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ABSTRACT

Using 30 years of Northern Hemisphere geopotential data, from 1000 to 10 hPa, the link between three
fundamental modes of tropospheric variability [the Pacific/North America (PNA ), Western Pacific Oscillation
(WPO), and Tropical /Northern Hemisphere (TNH) patterns] and the extratropical wintertime northern
stratospheric circulation is explored. These modes of variability are known to be influenced by El Nifio/Southern
Oscillation (ENSO) and may provide a mechanism for ENSO to influence interannual variability of the strato-
spheric flow. Aside from any link to ENSO, these modes may be important in providing tropospheric wave
forcing to the stratosphere.

These modes may be characterized by three of the leading rotated empirical orthogonal functions of the
wintertime 500-hPa height field. An index of the amplitude of each of the modes is given by time series of
principal components of that mode. By examining composites of years with high-index values minus years with
low-index values it is shown that the zonal-mean stratospheric wind is not significantly influenced by any of
the three tropospheric modes. However, the variability of these tropospheric modes appears to be associated
with variations of stratospheric amplitudes of geopotential waves | and 2.

A comparison is made between the stratospheric influence of the equatorial quasi-biennial oscillation (QBO)
and the three tropospheric modes during the December-February period. The influence from the QBO is weak
in the troposphere and strongest in the stratosphere. The tropospheric modes’ influence is strongest in the
troposphere. At 50 hPa, the QBO’s influence is a strong modulation of the strength of the polar night jet and,
in terms of geopotential height, is about twice that of the PNA, WPO, or TNH modes. The effect of the QBO

on the stratospheric climate appears to be considerably larger than that from the three tropospheric modes.

1. Introduction

It is now fairly well established that the equatorial
quasi-biennial oscillation (QBO) acts to modulate the
northern winter stratospheric circulation. This concept
was first explored by Holton and Tan (1980, 1982),
who showed that the 50-hPa polar vortex was consid-
erably stronger during the west phase of the (50 hPa)
equatorial QBO. Recently, Dunkerton and Baldwin
(1991) and Baldwin and Dunkerton (1991) expanded
on Holton and Tan’s study to include more recent data
and explore the mechanism by which planetary-scale
wave propagation is modulated.

The QBO is one of several possible “external” influ-
ences on the interannual variability of the northern
winter stratospheric flow. Other possible forcings in-
chude the solar cycle (with effects probably strongest
in the equatorial upper stratosphere—associated with
ozone heating), the remote effects of El Nifio/Southern
Oscillation (ENSO), and forcing from below by tro-
pospheric circulation anomalies. Our approach in this
paper is to examine the stratospheric circulation
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anomalies associated with those tropospheric modes
that are linked to ENSO. This approach emphasizes
the relationship between tropospheric circulation
modes and changes to the stratospheric flow. The link
from ENSO to stratospheric circulation anomalies is
thus indirect.

One approach used to investigate ENSO’s effect on
the stratosphere is to compare directly some measure
of ENSO with stratospheric variables. Wallace and
Chang (1982) compared measures of the QBO and
ENSO with the state of the polar vortex at 30 hPa. Van
Loon and Labitzke (1987) examined the contributions
to stratospheric interannual variability from ENSO.
Both Wallace and Chang (1982) and van Loon and
Labitzke (1987) showed that the phases of the QBO
and ENSO tended to coincide, so that separation of
the effects of ENSO from those of the QBO is difficult.
Van Loon and Labitzke categorized each winter as cold,
warm, or mean. During warm events, the polar vortex
was found to be anomalously weak with an intense
Aleutian high, while cold events were associated with
a strong polar vortex and weak Aleutian high. To assess
the effect of the QBO, they used only the mean years
and found results similar to those of Holton and Tan.

Recently, Hamilton (1993a) performed calculations
similar to van Loon and L.abitzke’s using data through
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1992, His investigation confirmed van Loon and La-
bitzke’s earlier results. Hamilton also found that the
composite differences in geopotential, using several dif-
ferent strategies to isolate ENSO effects from those of
the QBO, were not statistically significant. Using the
Geophysical Fluid Dynamics Laboratory “SKYHI”
general circulation model (Fels et al. 1980), Hamilton
(1993b) compared control model runs with model runs
incorporating an enhanced region of sea surface tem-
perature similar to that observed during warm ENSO
events. The resulting stratospheric anomaly was quite
similar to that observed. These results indicate that
ENSO’s stratospheric influence is probably genuine,
but less than that of the QBO, and consists primarily
of variations in wave amplitudes with a small effect on
the zonal mean.

