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ABSTRACT
The causes of the annual cycle and nonseasonal variability in the globally averaged, equator-to-pole Brewer–
Dobson circulation (BDC; defined here as the equatorially symmetric component of the Lagrangian-mean
meridional circulation) are investigated based on zonally averaged, lower-stratospheric temperature data
from satellite-borne Microwave Sounding Unit (MSU) and Advanced Microwave Sounding Unit (AMSU).
Time-varying vertical velocities in the BDC are inferred from departures of the meridional temperature
profiles from the respective radiative equilibrium temperature profiles. Equatorward of ;458N/S, the annualmean profile of lower-stratospheric temperature and the seasonal and nonseasonal variations about it project
almost exclusively onto the equatorially symmetric component. The climatological-mean annual cycle accounts for nearly 90% of the month-to-month variance of the equatorially symmetric component of the
temperature field; January/February is colder than July/August equatorward of ;458N/S and warmer than
July/August poleward of that latitude. The equator-to-subpolar temperature contrast roughly doubles from
July/August to January/February, implying an approximate doubling of the strength of the BDC. The nonseasonal variability is dominated by a similar pattern. Tropical upwelling in the BDC, as inferred from of the
temperature field, varies in response to variations in eddy heat fluxes at high latitudes with comparable
strength on the intraseasonal and interannual time scales; it does not appear to be correlated with equatorial
tropospheric planetary wave activity or with variations in wave forcing in subtropical lower stratosphere. It is
concluded that high-latitude wave forcing plays an important role in modulating tropical upwelling in the
BDC across a wide range of frequencies.

1. Introduction
The stratosphere is ventilated by the Brewer–Dobson
circulation (BDC), which is marked by low-latitude ascent
and high-latitude descent (Brewer 1949; Dobson 1956;
Andrews et al. 1987). Adiabatic warming of descending
air in the high-latitude branch of the BDC keeps polar
temperatures in the winter hemisphere above radiative
equilibrium (e.g., Andrews et al. 1987). In a similar manner, adiabatic cooling of ascending air entering the tropical lower stratosphere gives rise to a distinctive ‘‘tropical
cold point’’ just above the 100-hPa level with temperatures on the order of 2808C. The rate of tropical upwelling, or the strength of the BDC, determines the
tropical cold point temperature and consequently the
water vapor mixing ratio of the ‘‘freeze-dried’’ air en-
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tering the stratosphere. It also controls the concentrations of long-lived chemical species of tropospheric origin
in the lower stratosphere.
The existence of pronounced annual cycles in tropical
cold point temperature (Reed and Vlcek 1969) and in
the mixing ratios of water vapor, ozone, methane, and
other chemical species in the tropical lower stratosphere
(Russell et al. 1993; Mote et al. 1995, 1996; Niwano et al.
2003; Folkins et al. 2006; Schoeberl et al. 2006; Randel
et al. 2007; Schoeberl et al. 2008) suggests that tropical
upwelling in the BDC is substantially stronger in January
than in July. The BDC also exhibits more subtle nonseasonal variability on intraseasonal and interannual time
scales as discussed below. Long-term trends in the strength
of the BDC and the associated rate of ventilation of the
stratosphere have been the focus of studies by Butchart
and Scaife (2001), Sigmond et al. (2004), Eichelberger
and Hartmann (2005), Butchart et al. (2006), Li et al.
(2008), Garcia and Randel (2008), and Fu et al. (2009).
The annual-mean BDC is thermally indirect with upwelling of cold air in the tropics and descent of warmer

DOI: 10.1175/2009JAS3216.1
Ó 2010 American Meteorological Society
Unauthenticated | Downloaded 01/09/23 06:33 AM UTC

