore 40-mb wind)
are shown in Figs. 15a,b for the November-December—
January average (NDJ). Reasons for choosing this time
interval as opposed to DJF are discussed later in this
section. The two composites were very similar, showing
upward and equatorward refraction of the vectors for
both tropospheric synoptic-scale and stratospheric
planetary waves, a layer of convergence in the upper
troposphere, and smaller convergence in a broad region
of the middle stratosphere (Edmon et al. 1980; Dunk-
erton et al. 1981; Randel, 1987b). Our diagrams com-
pared well to Randel’s, although 25 years of NMC data
were used here (Randel used 1979-86).

3 A third possibility—that the tropical QBO is somehow influenced
by the extratropical QBO—faces several difficulties: e.g., that the
tropical QBO is weakly connected to the seasonal cycle ( Dunkerton
and Delisi 1985; Dunkerton 1990) whereas the extratropical circu-
lation, correlation coefficients, and wave fluxes undergo large seasonal
variation in both hemispheres. Vortex erosion during winter con-
tributes to this variation, making it difficult for planetary Rossby
wave fluxes to penetrate the equatorial lower stratosphere.
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FIG. 9. Correlation as in Fig. 8, but for (a) 1964-75; (b) 1976-88.

The composite difference for NDJ is shown in Fig.
16a. The corresponding plot for DJF was similar (not
shown). From this diagram it is clear that while the
differences were small relative to Fig. 15, there was
stronger stratospheric convergence in the east category
and slightly larger upward fluxes. In the upper tropo-
sphere there was generally stronger divergence except
below 200 mb south of 60°N. In the middle strato-
sphere, the difference in convergence amounted to
about 0.5 to 1.5 m s ! day~'. This may not seem large
except for the fact that it is a 3-month average and,

Corr: 10mb U with 40mb Sing. Wind
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FiG. 10. Latitude-time plot of correlation between Singapore 40-
mb wind and NMC 10-mb mean zonal wind, using data averaged
in three-month blocks. DJF is plotted above “J,” and so on.

were it not for restoring forces, the convergence by
itself would produce a zonal wind anomaly of 45-135
m s~} Itis an order of magnitude larger than the num-
ber quoted by Holton and Tan (1982). (We were puz-
zled why such a small difference was obtained in their
composite.)

For the last ten years (1979-88 ), the composite dif-
ference was similar (Fig. 16b). In the stratosphere there
was stronger convergence in midlatitudes and weaker
convergence south of 40°N so that the difference com-
posite showed a dipole structure above 50 mb. With
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FIG. 11. Teleconnectivity of DJF mean zonal wind with respect
to itself. This quantity represents the highest anticorrelation obtained

at any grid point when that point is correlated with all other grid

points.
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FIG. 12. Spatial autocorrelation of DJF mean zonal wind with reference point at (a) 62°N, 50 mb; (b) 34°N, 50 mb;
(c) 54°N, 300 mb; (d) 34°N, 300 mb.

hindsight this feature could be detected in Fig. 16a,
although it was mostly present above 10 mb. The di-
vergent half of the dipole did not imply absolute di-
vergence in the east category or in any of the individual
years, but less convergence (stronger convergence in
the west category). Similarly the poleward tilt of vectors
at 2 mb indicated reduced equatorward flux in the east
category, not absolute reflection. Our DJF composite
had the same features (not shown).

The latitudinal position of the dipole was sim-
ilar to the mean zonal wind anomaly (Figs. 5b, 6) ex-
cept at a higher altitude (especially the subtropical
part). Vertical spread of the response relative to the

forcing is consistent with the effect of an induced mean
meridional circulation (Dunkerton et al. 1981).