A fundamental difficulty in determining ENSO’s
stratospheric effects is to separate such associations
from those of the QBO. If ENSO were uncorrelated
with the QBO, and ENSO phases did not tend to match
phases of the QBO, the problem would be minimized.
By some measures of ENSO, the phases greatly overlap
in the period since 1964, so that warm ENSO events
are observed to coincide with an easterly QBO phase.
If warm and cold ENSO events are defined as in van
Loon and Labitzke (1987) and Hamilton (1993a) for
the period 1964-1992, six of eight warm ENSO events
occurred during easterly QBO years. Similarly, six of
seven cold ENSO events happened when the QBO was
westerly. In contrast, the correlation coefficient between
the Tahiti-Darwin sea level pressure index [Southern
Oscillation index or (SOI)] and Singapore 40-hPa wind
(representative of the QBO) for 1964-1993 is only 0.03.
In any case, it is desirable to separate the effects of the
QBO from those of ENSO.

The question naturally arises as to whether or not
the QBO and ENSO are somehow dynamically linked,
resulting in the observed overlap of phases. The possible
relationship between the QBO and ENSO has been
investigated by several authors ( Yasunari 1989; Geller
and Zhang 1992; Gray et al. 1992; Angell 1992). An
analysis of links between ENSO and QBO time series
was made by Xu (1992), who found that the relation-
ship between the two phenomena is not statistically
significant. At this time, we know of no definitive ev-
idence that the two phenomena are linked, although
the possibility cannot be ruled out.

A further difficulty in separating the effects of ENSO
and the QBO on the zonal-mean stratospheric circu-
lation is that the stratosphere appears to have only one
response to external forcing. In their empirical orthog-
onal function (EOF) analysis, Dunkerton and Baldwin
(1992 ) showed that the leading spatial mode of zonally
averaged zonal wind, having a dipole structure nearly
identical to that of the response to the QBO, explained
approximately 70% of the variance of December-Jan-
uary-February (DJF) means, even though the time
series of this mode contained other signals besides the
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equatorial QBO. In the absence of wave driving, the
polar vortex would be cold, strong, and undisturbed—
similar to the Southern Hemispheric vortex. The zonal
mean response to modulation of planetary-wave driv-
ing may not depend on the source of that modulation,
whether from the QBO, ENSO, or extratropical tro-
posphere. ’

Rather than examining a direct connection between
ENSO and the extratropical stratosphere, we will con-
sider that ENSO’s effect on the stratosphere may be
through modulation of the tropospheric flow. That is,
ENSO may predispose the extratropical flow to a par-
ticular pattern(s) of low-frequency variability, which
may then affect the stratosphere through vertical cou-
pling. Three of the fundamental modes of variability
of the midtropospheric flow [the Pacific/North Amer-
ica (PNA) mode (Wallace and Gutzler 1981), the
Western Pacific Oscillation (WPO) (Wallace and
Gutzler 1981), and the Tropical/Northern Hemi-
sphere mode (TNH ) (Livezey and Mo 1987; Barnston
and Livezey 1987)] are observed to be linked to the
state of ENSO. These modes may be seen with grid-
point correlations (e.g., Wallace and Gutzler 1981) or
as leading rotated EOFs (e.g., Mo and Livezey 1986)
of the midtropospheric extratropical flow. These modes
of variability could act to communicate an ENSO signal
to the stratosphere.

The degree to which ENSO can be said to influence
each of these modes depends on the definition of a
time series representative of ENSO and also on the
time series of the amplitudes of the extratropical modes.
Unfortunately, there is no single index that can char-
acterize the state of ENSO. Various indices may be
used as measures of the state of ENSO, including those
based on SST, sea level pressure differences, 200- or
850-hPa wind anomalies, outgoing longwave radiation,
and rainfall. If the SOI is used to define ENSO, then
the sum of the variance associated with the three ex-
tratropical modes is 54%. The results are similar if the
modes are defined by gridpoint anomalies. The cor-
relations between the SOI and the EOF-based PNA,
WPO, and TNH modes are —0.29, —0.27, and —0.62,
respectively. Based on time series of gridpoint anom-
alies, which are not orthogonal, the correlations are
—0.45, —0.35, and —0.53, respectively. Thus, most of
the variance of each tropospheric mode is not asso-
ciated with ENSO. We take the view that, for this anal-
ysis, the association of a precise fraction of ENSO vari-
ance with each tropospheric mode is not important.
We assume that ENSO has some influence on the three
tropospheric modes but does not explicitly refer to any
ENSO index. Rather, we examine the relationships be-
tween the tropospheric modes of variability and the
stratospheric flow. :