APRIL 2010

UEYAMA AND WALLACE

air at high latitudes and hence must be mechanically
driven. Haynes and McIntyre (1987) and Haynes et al.
(1991) argued that it is driven by the breaking of vertically propagating Rossby waves and gravity waves in the
extratropics. In these studies, the tropical upwelling in
the BDC is interpreted in terms of an extratropical suction pump that operates in accordance with the downward control principle, which states that the steady-state
vertical mass flux across any given level is controlled by
the vertically integrated (along angular momentum contours) zonal force above that level.
It is widely believed that wave breaking in the extratropical stratosphere plays an important role in driving
the BDC, but it is not clear how much of that forcing
derives from the wintertime polar night jet region and
how much of the forcing is due to wave breaking at lower
latitudes. The downward control principle predicts that
the time-mean response to wave forcing is local in the
latitude domain but that a wave forcing can exert a nonlocal control under transient conditions whereby the induced mean meridional circulation extends horizontally
away from the forcing region (Haynes et al. 1991; Holton
et al. 1995). Thus, it is conceivable that transient variations in the strength of the BDC and the associated variations in tropical upwelling could largely be driven by
high-latitude wave forcing.
Randel et al. (2002a,b) showed observational evidence
that tropical upwelling, as inferred from temperature and
ozone perturbations, varies in response to week-to-week
fluctuations in the high-latitude Eliassen–Palm flux, in
accordance with diagnostics based on the downward
control principle. Results of a concurrent observational
study by Salby and Callaghan (2002) suggest that tropical upwelling varies in synchrony with the high-latitude
Eliassen–Palm flux on the interannual time scale as well.
Dhomse et al. (2008) showed evidence of a year-to-year
modulation of tropical lower-stratospheric water vapor
by mid- to high-latitude planetary wave driving as inferred from eddy heat fluxes in the extratropical stratosphere. Iwasaki (1992), Yulaeva et al. (1994), and Chae
and Sherwood (2007) argued, largely on the basis of
circumstantial evidence, that the annual cycle in tropical upwelling is associated with enhanced high-latitude
planetary wave forcing during the northern winter. The
statistically significant anticorrelations between highlatitude Eliassen–Palm flux and tropical temperature
tendencies documented in Fig. 5 of Salby and Callaghan
(2002) and those between extratropical eddy heat fluxes
and tropical lower-stratospheric water vapor mixing
ratios documented in Fig. 2 of Dhomse et al. (2008) lend
credence to this hypothesis.
Based on the conventional interpretation of the downward control principle, one might expect that a forcing on
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time scales much longer than the radiative relaxation time
should induce a localized response that resembles the
steady-state response (e.g., Holton et al. 1995). However,
the episodic character of the eddy forcing in the polar
night jet region, as discussed by Randel et al. (2002a),
could conceivably give rise to a nonlinear low-frequency
response. A series of wave ‘‘bursts’’ that decelerate the
wintertime polar night jet, interspersed with quiescent
periods during which the jet strengthens in response to
radiative cooling over the polar cap region, might produce
a cumulative transient BDC response that resembles the
adiabatic response illustrated in the top panel of Fig. 4 of
Holton et al. (1995) and reproduced as Fig. 12.7 of Holton
(2004). Radiative relaxation toward the equilibrium temperature profile during the quiescent intervals would also
tend to force tropical upwelling, yielding a BDC response
that is stronger in the time mean and more persistent
than might be expected on the basis of the eddy forcing
alone. Hence, it is conceivable that variations in highlatitude wave forcing could contribute to and perhaps
even dominate the forcing of the time mean and/or
variability in the BDC.
Diagnostics of the forcing of tropical upwelling based
on the downward control principle by Rosenlof (1995),
Boehm and Lee (2003), and Kerr-Munslow and Norton
(2006), however, give the general impression that highlatitude wave forcing does not influence tropical upwelling
on a time scale of seasons or longer. To maintain and/or
perturb tropical upwelling with a realistic magnitude and
structure in numerical simulations of the BDC, it appears to be necessary to prescribe some form of wave
drag that extends into subtropical latitudes (Plumb and
Eluszkiewicz 1999; Semeniuk and Shepherd 2001; Scott
2002; Zhou et al. 2006; Geller et al. 2008). As an alternative to high-latitude wave driving, Norton (2006) argued that seasonally varying equatorial planetary waves
and their associated deep convection could force an annual cycle in tropical upwelling. Extending this line of
argument, Deckert and Dameris (2008) and Rosenlof
and Reid (2008) have suggested that a secular trend toward higher tropical sea surface temperatures (SSTs) and
more vigorous tropical convection could act to strengthen
the BDC.
In this paper, we will show additional evidence that
variations in high-latitude wave forcing affect the strength
of tropical upwelling in the BDC on intraseasonal, annual, and interannual time scales. To simplify the analysis
of the extratropical forcing of tropical upwelling, irrespective of the hemisphere in which the forcing occurs,
we decompose the BDC-related fields into equatorially
symmetric and asymmetric components. We confirm the
results of Salby and Callaghan (2002) and Dhomse et al.
(2008), which indicate that an appreciable fraction of the
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FIG. 1. Monthly (a) mean and (b) anomaly (the departure from climatological-mean annual cycle) time series of global-mean T.

interannual variability of tropical upwelling in the twosided but globally averaged, equator-to-pole BDC (i.e.,
the equatorially symmetric component of the BDC) can be
attributed to high-latitude eddy forcing. We will also show
empirical evidence casting doubt on the notion that tropical
SSTs or variations in the intensity of tropospheric baroclinic waves in the subtropics exert a strong influence on the
tropical upwelling in the BDC.
Section 2 describes the data used in this study. Section 3
presents results of an analysis of the time-varying meridional profile of zonally averaged, lower-stratospheric
temperature. We show that equatorward of ;458N/S,
both the annual-mean temperature profile and the seasonal and nonseasonal variability about the mean project almost exclusively onto the equatorially symmetric
component, for which the distribution of upwelling and
downwelling in the BDC can be inferred quite simply
from the thermodynamic energy balance (i.e., from variations in the departures of the meridional temperature
profiles from the respective radiative equilibrium temperature profiles). The inference is straightforward because temporal variations in radiative forcing (apart from
volcanic eruptions) are strictly seasonal and project almost
exclusively onto the equatorially asymmetric component.
For example, the equatorially symmetric component of
the meridional profiles of January and July radiative
heating are identical, apart from the small effect of the
eccentricity of the earth’s orbit. Hence, the rate of upwelling and downwelling in the equatorially symmetric
component of the BDC can be determined from the
observed temperatures without reference to the timevarying distribution of radiative equilibrium temperature.
In this study, we consider (i) the annual-mean profile,
(ii) temporal variations about the mean, which are shown
to be dominated by the climatological-mean annual cycle,
and (iii) nonseasonal variations filtered to separate the
intraseasonal and interannual variability; empirical orthogonal function (EOF) analysis of the equatorially symmetric component of the zonally averaged temperature

field is used to isolate the dominant modes of variability
in (ii) and (iii). It is shown that the dominant mode of
variability at all frequencies is global in scale with vertical motions of opposing sign in low and high latitudes.
In section 4, we document the statistically significant
linear correlations between the strength of the tropical
upwelling in the BDC and the high-latitude eddy forcing
on intraseasonal as well as interannual time scales. In
section 5, we show evidence that tropical SSTs and eddy
forcing at low latitudes are not the dominant causes of
variability in the strength of the tropical upwelling in the
BDC. Our findings are summarized and discussed in the
final section.