While these results partially answer the paradox of
Holton and Tan (1982) as far as the composite is con-
cerned, the relation between zonally averaged QBO
and planetary-wave fluxes is more subtle. It was more
difficult to interpret this composite for reasons now
discussed.

b. Integrated fluxes and box averages

In order to compress the Eliassen-Palm cross sec-
tions into time series form, the flux components, net
convergence, and average angular momentum were
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evaluated within two boxes in the latitude-height plane
(see Fig. 17). Both boxes extended from 46°N to the
pole (corresponding to the polar half of the dipoles
shown in Figs. 5b, 16b); the lower box extended ver-
tically from 200 to 10 mb and the upper box from 10
to 1 mb. Data in the upper box were available for ten
years only. The mean zonal wind i evolves according
to

ou d _

—_— n* — 47 — T —

o v (acoseaaucos() f)+w u,=Dr+ X
(5.1)

where v*, w* are meridional and vertical components
of the residual mean meridional circulation, fis the
Coriolis parameter, Dy is the known Eliassen-Palm
flux divergence factor

V-F
DFE

poa cosl

(Dunkerton et al. 1981), and X an unknown residual.
From (3.1), the angular momentum

M = poa cosb(ii + Qa cosh), (5.3a)

when integrated over part of the latitude-height plane,
satisfies

oM

(5.2)

Lt w o = Fyer + (Xooa cost)  (5.3b)
where
t4) 90°N
<("')>Ef f (++*)poacosbdddz, (5.4)
z 46°N
oo Fio — Fao — Fign”  in lower box (5:5)
N Fy — Fro — FY220 in upper box ’
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and

90°N
FIO = f F(z)a COSB! 10 mbd0 (563)
46°N

90°N
Fopo = f Fya cosflaoo mpdd  (5.6b)
46°N

22
Fyon = f F gy cost|seondz. (5.6¢)
2

An example of integrated time series is shown in
Figs. 18a,b for lower and upper boxes, respectively, in
winter 1983-84. (Note that Fy4-n Was inverted in this
figure and the “net flux” represents convergence, or
— Fuer.) There was good correlation between the net
flux and observed time tendency of integrated angular
momentum (in this case, correlation coefficients were
0.71 and 0.80 in lower and upper box respectively). -
In the lower box the average correlation coefhicient for
all 25 years was 0.49 with standard deviation 0.16. In
the upper box the average correlation was somewhat
higher: 0.75 with standard deviation 0.10. In both cases
the correlations improved when all resolvable wave-
numbers were retained (with triangular truncation at
wavenumber 15). Most of the flux in the upper box,
however, was due to waves 1 and 2. The highest ob-
served correlation, 0.87, was in the upper box for 1982-
83. Agreement between the net flux and observed ten-
dency provided a good check on the numerical cal-
culation and accuracy of the data. It should be kept in
mind that the correlation coefficient normalized the
data so that any differences in magnitude between the
two quantities were ignored. In fact, the observed ten-
dency in angular momentum was only about one-third
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FIG. 14. DJF mean zonal wind for 1979-88. (Units: m s™'.)
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F1G. 15. NDJ Eliassen-Palm cross sections for (a) east category and (b) west category.
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Divergence contour interval is 2 m s™! day

to one-half of what would have been expected from
the net flux alone. This suggests that the mean merid-
ional circulation opposed the net flux and partially
cancelled the effect of an imposed body force (Dunk-
erton et al. 1981; Garcia 1987; Dunkerton 1989). In
both boxes, the net flux was due mainly to the vertical
flux component entering the box from below.

The climatological 200- and 10-mb vertical flux is
shown in Fig. 19, obtained from the 25-yr average. The
average flux increases rapidly in early winter to a max-
imum in late December. Thereafter it declines slowly
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until spring, with a slight local minimum in February.
Note that the range of values was large (shown as av-
erage time series + one standard deviation).