As a measure of the amplitudes of the PNA, WPO,
and TNH patterns, we use the time series of the prin-
cipal component of the leading EOFs (using varimax
rotation of 10 modes) that correspond closely to these
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500-hPa PNA Mode: 17.8%

patterns. In this paper, these EOFs will be referred to
as the “PNA-like mode,” “the WPO-like mode,” and
the “TNH-like mode.” Varimax rotation tends to lo-
calize the patterns and produces patterns that are closer
to gridpoint-based correlations (e.g., Wallace and
Gutzler 1981) than unrotated EOFs. The EOF-based
definitions are used because they can be expected to
be more stable than an index constructed from two,
three, or four grid points. Most of the calculations were
repeated using indices based on the gridpoint centers
of action of the patterns. These results are considered
in section 8.

The EOF-based time series of the extratropical
modes are, fortuitously, nearly uncorrelated with the
QBO. The correlation coefhicients between the 40-hPa
Singapore wind and the time series representing the
PNA, WPO, and TNH modes are 0.14, —0.01, and
0.01, respectively. An alternate view is to compare the
sign of the QBO with the sign of the three EOF-based
time series. The QBO phase and the sign of the PNA
and WPO time series are the same during exactly 50%
of the years. Only the time series representing the TNH
pattern shows some overlap. During 12 years, the TNH
time series and the QBO have the same sign, and 18
years have the opposite sign.

2. Dataset, processing, and conventions

The data consist of National Meteorological Center
1200 UTC heights and temperatures daily for the pe-
riod 1 January 1964 through 8 May 1993. These data
are available north of 18°N at the levels 1000, 850,
700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, and
10 hPa. Zonal-mean winds were calculated using the
gradient balance method. The linear balance method
(Hitchman et al. 1987; Robinson 1988) was used to
calculate zonally asymmetric winds, which were needed
for the Eliassen-Palm flux computations.

Seasonal-mean fields (both zonal-mean and hori-
zontal grids) were then created for each DJF period
from the daily data. These seasonal-mean fields were
used in all of the calculations below. Correlations and
composites involving grids of geopotential height were
performed on a 4° latitude by 5° longitude grid.

EOFs were calculated from 30 DJF means of 500-
hPa geopotential using the covariance matrix. The
leading modes were then obtained using varimax ro-
tation (Richman 1986). These modes were calculated
using a 317-point polar stereographic grid that corre-

FI1G. 1. Three of the leading rotated EOFs of the temporal covari-
ance matrix of 500-hPa geopotential based on winter (December—
February) for the years 1964-1993. Ten modes were rotated using
varimax rotation. The value at each grid point is the correlation coef-
ficient between the principal component time series and the geopo-
tential anomalies at that point. The fraction of the variance over the
domain explained by each mode is shown above each panel.
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Composite: 10-hPa Z by PNA EOF
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Significance: 10-hPa Z by PNA EOF

F1G. 2. Geopotential composites created by averaging all years in which the time series of the expansion
coefficients of the PNA-like EOF was positive and subtracting all years in which it was negative. Panels on
the left side of the figure show composite differences (m). The contour interval is 20 m for 500-50 hPa and
40 m at 10 hPa. Absolute values greater than 40 m are shaded for 500-50 hPa and greater than 120 m at
10 hPa. Panels on the right side show corresponding significance levels based on a one-sided ¢ test. Values
significant at more than the 0.05 level are shaded. The levels contoured are 0.05, 0.01, 0.003, 0.001, 0.0003,

0.0001, 0.00003, ...

sponds to approximately 6° latitude horizontal reso-
lution. The time series of the amplitudes of the modes
(principal components) of the PNA-, WPO-, and
TNH-like modes are orthogonal and used as indices
of the amplitudes of the respective patterns. The re-
sulting principal component time series were not sen-
sitive to the number of leading EOFs used in the vari-
max procedure. Ten modes are used for all computa-
tions presented below, although the results are very
similar if 8-12 modes are rotated.

The signs of the EOF patterns calculated by this
method are arbitrary. To be consistent with recent lit-
erature, the signs of the indices were adjusted so that,
at 500 hPa, the PNA pattern has positive values over

western North America. The WPO pattern is negative
in the northern part of its dipole, while the TNH pat-
tern has a positive center over eastern North America
(Fig. 1).