2. Data
The analysis is based on monthly, zonally averaged
brightness temperature (T) fields derived from the lowerstratospheric channel of version 3.2 of the Microwave
Sounding Unit (MSU)/Advanced Microwave Sounding
Unit (AMSU) carried aboard National Oceanic and Atmospheric Administration (NOAA) satellites. The data
are gridded at 2.58 3 2.58 resolution and extend to 87.58N/S.
The period of record 1979–2007 is used in this study. The
weighting function of the lower-stratospheric channel is
concentrated mainly in the 15–19 km (30–150 hPa) layer,
as detailed in the Remote Sensing Systems Web site (see
www.ssmi.com/msu/).
The monthly mean time series of global-mean T
(weighted by cosine of latitude) shown in Fig. 1a exhibits
a well-defined annual cycle that is highly reproducible
from year to year, with the exception of those following
the eruptions of El Chichón (1982) and Mt. Pinatubo
(1991). As documented by Spencer et al. (1990), Christy
and Drouilhet (1994), and Yulaeva et al. (1994), the
climatological-mean annual cycle of global-mean T exhibits a maximum between August and September and
a minimum between January and February, with peakto-peak amplitude of ;0.5 K. The posteruption intervals
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stand out even more clearly in the anomaly time series
(i.e., the departures from the climatological-mean annual cycle) shown in Fig. 1b. The anomaly time series
also exhibits a cooling trend due to stratospheric ozone
depletion, changes in water vapor content, and the buildup
of greenhouse gases (Shine et al. 2003; Thompson and
Solomon 2005). A similar plot appears as Fig. 3.17 of
Trenberth et al. (2007). Apart from these features, the
nonseasonal variability of global-mean T is very small.
In the analysis that follows, we will make use of the
variable T* defined as the local T minus the global-mean
T (i.e., the departures from each month’s global-mean
T). Using T* in place of T effectively eliminates the signatures of the volcanic eruptions and the cooling trend
of the global stratosphere in the interannual variability
while having only a very small influence on the local T.
We also make use of global European Centre for
Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40; Uppala et al. 2005) and National
Centers for Environmental Prediction (NCEP)–National
Center for Atmospheric Research (NCAR) Reanalysis
(Kalnay et al. 1996) data for the 23-yr period of record,
1979–2001, to investigate the relationship between lowerstratospheric temperature and the forcing of the mean
flow by wave activity. The variables analyzed were zonally averaged zonal wind u, meridional eddy heat flux
v9T9, and the vertical eddy flux of zonal momentum u9w9.
The zonal wind and vertical eddy fluxes of zonal momentum are based on monthly mean ERA-40 data, the
highest temporal resolution of the ECMWF Reanalysis
data that was available to us at the time the study was
conducted. To include the contribution of the variability
with periods shorter than a month, the meridional eddy
heat fluxes were computed based on nonoverlapping, 5-day
(pentad)-mean NCEP–NCAR Reanalysis data rather than
the monthly mean ERA-40 data. The meridional eddy heat
fluxes in the two datasets were compared and found to be
very similar, so the reliability of the dataset used to represent them is not an issue. To compute the eddy fluxes,
each variable is first decomposed into zonal means and
departures from the zonal mean, and the departures of the
two variables are multiplied to yield a flux time series. The
climatological (23-yr) monthly and pentad means are then
subtracted from their respective time series to obtain time
series of the nonseasonal variability. Finally, the eddy
fluxes are zonally averaged; in the case of v9T9, successive
pentads are averaged to create monthly mean data.

3. Results
a. Annual mean
The meridional profile of the annual-mean T is
shown in Fig. 2, superimposed on a reference line of

FIG. 2. Meridional profile of climatological (1979–2007) annualmean T. The gray line represents the climatological annual mean of
global-mean T (208.6 K).

the annual-mean, global-mean T (208.6 K). Consistent
with prior results of Christy and Drouilhet (1994), T
increases with latitude up to ;558N/S, beyond which it
decreases toward the pole in both hemispheres. Annualmean T within the deep tropics (equatorward of ;158N/S)
is uniform at ;203.8 K, approximately 5 K below the
global mean. The coolness of the tropical belt relative to
subpolar latitudesmust be a consequence of the eddydriven, thermally indirect BDC that drives temperatures
away from the radiative equilibrium temperature profile.
In the annual mean, the radiative equilibrium temperature profile in the lower stratosphere is almost perfectly
equatorially symmetric. The annual-mean T mirrors this
symmetry, except at latitudes poleward of ;558N/S. The
weaker subpolar-to-polar temperature gradient in the
Northern Hemisphere compared to the Southern Hemisphere reflects the larger land–sea temperature contrasts
and rougher orography of the Northern Hemisphere,
which give rise to more vigorous wave breaking in the
stratosphere, resulting in a stronger poleward mass flux in
the BDC with stronger descent and consequently stronger adiabatic warming over the northern polar cap region
(Iwasaki 1992; Chae and Sherwood 2007). The more
pronounced polar minimum in the Southern Hemisphere
may also be related to the radiative impact of the loss of
stratospheric ozone in recent decades.

