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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