The QBO time series data consist of the DJF average
of the 40-hPa (the average of 30 and 50 hPa) Singapore
(1°N) wind. The tropical stratospheric zonal wind is
nearly zonally symmetric, so any individual station
near the equator is fairly representative of the zonal
mean.

3. Statistical analysis

The composite difference maps shown below are ei-
ther horizontal hemispheric maps of geopotential or



APRIL 1995 BALDWIN AND O’SULLIVAN 653

Composite: 100-hPa Z by PNA EOF Significance: 100-hPa Z by PNA EOF

F1G. 2. (Continued)
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p Compolsne Wave 1 by PNA EOF

o Cornposnle Wave 2 by PNA EOF
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FiG. 3. Composites created by averaging all years in which the time series of the expansion coefficients of the PNA-like EOF was positive
and subtracting all years in which it was negative: (a) zonal-mean wind (m s™1); (b) amplitude of zonal wavenumber | (m); (c¢) amplitude
of zonal wavenumber 2 (m). The panels below show corresponding significance levels based on a one-sided { test. Values significant at more

than the 0.05 level are shaded. The levels contoured are 0.05, 0.01, 0.003, 0.001, 0.0003, 0.0001, 0.00003, . ...

approximate wintertime tropopause.

latitude-height zonal averages of wind or wave ampli-
tudes. In both cases, the statistical significance of a
composite difference at an individual grid point is cal-
culated using a Student t-test for the difference of two
means, m, and m, containing n, and n, points, with
standard deviations ¢; and o5:

m, — n

7T I\"
5
n m
1/2
o _( ) .

From these values of the ¢ statistic, a one-tailed ¢ test
is performed to estimate the significance of each com-
posite difference. A one-tailed test, rather than a two-

t= (1)

and

n,al +n20'2
n +n2—2

(2)

Triangles represent the

tailed test, is used for the following reasons: the spatial
patterns in the composite differences tend to be spatially
large scale and continuous. The patterns also originate
from a pattern of known sign (e.g., the PNA pattern).
For example, we define the PNA pattern at 500 hPa,
so the centers of action and signs are known at that
level. If a grid point above one of the centers of action
at 250 hPa is to be tested for significance, the hypothesis
is that a composite difference of the same sign is found
at 250 hPa. Horizontal maps or latitude-height cross
sections showing the local significance levels are used
together with dimensional composite differences to il-
lustrate the extent of the patterns.

To determine if a field of ¢ statistic values is signif-
icant, a suitable test statistic was devised to estimate
how likely such a field would be to occur by chance
(Livezey and Chen 1983; Barnston and Livezey 1989).
For the latitude-height cross sections, the value of £ is
averaged over the stratosphere (taken to be all grid
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F1G. 4. The 50-hPa geopotential composites created by averaging
all years in which the time series of the expansion coefficients of the
PNA-like EOF was positive and subtracting the average of all years
for which the time series was negative. The calculation includes only
those years when the QBO was westerly. The contour interval for
both panels is 20 m. Values greater than 40 m and less than —40 m
and shaded.

points from 150 to 10 hPa). For the horizontal maps,
¢ is first averaged over longitude and then over latitude,
to be consistent with the method used for the cross
sections.

To estimate the significance of the integrated ¢ sta-
tistic, Monte Carlo simulations were performed in
which the categorization of each year was randomly
assigned, keeping the same number of years in each
category (e.g., 15/15). For each data field, 10 000 sim-
ulations were performed with random assignments of
each year to each composite category. For each sim-
ulation, the integrated ¢ statistic was calculated. Thus,
for each data field, a distribution of the integrated ¢
statistic was obtained. The significance of an observed
integrated ¢ value is then estimated by comparison to
this ¢ statistic distribution.

It should be emphasized that the field significance
calculations are only estimates and will be treated as
general guides. For the latitude-height cross sections,
the method described above equally weights grid points
from 150 to 10 hPa and from 18°N to the pole. The
region used, as well as any latitudinal weighting, is a
subjective choice. The application of field significance
to the horizontal maps is more problematic. The vari-
max rotation procedure produces EOFs that are re-
gional structures, but the integrated ¢ statistic tests the
entire grid. For this reason the change with height of
the field significance will be emphasized.
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4. Stratospheric features associated with the PNA
pattern

Figure la illustrates the PNA-like mode obtained by
varimax rotation of the leading 10 EOFs. The value at
each grid point is the correlation coefficient between
the time series of the principal component of that mode
and the geopotential anomalies at that point. The PNA-
like mode accounts for 17.8% of the variance of the
field.