b. The variability about the mean
The top panel of Fig. 3 shows meridional profiles of T *
(departures from each month’s global-mean T ) for the
individual months of January and February (hereafter
Jan/Feb) and July and August (hereafter Jul/Aug) during the 29-yr period of record. The Jan/Feb and Jul/Aug
profiles cross at ;458 latitude in both hemispheres.
Equatorward of this crossing latitude, temperatures are
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FIG. 3. Meridional profiles of (a) total, (b) odd, and (c) even
components of monthly mean T * (* denotes departure from global
mean) for the individual months of Jan and Feb (black) and Jul and
Aug (gray) during 1979–2007.

oscillation signal by linear regression (not shown) further
reduces the year-to-year variability in T * within the
equatorial belt, but only slightly. Poleward of ;458N/S,
winters are colder than summers, with smaller seasonal
contrast in the Northern Hemisphere than in the Southern Hemisphere. The anomalously high temperatures
over the Arctic in Jan/Feb of some years (e.g., 1987) are
due to the occurrence of sudden warming events.
We now decompose the meridional temperature
profiles into even and odd components with respect to
symmetry about the equator. The even (equatorially
symmetric) component is defined as the mean of zonally averaged temperatures at corresponding latitudes
in the Northern and Southern Hemispheres, (TNH 1
TSH)/2. The odd (equatorially asymmetric) component
is defined as half the difference between zonally averaged
temperatures at corresponding latitudes in the Northern
and Southern Hemispheres, which are (TNH 2 TSH)/2
and (TSH 2 TNH)/2, respectively. By construction, the
odd component of the meridional profiles is identically
equal to zero on the equator at all times. In fact, the odd
component of the Jan/Feb and Jul/Aug T* profiles shown
in Fig. 3b are remarkably flat out to beyond 208N/S; the
low-latitude variability in T* is almost entirely captured
by the even component shown in Fig. 3c.
Given that the annual cycle in the radiative equilibrium temperature projects almost exclusively onto the
odd component, as explained near the end of section 1, it
follows that the seasonal variability in the even component of temperature must be almost exclusively dynamically driven;1 the difference between the Jan/Feb and
Jul/Aug meridional profiles of the even component of
T * in Fig. 3c is a response to differences between the
eddy-driven, equator-to-pole BDC in those months. The
equator-to-subpolar temperature contrast in the even
component of T and T * is almost twice as large in Jan/
Feb as in Jul/Aug. The two sets of profiles intersect at
;458N/S; Jan/Feb is colder (warmer) than Jul/Aug equatorward (poleward) of this crossing latitude. Hence, the
annual cycle in T* can be characterized as an enhancement of the equator-to-subpolar temperature contrast
during the northern winter, which is presumably caused
by the strengthening of the BDC. Tropical upwelling in

consistently lower in Jan/Feb than Jul/Aug and their
profiles all exhibit the same nearly parabolic shape that
resembles the BDC-induced structure in the annualmean T (Fig. 2). The compactness of the Jan/Feb and
Jul/Aug bundles of profiles indicates that the seasonal
variations in T * are much larger than the year-to-year
variations, except at high northern latitudes during winter. Removing the equatorial stratospheric quasi-biennial

1
Nonseasonal variations in T * at high latitudes of the Northern
and Southern Hemispheres are virtually uncorrelated and hence
project equally on the even and odd components of the variability.
The even component is emphasized in this study because it captures virtually all of the anticorrelation between low- and highlatitude temperatures that exists by virtue of the equator-to-pole
BDC. The nonseasonal variability in the odd component of the
high-latitude temperature is largely unrelated to the nonseasonal
variability in tropical temperature.
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FIG. 4. The two leading EOFs and their corresponding standardized PC time series of the monthly mean, even component of T. EOFs 1
and 2 explain 89% and 5% of the total variance, respectively.

the BDC, as inferred from the concave meridional profiles of the even component of T in Fig. 3c, is stronger
during Jan/Feb than in Jul/Aug at latitudes extending
from the equator to as far poleward as ;458N/S.
To place these results concerning the annual cycle in
the context of the total variability, EOF analysis is performed on the even component of T (including the global
mean), weighting the data in proportion to their contributions to the area-weighted variance (i.e., by the square
root of the cosine of latitude). The EOF patterns displayed in the paper are obtained by regressing the even
component of the temperature field upon the respective
standardized principal component (PC) time series. Thus,
the amplitudes of the patterns provide an indication of

the typical amplitudes of the anomalies observed in association with fluctuations in the respective EOF modes.
The leading mode of variability, shown in the top panels
of Fig. 4, accounts for 89% of the total month-to-month
variance of the even-component T field. The corresponding standardized PC 1 time series is dominated by the
annual cycle, with extrema in Jan/Feb and Jul/Aug,
consistent with the profiles in Fig. 3c. During positive
excursions of PC 1 observed in Jan/Feb of each year,
temperatures equatorward of the crossing latitude at
458N/S are below the annual mean by ;28C over most of
this latitudinal range. The fluctuations in PC 1 are almost
perfectly sinusoidal in shape and quite reproducible from
one cycle to the next.