¢. @BO partitioning of integrated fluxes

Correlation of daily time series establishes that plan-
etary-wave fluxes were closely tied to mean flow evo-
lution in the northern winter stratosphere, especially
above 10 mb. The obvious question is whether a dif-
ference in fluxes between the two QBO phase categories
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FiG. 16. Composite difference in NDJ Eliassen—Palm cross sections (east minus west) for (a) all years, (b) 1979-88 only.
Divergence contour interval is 0.5 m s~ day ™' with negative values dashed.
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F1G. 17. Diagram of boxes used to calculate integrated fluxes
and average angular momentum.

explained the interannual variation of mean circulation
discovered by Holton and Tan (1980, 1982) and de-
scribed in section 3 above. Composite differences
shown in Fig. 16 supported this idea. Further evidence
is presented in Fig. 20 where the climatologjcal inte-
grated fluxes of Fig. 19 were divided into east and west
40-mb QBO categories. In the east category, fluxes in-
creased more rapidly in early winter and were smaller
in late winter. For this reason the NDJ composite dif-
ference was slightly larger than DJF. The composite
difference was small, however, in comparison to the
total flux and its variation—as in the full cross section
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Lower Box:

—-3/8t(angular momentum) a
5

Net Flux

kgms ?*10%!

OCT NOV DEC JAN FEB MAR APR

DUNKERTON AND MARK P. BALDWIN

1057

of Fig. 16. To associate the flux difference with circu-
lation anomalies it is necessary to establish a link be-
tween the net flux and angular momentum anomalies
averaged over the appropriate time interval. From
(5.3),

2
<M>Hf+ ¢ =f FNEle+ ¢, (57)
1 .

Given the same initial conditions, a difference in early
winter net flux should translate into a difference in
midwinter angular momentum.

At this point, mixed results were found. For the lower
box, the correlation between NDJ-averaged (M ) and
Fner was 0.52 as shown in Fig. 21b. Major warmings
were generally associated with anomalous convergence.
In the upper box the same correlation for the last ten
years was 0.62. This result seemed significant, even
more so in the subtropical half of the dipole. There, in
all five west (east) category years, the subtropical con-
vergence was above (below) average. However, this re-
sult was obtained from only a 10-yr sample. (The cal-
culation should be repeated in another decade.) In any
case, something degraded the correlations between
seasonally-averaged quantities, which were lower than
the daily correlations discussed in connection with Fig.
18. It was probably the mean meridional circulation,
noting the fact that the observed daily tendency was
significantly lower than the daily flux convergence. The
diabatic circulation persists even after an episode of
wave activity ceases, further offsetting any induced
change in mean circulation. Note that the observed
QBO anomaly in the polar night jet was about 15 m
s~!, which would require a flux convergence difference
of only about one-sixth of a meter per second per day—
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FiG. 18. Time series of box-integrated angular momentum tendency and flux components for 1983/84 winter. In this figure only, “net
flux™ represents convergence and the horizontal flux was inverted for clarity. See text for discussion. (a) Lower box; (b) upper box.



xio!! a
5

o N D J F M A

F1G. 19. Time series of climatological average (a) Fag, (b) Fio,
the vertical components of integrated EP flux at 200 and 10 mb as
defined in text. Average + one standard deviation shown as dashed
lines. A 19-day running mean was used (Units: kg m s72.)

much less than the observed composite difference of
Fig. 16 and a smaller ratio than that obtained from the
daily data of Fig. 18.

d. Interpretation of the flux composite

Planetary-wave fluxes were evidently important in
the extratropical oscillation. First, these fluxes were well
correlated with mean circulation tendencies on a daily
basis. Second, there was more flux convergence avail-
able than what was actually needed to cause observed
mean flow tendencies. Some cancellation between body
force and Coriolis torque probably occurred. Third,
despite this cancellation it was possible to detect a dif-
ference in convergence and integrated fluxes between
east and west QBO categories. In the east category,
fluxes increased more rapidly in early winter and were
reduced relative to the west category in late winter. To
some extent this relationship held on a year-by-year
basis.
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From time series like those of Fig. 18 it is obvious
that planetary fluxes varied considerably from week to
week; sometimes the pulses were associated with major
warmings, while at other times a sequence of 4 to 6
vacillation cycles was observed. The duration of pulses
was commonly 2-3 weeks. Any differences in net flux
between QBO east and west categories must be attrib-
uted to differences in events making up the composite.
We attempted to determine whether there was any sys-
tematic difference between wave events in the two QBO
categories. The question could be explained in this way:

1) whether there were more planetary wave events
in the east category;

2) whether these events were larger in magnitude;
and

3) whether the response of the mean flow was dif-
ferent in the two categories.