The series of plots in Fig. 2 illustrates the vertical
variation of the horizontal structure of the composite
difference of geopotential between years with positive
and negative values of the time series of the amplitude
of the PNA EOF. Each panel in the left column was
created by taking the difference between the average
geopotential height during winters when the time series
of the principal components was positive and subtract-
ing the average when it was negative. The correspond-
ing panels in the right-hand column show contours of
the local significance level of the composite difference.

With increasing height, the PNA pattern becomes
weaker but is recognizable at 100 hPa. The centers of
action remain geographically fixed. At 500 hPa, the
main features compose the PNA pattern with only a
few outlying areas significant at the 0.05 level. The
value of the integrated ¢ statistic at 500 hPa is 1.27,
with a value of 1.22 significant at the 0.05 level. Even
at the level where the pattern is defined, the average
value of the ¢ statistic indicates significance at only the
0.05 level. This illustrates that because the PNA pattern
is confined to one region, the hemispheric measure of
its significance is only moderate. The integrated ¢ sta-

FIG. 5. As in Fig. 4 except only years in which
the QBO was easterly were used.
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Composite: 10-hPa Z by WPO EOF
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Significance: 10-hPa Z by WPO EOF

Significance: 50-hPa Z by WPO EOF

F1G. 6. As in Fig. 2 except the time series of the expansion coefficients of the WPO-like EOF
was used to create the composites.

tistic indicates that the PNA anomalies remain signif-
icant at the 0.05 level up to 100 hPa but drops off
substantially above that level.

At 250 hPa, another center near 90°E can be seen.
This feature, together with a center near the Greenwich
meridian (visible at 250 hPa and higher) form a wave-
2 pattern that dominates the stratosphere. As the PNA
pattern becomes weaker with height, anomalies near
90°E and the Greenwich meridian dominate the pat-
tern (e.g., at 10 hPa). This filtering of higher wave-
numbers in the stratosphere is consistent with the linear
propagation ideas originating with Charney and Drazin
(1961). The wave-2 pattern can be seen most clearly
at the 50-hPa level. This figure corresponds to Holton
and Tan’s (1980) 50-hPa geopotential composites
based on the sign of the QBO. Only at the 50- and 10-
hPa levels is there even a small anomaly near the pole.
This contrasts with composites based on the QBO

(section 7), in which the polar vortex is strongly mod-
ulated.

The zonal-mean PNA signal is illustrated in Fig. 3,
showing composite differences between years with
positive and negative values of the time series of the
amplitude of the PNA-like mode. Figure 3a illustrates
the zonal wind composite difference that is dominated
by a tropospheric dipole centered on about 40°N. This
structure is mainly confined to below 70 hPa, with a
small anomaly in the middle stratosphere ( near the 10-
hPa level). Figure 3d shows the corresponding values
of local significance that decrease sharply above the
tropopause. The large interannual variability of the
polar night jet makes the stratospheric composite dif-
ferences of about 1 m s™! insignificant.

The zonal-mean anomaly in wave-1 amplitude is
shown in Fig. 3b. Although there is a substantial mod-
ulation of wave-1 amplitude at about 40°N in the tro-
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Composite: 100-hPa Z by WPO EOF Significance: 100-hPa Z by WPO EOF

FI1G. 6. (Continued)
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Composite: Wave 1 by WPO EOF
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F1G. 7. As in Fig. 3 except the time series of the expansion coefficients of the WPO-like EOF was used to create the composites.

amplitude of the PNA pattern in the midtroposphere
is communicated to the stratosphere through the ex-

posphere, this feature decreases above the tropopause.
There is, however, a substantial difference in wave-1

amplitude at high latitudes, which increases with height.
The values of the local significance (Fig. 3e), however,
indicate that none of the stratospheric pattern is sig-
nificant at the 0.05 level. Field significance tests confirm
that the average stratospheric association is not un-
usual.

The composited anomaly in wave 2 is illustrated as
Fig. 3¢. The amplitude of wave 2 increases with height
above the tropopause and affects the entire stratosphere
north of 40°N. Although the response at 500 hPa is
very small, the difference in wave-2 amplitudes in-
creases in the vertical up to 30 hPa. The values of local
significance (Fig. 3f) shows that the most significant
composite difference is found in the lower stratosphere,
peaking at 50 hPa, in contrast to the composite in zonal
wind and wave-1 amplitude, which are largest in the
troposphere. The field significance tests (Fig. 3f) in-
dicate that this association is significant at the 0.05
level.