FIG. 5. Monthly mean time series of the even component of polar cap (608N/S to pole) T, zonal wind (inverted) in the midlatitude
stratosphere (408–708N/S, 10–30 hPa) based on monthly ERA-40 data, and tropical (equator to 308N/S) T * (inverted), with standardized
PC 1 of the monthly mean, even component of T (see Fig. 4). Peak-to-peak amplitudes are indicated on the left of each time series.
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TABLE 1. Correlation coefficients (.99% significance level)
between monthly mean time series of the even components of
tropical T * (equator to 308N/S); polar cap T (608N/S to pole); midlatitude stratospheric zonal wind based on monthly ERA-40 data
(408–708N/S, 10–30 hPa); standardized PC 1 of monthly mean, even
component of T (see Fig. 4); and EP flux index constructed from
lag 0 and 21 month eddy heat fluxes (508–808N/S, 10–50 hPa) based
on pentad NCEP–NCAR reanalysis data.

PC 1
PC 1
Tropical T *
Polar cap T
U wind
EP flux index

—

Tropical
T*

Polar
cap T

U
wind

EP flux
index

20.9874
—

0.9825
20.9555
—

20.9726
0.9417
20.9701
—

0.8196
20.8319
0.7812
20.7698
—

Most of the remaining variance of the even component
of T is accounted for by the second EOF shown in the
lower panel of Fig. 4, which has positive loadings at all
latitudes. The corresponding PC time series closely mirrors the behavior of the global-mean T anomaly (Fig. 1b).
The bulge at ;308N/S resembles the meridional profile of
the observed temperature trend from 1979 to 2005
documented by Fu et al. (2006). When EOF analysis is
performed on the T * field from which the variance associated with fluctuations in global-mean T is removed,
a virtually identical leading EOF/PC is obtained that accounts for 93% of the variance (not shown).
In view of the dominance of the leading EOF of the
even component of T, its PC time series, repeated in
Fig. 5, is a useful index of the fluctuations in the strength
of the equator-to-pole BDC. Also shown in Fig. 5 are
time series of the even component of tropical (equator
to 308N/S) T *, polar cap (608N/S to the pole) T, and
zonal wind in the midlatitude stratosphere (408–708N/S,
10–30 hPa). The tropical T * and zonal wind time series
are inverted to make them easier to compare with the
other series. Correlations between each of these time
series are shown in Table 1. The variability in all four of
the time series is dominated by the annual cycle, which is
quite smooth and regular from year to year, even in the
presence of the quasi-biennial oscillation and El Niño–
Southern Oscillation (ENSO). The similarity between
the polar cap and inverted tropical temperature time
series confirms the high degree of cancellation between
low- and high-latitude temperature variations noted by
Yulaeva et al. (1994). The midlatitude stratospheric zonal
winds are strongly correlated with temperature indices of
the BDC, as required by thermal wind balance; months of
strong equator-to-pole temperature gradient are marked
by strong (westerly) vertical shear and vice versa. Upon
careful inspection of Fig. 5, it is evident that the similarity
between the time series extends beyond the annual cycle.

FIG. 6. Monthly mean time series plotted as a function of calendar month (with Jan–Jun repeated): polar cap (608N/S to pole) T;
zonal wind (inverted) in the midlatitude stratosphere (40–708N/S,
10–30 hPa) based on monthly ERA-40 data; standardized PC 1 of
monthly mean, even component of T (see Fig. 4); tropical (equator
to 308N/S) T * (inverted); EP flux index constructed from lag 0 and
21 month eddy heat fluxes (508–808N/S, 10–50 hPa) based on
pentad NCEP–NCAR reanalysis data; and EPW index (vertical
momentum flux averaged over 108S–108N, 100–300 hPa) based on
monthly ERA-40 data. Peak-to-peak amplitudes are indicated on
the left of each time series.

Subtle differences in the shapes of the seasonal evolution from one year to the next are also similar in the four
time series. These relationships are explored in further
detail in the next subsection.
Figure 6 shows the same time series plotted as a function of calendar month, with individual years superimposed on the same time axis. This mode of presentation
emphasizes the shape of the annual march, and it reveals
more clearly the seasonal dependence of the year-toyear variability of the time series. The four time series
are remarkably similar, both with respect to the mean
and the relative amplitude and seasonality of the interannual variability. Nonseasonal variability, as manifested
in the diversity of the annual marches, tends to be much
larger during Jan/Feb than Jul/Aug.
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FIG. 7. Meridional profiles of (top) total and (bottom) even components of monthly anomaly T * for the individual
months of (left) Jan/Feb and (right) Jul/Aug during 1979–2007. Profiles with equatorial T * below (above) 08C are in
black (gray).

c. Nonseasonal variability
The top panels of Fig. 7 show meridional profiles of
monthly T* anomalies (departures from the climatological-

mean annual cycle) for Jan/Feb and Jul/Aug of each calendar year in the 29-yr period of record. Compared with
the monthly mean profiles of T* (Fig. 3a), the amplitudes
of the anomaly profiles are smaller by about a factor of

FIG. 8. The two leading EOFs and their corresponding standardized PC time series of monthly anomaly, even component of T. EOFs 1 and
2 explain 55% and 25% of the total variance, respectively.
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FIG. 9. Monthly anomaly time series of the even component of polar cap (608N/S to pole) T, zonal wind (inverted) in the midlatitude
stratosphere (408–708N/S, 10–30 hPa) based on monthly ERA-40 data, and tropical (equator to 308N/S) T * (inverted), with standardized PC 1 of monthly anomaly, even component of T (see Fig. 8). Peak-to-peak amplitudes are indicated on the left of each time
series.