For this analysis, a wave “event” was defined as a 19-
day interval centered about an amplification of R,
where

0.0
-0.54—+—1—+—1——T1 T}
1 31 62 92 122 152 183 213
x1010 b
7.5

o) N D J F M A

F1G. 20. Vertical EP flux as in Fig. 19 but for 40-mb east category
(solid) and west category (dot-dash). (a) 200 mb; (b) 10 mb. A 31-
day running mean was used to smooth sampling variations. (Units:

kg ms~2)
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FIG. 21. Normalized NDJ net flux (solid) and angular momentum anomaly (dashed) for (a) upper box, (b) lower box.

R = V(F3)* + (F)? (5.8)

and

FYo= Fio/ o0

(5.92)
(5.9b)

F;oo = Fa0/ 0200
i.e., the integrated fluxes at 10 and 200 mb weighted
by their respective standard deviation. The (arbitrary)
criterion for an event was that R exceed 2.0. There
were 105 such events in the 25-yr record. In NDJ, 36
occurred in the east category and 30 in the west cate-
gory. A composite “life cycle” of integrated fluxes and
{ M) tendency for the lower box is shown in Fig. 22
for all events and for east and west categories separately.
As one can see, differences between categories were
generally small, the fluxes being only slightly larger in
the east category. The difference in mean flow response

seemed more significant, particularly near the center
day of the composite. In light of the fact that most of
the flux dipole was located above 10 mb in Fig. 16b,
we speculate that the different behavior of 6<M ) /ot
may be due to a mean meridional circulation induced
by fluxes above this level that were not observed prior
to 1979.

Because of possible sampling errors one should not
make too much of these differences. The overall struc-
ture of life cycle is probably more reliable, displaying
a phase lag of 2-3 days between 200 and 10 mb, cen-
tered about day zero, and maximum net flux and mean
flow response prior to the center day and slightly prior
to the maximum in F5g. Relative to the maximum R
at composite day 0, Froo and F;o maximize on day —1
and +1, respectively, while Fyer and angular momen-
tum tendency maximize on day —2. This timing is due
to density weighting that favors the lower part of the
box and to fluxes eventually escaping out of the top
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FIG. 22. Nineteen-day composite of planetary-wave life cycle using 105 events from all years (solid), 36 events from QBO east category
(dot—dash), and 30 events from QBO west category (dashed). (a) Fyo0, (b) Fio, (€) — Fegen, (8) Fner, and (€) (M )/t (Units: kg m s72))
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and side of the box, causing the net flux to begin de-
creasing in amplitude prior to day 0.

In summary, this analysis revealed only slight dif-
ferences between east and west phase categories: slightly
more events, slightly larger events, and a larger mean
flow response in the east category. One should not
overlook the fact that both categories had significant
wave activity including major warmings. Also, in line
with remarks made at the end of section 2, the evidence
from planetary-wave fluxes added no statistically in-
dependent information to a proposed association be-
tween tropical and extratropical QBOs, because waves
and mean flow were not independent in the extratrop-
ical stratosphere (as the day-to-day variability dem-
onstrated).

We cannot state that planetary-wave fluxes were ex-
clusively a “cause” of the extratropical QBO. Their
effect was important, to be sure, but it is conceivable
that any other perturbation to the mean flow could
have its effect amplified by planetary-wave transport.
This would occur whenever a positive feedback exists
between wave-induced body force and mean flow de-
celeration.