Based on the horizontal correlation maps and the
wave-2 composites, it appears that modulation of the

citation primarily of wave 2, which extends vertically.
Wave 1 may also be involved in the stratospheric
association, although the amplitude is not large
enough to be statistically significant. Zonal wind
composites indicate that these characteristics of the
PNA pattern extend only into the lower stratosphere
and decay rapidly with height. These calculations in-
dicate that the polar vortex, and the likelihood of
sudden warmings, is not affected greatly by the PNA
signal.

The mean flow is different for the east and west
phases of the QBO (Dunkerton and Baldwin 1991),
modulating the upward propagation of planetary-scale
waves. One might expect that the composite differences
based on the PNA index could differ, depending on
the sign of the QBO. During the east phase of the QBO,
upward propagating waves are more effective at chang-
ing the high-latitude zonal-mean flow. Figure 4 illus-
trates composites at 50 hPa for the west QBO phase,
while Fig. 5 illustrates the east QBO phase. The pattern
of wave 2 is evident in both composites. The east-phase
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Significance: 10-hPa Z by TNH EOF

F1G. 8. As in Fig. 2 except the time series of the expansion coefficients of the TNH-like EOF
was used to create the composites.

composite is more zonally symmetric with a larger
composite difference over the polar cap. Although this
result is consistent with the idea that the QBO affects
the vertical propagation of tropospheric waves, the dif-
ference between these composites is not large and the
composites are not statistically significant at the 0.05
level.

5. Stratospheric features associated with the WPO
pattern

Figure 6 illustrates composite geopotential anomalies
based on the time series of the principal component
of the WPO-like EOF. The WPO pattern is clearly vis-
ible at 500 and 250 hPa. At 100 hPa, the North Pacific
center is dominant, while a new center over Canada is
visible. This pattern continues at 50 hPa, with only the
Canadian center remaining at 10 hPa. Values of the

integrated ¢ statistic drop from 1.23 at 250 hPa (sig-
nificant at the 0.05 level) to 0.76 at 100 hPa, well below
the 1.27 needed for significance at the 0.05 level. One
would expect the 500- and 250-hPa responses to be
genuine. More important is the decrease with height,
indicating that the response decreases above the tro-
popause.

Composites of zonal-mean values of wind, wave-1
amplitude, and wave-2 amplitude (Fig. 7) provide an
additional view of the WPO association. The small dif-
ference in the composite of zonal wind (Fig. 7a) is
significant at the 0.05 level only at small number of
grid points (Fig. 7d). Similarly, the wave-1 composite
difference is small (Figs. 7b,e). However, the wave-2
composite, shown in Figs. 7¢, f, is field significant at
the 0.05 level. The geopotential response (e.g., 50 hPa
in Fig. 6) projects mostly onto wave 2. Although the
wave-2 composite difference is nowhere large, about



660 JOURNAL OF CLIMATE VOLUME 8
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FI1G: 8. (Continued)
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F1G. 9. As in Fig. 3 except the time series of the expansion coefficients of the TNH-like EOF was used to create the composites.

half the stratospheric grid exceeds the local 0.05 sig-
nificance level.

Based on these composites, the stratospheric asso-
ciation to the WPO-like EOF appears to be weak but
probably real. The effect on the zonal-mean flow is
negligible, so an influence on the likelihood of sudden
warmings is unlikely. The response appears to be con-
fined to a high-latitude pattern with centers over Can-
ada and the North Pacific, which projects primarily
onto zonal wave 2.

6. Stratospheric features associated with the TNH
pattern

The geopotential composites based on the time series
of the principal component of the TNH-like EOF are
shown in Fig. 8. The TNH pattern is clearly visible at
tropospheric levels and at 100 hPa. At 50 hPa, only
the Canadian center remains, with a smaller feature of
opposite sign over Europe. At 10 hPa, the composite
difference is weaker and centered near the pole. Unlike
the WPO response, the 500-hPa TNH pattern is con-

fined to a very small area of the grid. Consequently,
the tropospheric-integrated ¢ statistic values (0.98 at
500 hPa) are not significant at the 0.05 level (1.22
would be required ). This again illustrates a shortcom-
ing of the use of a hemispherically integrated quantity
to measure the statistical significance of what is really
a locally confined pattern. However, the values of the
integrated ¢ statistic remain near 1.0 through 50 hPa
and drop to 0.67 only at 10 hPa.