2 within the tropics. It is evident from an inspection of
the even component of the profiles (shown in the bottom
panels of Fig. 7) that anomalously low tropical temperatures are not always accompanied by anomalous highlatitude warmth (and vice versa) as in Fig. 3c. However,
there is still a tendency for anticorrelation between lowand high-latitude temperatures.
Modes that reflect the structure of the anomalies about
the seasonally varying climatological mean are obtained
by performing EOF analysis on the even component of
the monthly T anomaly field. The leading EOF of the
even component of the T anomaly, shown in the top panel
of Fig. 8, accounts for 55% of the total variance. This
mode is dominated by the annual cycle and resembles the
profile of EOF 1 of the monthly mean variability (Fig. 4),
except that the crossing latitude is 47.58N/S, a few degrees
poleward of the crossing latitude in Fig. 4. Its counterpart
for T * (not shown) is virtually identical and accounts for
72% of the variance. The second mode, shown in the
bottom panels of Fig. 8, is dominated by variations in
global-mean temperature, as reflected in the exclusively
positive loadings of EOF 2, as well as in the resemblance
between its PC 2 time series and global-mean T anomaly
time series (Fig. 1b). Monthly anomaly time series of the
various indices of the BDC are shown in Fig. 9. The correlations between these anomaly time series (Table 2a)
are not as strong as those for the time series that include
the annual cycle (Table 1), but they are statistically significant at above the 99% confidence level, based on the
one-tailed Student’s t test with the number of degrees
of freedom computed from the autocorrelations of the
time series.
The meridional structure of the intraseasonal and interannual variability in the BDC is examined separately
by applying successive centered five- and three-month
running mean smoothing operators to the even compo-

nent of the monthly anomaly fields to form the low-pass
filtered version, which represents the interannual variability. To exclude the contribution of volcanic eruptions
and the long-term cooling trend in lower-stratospheric
temperatures to the interannual variability, the analysis
is performed on the T * field. The corresponding highpass filtered series, obtained by subtracting the low-pass
filtered time series from the unfiltered series, represents
the intraseasonal variability.
The leading EOFs of the even component of high-pass
and low-pass filtered T *, shown in Fig. 10, both explain
large fractions of the total variance (81% and 70%, respectively). The high-pass filtered pattern is characterized by remarkably uniform amplitudes equatorward
of the crossing latitude at 508N/S and much larger temperature anomalies of opposing sign poleward of that
latitude. In the corresponding low-pass filtered pattern,
the crossing latitude is 37.58N/S and the amplitude equatorward of this latitude is not as uniform as that in the
high-pass filtered pattern. These results indicate that the
dominant structures of the seasonal and nonseasonal
variability in the equator-to-pole BDC are similar, both
consisting of ‘‘see-saws’’ with crossing latitudes of 37.58N/S
for the intraseasonal variability, 458N/S for the annual
cycle, and 508N/S for the interannual variability.
TABLE 2a. As in Table 1, but for monthly anomaly time series of
the even components of tropical T *, polar cap T, zonal wind U,
EP flux index, and standardized PC 1 of monthly anomaly (see Fig. 8).

PC 1
PC 1
Tropical T *
Polar cap T
U wind
EP flux index

—

Tropical
T*

Polar
cap T

U
wind

EP flux
index

20.8893
—

0.8463
20.7591
—

20.8754
0.7570
20.8379
—

0.6510
20.6536
0.5959
20.6874
—
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FIG. 10. The leading EOFs and their corresponding standardized PC time series of monthly anomaly, even component of T * based on
(top) high-pass filtered and (bottom) low-pass filtered data. EOF 1 of high-pass and low-pass filtered data explains 81% and 70% of their
respective total variance.

4. The role of high-latitude wave forcing
In this section, we examine the direct connection between high-latitude wave forcing and tropical (equator
to 308N/S) lower-stratospheric temperature. As a measure of high-latitude wave forcing, we use an Eliassen–
Palm (EP) flux index based on the zonally averaged
eddy heat flux y9T9 averaged over 508–808N/S (weighted
by cosine of latitude) and the 50-, 30-, 20-, and 10-hPa
levels, which roughly correspond to the region occupied
by the zonally averaged polar night jet. Since eddy heat
flux is directly proportional to the vertical component of
the EP flux, the high-latitude mean y9T9 is commonly
used to indicate the amount of wave activity entering the
extratropical stratosphere. Our wave-forcing index is a
linear combination of the current and the previous
month’s values, where the relative weights are determined
by a least squares best fit designed to maximize the correlation with the PC 1 time series shown in Figs. 4, 5, 8,
and 9; the weights for the anomaly time series are 0.31 for
the current month and 0.60 for the previous month. The
resulting wave-forcing index has a one-month autocorrelation of 0.35.
Monthly mean and anomaly time series of the EP flux
index are shown in Figs. 11a,b together with the corresponding PC 1 time series, repeated from Figs. 4, 5, 8,
and 9. The annual cycle in the EP flux index is nearly in
phase with the annual cycle in PC 1, with the strongest
forcing during the northern winter. Shown in Tables 1
and 2a are the correlation coefficients between the EP