6. Conclusion

Using 25 years of NMC data (1964-88), the relation
between tropical and extratropical QBOs was examined
for zonally averaged quantities (mean zonal wind,
temperature, and geopotential) and quadratic wave
quantities ( Eliassen—Palm flux and its divergence). Our
results added 11 years to an earlier study by Holton
and Tan (1980, 1982) and confirmed that their extra-
tropical oscillation existed in both temporal halves of
the dataset. The apparent association between the two
QBOs was strongest when the 40-mb equatorial wind
was used. East phase at 40 mb implied a weaker than
normal polar night jet and warmer than normal polar
temperature and vice versa. The zonal wind anomaly
was a dipole with approximately equal and opposite
angular momentum in each half of the dipole. The
association was most prominent between November
and February, although the center of the dipole was
observed to migrate poleward through the winter, pos-
sibly due to vortex erosion. The dipole was shown to
be an important mode of interannual variability in the
extratropical stratosphere, as suggested by earlier stud-
ies like van Loon et al. (1975) and Quiroz (1981),
with possible influence extending into the troposphere.
The mode might exist independently of the tropical
QBO (because such high spatial autocorrelations were
observed ), but this idea leaves the extratropical oscil-
lation unexplained, and significant correlation with
tropical QBO. No attempt has been made here to sep-
arate other causes, such as ENSO; this issue and tro-
pospheric interannual variability merit further inves-
tigation. The primary purpose of this paper has not
been to establish a connection with the tropical QBO,

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 48, No. 8

although one apparently exists, but to establish internal
consistency between extratropical wave fluxes and
mean circulation anomalies. This matter was left un-
resolved by Holton and Tan (1982). We have shown
that there was very good daily correlation between
Eliassen-Palm fluxes and observed angular momentum
tendencies and that part of this correlation survived
seasonal time-averaging, so that seasonally averaged
fluxes displayed year-to-year variations fairly consistent
with the zonally averaged oscillation. In other words,
planetary-wave fluxes were an essential part of the ex-
tratropical QBO. Whether they were exclusively the
cause of this QBO is uncertain, since any perturbation
to the mean circulation could conceivably have its effect
amplified by positive feedback due to wave-mean-flow
interaction. Hopefully, this paper will motivate further
theoretical and numerical study of these interactions
and possible effects of the tropical QBO. Such an in-
vestigation could determine which upper or lower levels
of the tropical QBO, if any, are responsible for observed
changes in planetary-wave transport.

Acknowledgments. This research was supported by
the National Science Foundation under Grants ATM-
8616983, ATM-8819582, and ATM-9013280; by the
National Aeronautics and Space Administration,
Contracts NASW-4230 and NASW-4508; and by the
National Oceanic and Atmospheric Administration,
Grant NA9OAA-D-AC807.

REFERENCES

Andrews, D. G., J. R. Holton and C. B. Leovy, 1987: Middle At-
mosphere Dynamics. Academic Press, 489 pp.

Baldwin, M. P., and J. R. Holton, 1988: Climatology of the strato-
spheric polar vortex and planetary wave breaking. J. Atmos.
Sci., 45, 1123-1142.

—— and T. J. Dunkerton, 1989a: Observations and statistical sim-
ulations of a proposed solar cycle/QBO/weather relationship.
Geophys. Res. Lett., 16, 863-866.

——, and ——, 1989b: The stratospheric major warming of early
December 1987. J. Atmos. Sci., 46, 2863-2884.

Bojkov, R. D., 1986: The 1979-1985 ozone decline in the Antarctic
as reflected in ground based observations. Geophys. Res. Lett.,
13, 1236-1239.

Butchart, N., and E. E. Remsberg, 1986: The ared of the stratospheric
polar vortex as a diagnostic for tracer transport on an isentropic
surface. J. Atmos. Sci., 43, 1319-1339.