The zonal-mean wind composite (Fig. 9a,d) is
small and not significant in the stratosphere. The
amplitudes of wave 1 and wave 2 (Figs. 9b,c,¢, f ) are
moderate but not significant at the 0.05 level. Since
the geopotential TNH composite differences are rel-
atively small, the associated wave amplitudes cannot
be expected to be large. Both wave 1 and wave 2
show locally significant values in the stratosphere
poleward of 40°N. Like the WPO response, the tro-
pospheric TNH pattern is associated with changes
in stratospheric wave amplitudes and local geopo-
tential anomalies but with very little change to the
zonal-mean flow.
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Composite: 10-hPa Z by QBO Index
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Significance: 10-hPa Z by QBO Index

F1G. 10. As in Fig. 2 except the time series of the 40-hPa Singapore wind
was used to create the composites.

7. Comparison with effects of the QBO

After examining the stratospheric response asso-
ciated with tropospheric modes of variability, a com-
parison with the influence from the QBO is appropriate.
The stratospheric response to the QBO is modulation
of the zonal-mean wind. Composite differences were
created using the time series of the DJF zonal wind at
Singapore at 40 hPa in a manner similar to that used
to create the PNA, WPO, and TNH composites. Figure
10 illustrates the composite differences in geopotential
based on the QBO. The signature of the QBO is neg-
ligible at 500 hPa but becomes significant at the 0.05
level at 100 hPa. At 10 hPa, the value of the integrated
¢ statistic indicates significance at the 0.001 level. The
maximum composite difference in geopotential height
at 50 hPa is slightly more than 280 m, about twice the
amplitude at any individual grid point from the three
tropospheric modes.

Figures 11a,d show the composite difference in
zonal-mean wind. This response is characteristic of
the first EOF of zonal-mean wind (Nigam 1990;
Dunkerton and Baldwin 1992). The local signifi-
cance values (Fig. 11d) increase upward through the
middle stratosphere, in contrast to the patterns as-
sociated with the tropospheric EOFs that tend to de-
cay above 100 hPa. The observed response is con-
sistent with that from modeling studies in which the
QBO was varied (O’Sullivan and Young 1992). Un-
like the PNA and WPO responses, the effect of the
QBO is primarily to modulate the strength of the
polar vortex.

The amplitudes of waves | and 2 in the strato-
spheric composite differences (Figs. 1 1b,c,e, f ) are
moderate. Although not field significant at the 0.05
level, the stratospheric composite difference in
wave-2 amplitude, which can be seen as an elon-
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Composite: 100-hPa Z by QBO Index Significance: 100-hPa Z by QBO Index

F1G. 10. (Continued)
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gation of the polar 10-hPa pattern in Fig. 10, is lo-
cally significant over almost half the stratospheric
grid.

It was shown in Dunkerton and Baldwin (1991) and
Baldwin and Dunkerton (1991) that the Eliassen-Palm
(EP) flux (Edmon et al. 1980) is modulated by the
QBO. It is important to include the full transient wave
field (daily data) in calculating the EP flux before per-
forming the seasonal average, as it is primarily the
transiznt rather than the stationary waves that are af-
fected by the QBO. The EP flux (which represents the
propagation of wave activity in the zonal-mean plane)
and the divergence of this flux (which indicates forcing
of the zonal flow by the waves) is modulated in a man-
ner consistent with the difference in the zonal flow be-
tween the east and west phases of the QBO. Figure 12
illustrates the composite differences in the EP flux based
on time series of the three tropospheric modes and the
40-hPa QBO.

The vectors do not represent absolute propagation
but only a difference between composites of positive
and negative values of the respective indices. Similarly,
the EP flux divergence represents the difference be-

tween the two composites. Both the vectors and the
divergence are scaled by a factor of cos24. The EP flux
divergence is somewhat noisy, so these EP flux calcu-
lations should be used only as an indication of the effect
of the waves on the mean flow.

Only the QBO composite (Fig. 12d) shows a sub-
stantial response in the stratosphere. For the composites
based on the tropospheric EOFs, the modulation of
the EP flux divergence is confined mainly to the tro-
posphere and the lowest parts of the low-latitude
stratosphere. The upper tropospheric patterns of the
difference in EP flux divergence for the three EOF-
based composites are consistent with the respective
modulation of zonal-mean wind (Figs. 3, 7, and 9).
The modulation by the QBO is also seen in the middle
stratosphere.'