flux index and various indices of the strength of the
BDC. The correlations between the EP flux index and
PC 1 are quite strong for both the mean and anomaly
time series (0.82 and 0.65, respectively), as are the corresponding correlations between the EP flux index and
tropical T * (20.83 and 20.65, respectively). Hence, it is
evident that variations in high-latitude wave forcing account for an appreciable fraction of the temporal variance of the strength of the tropical upwelling in the BDC.
Figure 12 shows monthly anomaly time series of the
EP flux index and PC 1 time series based on high-pass
and low-pass filtered data, as defined in section 3c. The
resemblance is striking at both frequencies; correlations
are both in the range 0.6 to 0.7, as shown in Tables 2b,c.
High-pass and low-pass filtered EP flux indices are both
well correlated with tropical temperature as well as with
the other filtered BDC indices. To show that these high
correlations are not artifacts of the filtering process, filtered versions of the various indices were recomputed
based on annualized time series consisting of seasonal
November through March means, which represent the
time of year when the EP flux indices are highest (Fig. 6).
The correlation between the tropical T * and the EP flux
index time series based on these data is 20.72. To further
substantiate this result, Fig. 13 shows meridional profiles
of regression coefficients (top panel) and correlation coefficients (bottom panel) between the even component of
T* and the EP flux index based on high-pass and low-pass
filtered data. The profiles of the regression coefficients
resemble the meridional structure of the leading EOFs
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FIG. 11. Monthly (a) mean and (b) anomaly time series of standardized PC 1 of even component of T (see Figs. 4 and 8) and EP flux
index constructed from lag 0 and 21 month eddy heat fluxes (508–808N/S, 10–50 hPa) based on pentad NCEP–NCAR reanalysis data.
Peak-to-peak amplitudes are indicated on the left of each time series.

(Fig. 10). The correlation coefficients in the tropical belt
are comparable for the high-pass and low-pass filtered
data, with values on the order of 20.6. The slight dip in
the correlation in the equatorial belt relative to the subtropics for the low-pass filtered data may be due to the
presence of the quasi-biennial oscillation.
The EP flux index plotted as a function of calendar
month in Fig. 6 clearly shows the extended ‘‘active season’’ of the planetary waves, which extends from the
month of the breakdown of the Antarctic polar night
jet in November through the northern winter. During
this season, the fluxes are large and highly variable from
month to month and from year to year.

5. The role of other forcings
a. The role of forcing from below
Modeling studies of Boehm and Lee (2003) and Norton
(2006) showed that the upward propagation of equatorial
planetary waves (EPWs) from the troposphere is capable
of influencing the rate of upwelling across the tropical
tropopause. An enhancement of the EPWs leads to enhanced wave breaking in the lower stratosphere, which
induces an easterly acceleration of the mean flow at that
level. Enhanced equatorial upwelling in the layer below
is required to maintain thermal wind balance. Norton
(2006) proposed that the annual cycle in the strength of

FIG. 12. Monthly anomaly time series of standardized PC 1 of even component of T * and EP flux index constructed from lag 0 and 21
month eddy heat fluxes (508–808N/S, 10–50 hPa) based on (a) high-pass and (b) low-pass filtered pentad NCEP–NCAR reanalysis data.
Peak-to-peak amplitudes are indicated on the left of each time series.
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Tropical T *
Polar cap T
U wind
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—

Tropical
T*

Polar
cap T

U
wind

EP flux
index

20.8843
—

0.9904
20.8398
—

20.9205
0.8543
20.9125
—

0.6532
20.6827
0.6342
20.6680
—

the BDC is induced by a weakening of the EPWs during
the northern summer, when the core of deep tropical
convection shifts away from the equator because of enhanced heating over the Tibetan plateau. Indeed, the
vertical momentum flux in the equatorial belt (108S–108N,
100–300 hPa), shown in Fig. 6, exhibits a pronounced
minimum during Jul/Aug that is no less reproducible
from one year to the next than the EP flux indices. On
the other hand, it seems unlikely that the seasonality of
EPWs could be the primary cause of the pronounced
annual cycle or the nonseasonal variability in the BDC;
nonseasonal variability in these fluxes is virtually uncorrelated with nonseasonal BDC variability (r 5 20.03) as
represented by PC 1 of the even component of monthly T
anomaly field (Figs. 8 and 9). It is conceivable that vertical
momentum flux as resolved by daily data could yield
a correlation that is higher than that based on monthly
data. Even so, the role of the EPWs in modulating the
strength of the BDC is questionable since the EPWs are
restricted to much lower latitudes than the BDC-related
upwelling, as can be inferred from the crossing latitudes
of the leading EOFs (Figs. 4, 8, and 10). In numerical
experiments of Norton (2006), the response of the tropical upwelling to fluctuations in the EPW forcing was
found to be comparable to the width of the equatorial
waveguide itself (;158N/S), whereas the crossing latitude of the T profile in the annual cycle is ;458N/S.
Rosenlof and Reid (2008) suggested that the downward trends in tropical lower-stratospheric temperature
and water vapor content over the past few decades could
be occurring in response to rising SSTs in the western
Pacific warm pool. By way of evidence, they noted a
maximum anticorrelation (r 5 20.44) between monthly
tropical cold point temperature anomalies averaged
over a region slightly to the west of the western Pacific
warm pool and SST anomalies averaged over the warm
pool region. To determine whether this correlation is
indicative of a coherent pattern of SST variations that
is linked to variations in the strength of the BDC, we
regressed gridded data of the extended reconstruction
SST version 3 (ERSST.v3; Smith et al. 2008) upon PC 1
of the nonseasonal variability. While positive regression
coefficients prevail over most of the western Pacific warm

TABLE 2c. As in Table 2a, but for low-pass filtered data.