Dameris, M., and A. Ebel, 1990: The QBO and major stratospheric
warmings: A three-dimensional model study. Ann. Geophys., 8,
79-86.

Dole, R. M., 1983: Persistent anomalies of the extratropical Northern
Hemisphere wintertime circulation. Large-Scale Dynamical
Processes in the Atmosphere, B. Hoskins and R. Pearce, eds.,
Academic Press, 397 pp.

Dunkerton, T. J., 1989: Body force circulations in a compressible
atmosphere: Key concepts. Pure Appl. Geophys., 130, 243-262.

——, 1990: Annual variation of deseasonalized mean flow acceler-
ation in the equatorial lower stratosphere. J. Meteor. Soc. Japan,
68, 499-508.

——, C.-P. F. Hsu and M. E. Mclntyre, 1981: Some Eulerian and
Lagrangian diagnostics for a model stratospheric warming. J.
Atmos. Sci., 38, 819-843,



15 APRIL 1991 TIMOTHY J. DUNKERTON

——, and D. P. Delisi, 1985: Climatology of the equatorial lower

stratosphere. J. Atmos. Sci., 43, 376-396.

,and , 1986: Evolution of potential vorticity in the winter

stratosphere of January-February 1979. J. Geophys. Res., 91,

1199-1208.

——, —— and M. P. Baldwin, 1988: Distribution of major strato-
spheric warmings in relation to the quasi-biennial oscillation.
Geophys. Res. Lett., 15, 136-139.

Edmon, H. J., B. J. Hoskins and M. E. Mclntyre, 1980: Eliassen~
Palm cross sections for the troposphere. J. Atmos. Sci., 37, 2600-
2616.

Garcia, R. R., 1987: On the mean meridional circulation of the middle
atmosphere. J. Atmos. Sci., 44, 3599-3609.

——, and S. Solomon, 1987: A possible relationship between inter-
annual variability in Antarctic ozone and the quasi-biennial os-
cillation. Geophys. Res. Lett., 14, 848-851.

Geller, M. A., 1989: Variations without forcing. Nature, 342, 15-16.

Hamilton, K., 1984: Mean wind evolution in the tropical lower
stratosphere. J. Atmos. Sci., 41, 2113-2125.

——, 1990: A look at the recently proposed solar-QBO-weather re-
lationship. J. Clim., 3, 497-503.

Hitchman, M. H., C. B. Leovy, J. C. Gille and P. L. Bailey, 1987:
Quasi-stationary zonally asymmetric circulations in the equa-
torial lower mesosphere. J. Atmos. Sci., 44, 2219-2236.

Holton, J. R., 1983: The stratosphere and its links to the troposphere.
Large-Scale Dynamical Processes in the Atmosphere, B. Hoskins
and R. Pearce, eds., Academic Press, 397 pp.

——, and H.-C. Tan, 1980: The influences of the equatorial quasi-

biennial oscillation on the global circulation at 50 mb. J. 4rmos.

Sci., 37, 2200-2208.

,and , 1982: The quasi-biennial oscillation in the Northern

Hemisphere lower stratosphere. J. Meteor. Soc. Japan, 60, 140~

148.

Kerr, R. A., 1989: Ozone hits bottom again. Science, 246, 324.

Killworth, P. D., and M. E. MclIntyre, 1985: Do Rossby-wave critical
layers absorb, reflect, or over-reflect? J. Fluid Mech., 161, 449—
492.

Labitzke, K., 1977: Interannual variability of the winter stratosphere
in the Northern Hemisphere. Mon. Wea. Rev., 105, 762-770.

—, 1981: Stratospheric-mesospheric midwinter disturbances: A
summary of observed characteristics. J. Geophys. Res., 86, 9665—
9678.

——, 1982: On the interannual variability of the middle stratosphere
during the northern winters. J. Meteor. Soc. Japan, 60, 124—

139.