! Baldwin and Dunkerton (1991), using data from 1978-1990 up
to | hPa, showed (as their Fig. 5) a similar figure to Fig. 12d in which
the response was much larger above 10 hPa. The modest features in
Fig. 12d near 10 hPa appears to be the lowest extent of substantial
EP flux divergence modulation by the QBO.
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FIG. 11. As in Fig. 3 except the time series of the 40-hPa Singapore wind was used to create the composites.
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FIG. 12. Composite difference of Eliassen—Palm flux for all years when the time series of the expansion coefficients of the EOF was positive
minus the average for all years when the time series was negative: (a) PNA-like mode, (b) WPO-like mode, and (¢) TNH-like mode. The
composite for panel (d) was created using the time series of the 40-hPa Singapore winds, using east minus west phase for comparison with
Fig. 5 of Baldwin and Dunkerton (1991). Contours of the EP flux divergence are in m s™! day™!, multiplied by cos?. The vectors have also
been multiplied by cos?0. The triangles represent the approximate wintertime tropopause.

8. Discussion

ENSO has been linked to modulation of three modes
of variability in the midlatitude troposphere: the PNA,
WPO, and TNH patterns. These patterns may be char-
acterized by three of the leading EOFs of the 500-hPa
flow. If ENSO has a remote effect on the winter strato-
sphere, the signal may be communicated through the

extratropical troposphere by modulation of these fun-
damental modes of variability.

Time series of the PNA, WPO, and TNH modes
are represented by the amplitude of the principal
component of rotated EOFs that correspond to the
three patterns. The results of composites and cor-
relations based on these time series of the PNA-,
WPO-, and TNH-like modes show that the zonal-
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mear wind responses to these patterns tend to decay
in the lower stratosphere. The patterns in composite
differences in geopotential appear to be genuine but
fall below the 0.05 level of statistical field significance.
With only 30 years of data, the statistical tests de-
mand large amplitude composite differences over a
substantial part of the hemisphere. If the composites
truly are of only moderate strength, such tests will
find that the patterns are not statistically significant.
The stratospheric geopotential responses to all three
modes project more onto zonal wave 2 than zonal
wave |. The wave-2 patterns associated with both
the PNA- and WPO-like modes are field significant
at the 0.05 level. The TNH wave-2 composite anom-
aly is slightly smaller but overall the TNH patterns
had the lowest significance values, even in the tro-
posphere. .

Since alternative definitions of the amplitudes of the
PNA, WPO, and TNH patterns might change these
results, most of the composite differences were repeated
using gridpoint-based time series of normalized geo-
potential anomalies (e.g., Wallace and Gutzler 1981).
The results of these calculations did not differ substan-
tially from those using EOF-based time series. The
geopotential composites are very similar, with some
differences in the amplitudes of wave 1 and wave 2.
The PNA responses are nearly identical for EOF- and
gridpoint-based time series. The WPO patterns using
the gridpoint-based time series are slightly larger in both
wave 1 and wave 2. The stratospheric TNH pattern
based on the gridpoint index is dominated by wave 2
and is slightly weaker at 50 hPa than the EOF-based
composite difference. The integrated ¢ statistic for the
gridpoint-based wave-2 TNH composite falls just below
the 0.05 significance level.

A comparison with the stratospheric response as-
sociated with the QBO shows that the QBO’s influence
on the DJF-averaged circulation is primarily on the
zonal-mean flow, whereas the association with the three
tropospheric modes is mainly limited to wave com-
ponents. In absolute terms, the QBO-based geopoten-
tial composites at 50 hPa are almost 300 m, compared
with about 110 m for the PNA-like mode, 130 m for
the WPO-like mode, and 150 m for the TNH-like
mode. The QBO appears to be more important as a
factor controlling the circulation of the polar strato-
sphere. The minimum temperatures reached in the
polar vortex, of considerable importance in the for-
mation of polar stratospheric clouds and attendant
ozone depletion, require a strong, undisturbed polar
vortex (Garcia and Solomon 1987). These are con-
ditions primarily associated with the west phase of the
QBO, but amplitudes of waves | and 2 could also in-
fluence conditions in the polar vortex (Baldwin and
Holton 1988).

This paper examines only one possibility for a link
between ENSO and the stratospheric flow. The focus
of this paper is on linear relationships between time
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series of the amplitudes of three ENSO-related EOFs
and the state of the stratosphere. The North Atlantic
Oscillation (NAQ) represents another tropospheric
mode of variability. The NAO does appear to be linked
to the state of the polar vortex (Baldwin et al. 1994).
Other, nonlinear, relationships could be important. It
is possible that a superposition of tropospheric modes
may be associated with stratospheric variability or that
there is a midlatitude response only during strong warm
ENSO events. Perhaps the transmission of an ENSO
signal through the midlatitude troposphere to the
stratosphere could possibly be accomplished through
mechanisms not considered in this paper.
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