, 1987: Sunspots, the QBO, and the stratospheric temperature

in the north polar region. Geophys. Res. Lett., 14, 535-537.

——, and H. van Loon, 1988: Associations between the 11-year solar
cycle, the QBO, and the atmosphere. Part I: The troposphere
and stratosphere in the Northern Hemisphere winter. J. Atmos.
Terr. Phys., 50, 197-206.

Lait, L. R,, M. R, Schoeberl and P. A. Newman, 1989: Quasi-biennial

AND MARK P. BALDWIN 1061

modulation of the Antarctic ozone depletion. J. Geophys. Res.,
94, 559-571. .

Livezey, R. E., and W. Y. Chen, 1983: Statistical field significance

and its determination by Monte Carlo techniques. Mon. Wea.
‘Rev., 111, 46-59.

Matsuno, T., 1971: A dynamical model of the stratospheric sudden
warming. J. Atmos. Sci., 28, 1479-1494,

Mclintyre, M. E., 1982: How well do we understand the dynamics
of stratospheric warmings? J. Meteor. Soc. Japan, 60, 37-65.

——, and T. N. Palmer, 1983: Breaking planetary waves in the
stratosphere. Nature, 305, 593-600.

——, and ——, 1984: The “surf zone” in the stratosphere. J. Atmos.
Terr. Phys., 46, 825~849.

Naujokat, B., K. Labitzke, R. Lenschow, K. Petzoldt and R.-C.
Wohlfart, 1988: The stratospheric winter 1987/88: An unusually
early major midwinter warming. Beil zur Berliner Wetterkarte,
506, 88.

Quiroz, R. S., 1980: Variations in zonal mean and planetary wave
properties of the stratosphere and links with the troposphere.
Pure Appl. Geophys. 118, 416-427.

——, 1981: The tropospheric-stratospheric mean zonal flow in win-
ter. J. Geophys. Res., 86, 7378-7384.

——, 1986: The association of stratospheric warmings with tropo-
spheric blocking. J. Geophys. Res., 91, 5277-5285.

Randel, W. J.,, 1987a: The evaluation of winds from geopotential
height data in the stratosphere. J. Atmos. Sci., 44, 3097-3120.

——, 1987b: Global atmospheric circulation statistics, 1000-1 mb.
NCAR Tech. Note. NCAR /TN-2954+STR, 245 pp.

Robinson, W., 1986: The application of the quasi-geostrophic Elias-
sen-Palm flux to the analysis of stratospheric data. J. Atmos.
Sci., 43, 1017-1023.

Scherhag, R., 1952: Die explosionsartigen Stratosphdrenerwafmungen
des Spitwinters 1951-1952. Ber. Deut. Wetterd., 6, 51-63.
Schoeber], M. R,, 1978: Stratospheric warmings: Observations and

theory. Rev. Geophys. Space Phys., 16, 521-538.

Trenberth, K. E., 1980: Atmospheric quasi-biennial oscillations. Mon.
Wea. Rev., 188, 1370-1377.

van Loon, H., R. A. Madden and R. L. Jenne, 1975: Oscillations in
the winter stratosphere: Part 1: Description. Mon. Wea. Rev.,
103, 154-162.

——, C. S. Zerefos and C. C. Repapis, 1982: The southern oscillation
in the stratosphere. Mon. Wea. Rev., 110, 225-229,

-——, and K. Labitzke, 1987; The southern oscillation, Part V: The
anomalies in the lower stratosphere of the Northern Hemisphere
in winter and a comparison with the quasi-biennial oscillation.
Mon. Wea. Rev., 115, 357-369.

Wallace, J. M., and D. S. Gutzler, 1981: Teleconnections in the geo-
potential height field during the northern winter. Mon. Wea.
Rev., 109, 784-812.

—, and F.-C. Chang, 1982: Interannual variability of the wintertime
polar vortex in the Northern Hemisphere middle stratosphere.
J. Meteor. Soc. Japan, 60, 149155,