PC 1
PC 1
Tropical T *
Polar cap T
U wind
EP flux index

—

Tropical
T*

Polar
cap T

U
wind

EP flux
index

20.9568
—

0.8035
20.6993
—

20.7823
0.6753
20.6863
—

0.6277
20.6174
0.4795
20.6885
—

pool region, the values range only up to 0.15 and the regression pattern (not shown) lacks spatial coherence.
Variability of the BDC (PC 1 time series) and SST
anomalies averaged over the warm pool region (108S–
108N, 1208E–1808) are weakly positively correlated (r 5
0.17 and 0.16 for unfiltered and low-pass filtered time
series, respectively). The stronger local anticorrelations
between SST and cold point temperature reported by
Rosenlof and Reid (2008) may have more to do with the
influence of SST anomalies on the EPW than on the
zonally symmetric, equator-to-pole BDC; deep convection, large-scale ascent, elevated geopotential heights in

FIG. 13. Meridional profiles of (top) regression and (bottom)
correlation coefficients between monthly anomaly, even component of T * and monthly anomaly time series of EP flux index
constructed from lag 0 and 21 month eddy heat fluxes (508–808N/S,
10–50 hPa) based on high-pass (solid) and low-pass (dashed) filtered
pentad NCEP–NCAR reanalysis data.
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subtropical latitudes, as would be expected if tropospheric waves penetrating into the lower stratosphere in
this region were playing a prominent role in forcing the
nonseasonal variability in the BDC. Nor are statistically
significant subtropical features evident in patterns obtained by regressing u9v9 and EP flux divergence fields
upon the tropical T * time series (not shown). Further
work is needed to reconcile these results with conclusions of earlier works.

6. Summary and discussion
FIG. 14. A regression of the zonally averaged meridional heat flux
of the previous month upon the monthly anomaly time series of
tropical (308S–308N) T *. The contour interval is 1 m s21 K. Positive
(negative) regression coefficients are indicated by solid (dashed)
lines. Correlations .0.4 are shaded in gray.

the upper troposphere, and depressed cold point temperatures all tend to overlie regions of positive SST anomalies. Lanzante (2009) has argued that the cooling trend in
the tropical lower stratosphere documented by Rosenlof
and Reid (2008) and Rosenlof and Reid (2009) is an
artifact related to a change in the radiosonde instrument
type during the last decade or so.

b. The role of eddy forcing in subtropical lower
stratosphere
Rosenlof (1995) concluded that much of the forcing of
the climatological-mean annual cycle in tropical lowerstratospheric temperatures is due to wave breaking at
;308 latitude. Randel et al. (2008) showed evidence
supporting this view based on climatological-mean eddy
flux statistics. They noted that substantial EP flux divergences at northern subtropical latitudes extend as high
as 70-hPa level during the northern winter, inducing strong
tropical upwelling, while wave activity at corresponding
southern latitudes during the southern winter does not
extend as far. If the subtropical momentum flux convergence by these waves does indeed play an important role
in the annual cycle in the BDC, it is reasonable to expect
that nonseasonal variability in the EP fluxes associated
with these waves might force some of the nonseasonal
variability in the BDC as well. To test this hypothesis, we
regressed the total (even and odd components combined)
field of v9T9 for the previous month upon the monthly
anomaly time series of tropical T * (Fig. 9). Consistent
with the results of the previous section, the regression
pattern shown in Fig. 14 exhibits prominent maxima in
the vicinity of the polar night jet, with the Northern and
Southern Hemispheres contributing in roughly equal
measure to the forcing of the tropical upwelling. However, no feature of comparable strength is evident at

Variations in MSU/AMSU zonally averaged, lowerstratospheric temperatures (T ) have been decomposed
into even and odd components with respect to their
symmetry about the equator. Seasonal variations in radiative equilibrium temperature are dominated by the
odd component. In this study, we have focused on variations in the even component, whose variability is mainly
in response to variations in the eddy-driven Brewer–
Dobson circulation (BDC). The distribution of upwelling
and downwelling in the BDC is qualitatively inferred
from the observed seasonal and nonseasonal variations
in the meridional profiles of the even component of temperature. Whereas most previous studies have considered
the eddy driving in the Northern and Southern Hemispheres separately, here they are combined in the ‘‘even
component.’’
We find that nearly 90% of the month-to-month variance of the temporal variations about the annual-mean
reference profile, with ascent at low latitudes and descent at high latitudes, is accounted for by a single mode
of variability dominated by the annual cycle. The equatorto-subpolar temperature contrast roughly doubles from
Jul/Aug to Jan/Feb, implying an approximate factor of
2 difference in the strength of the BDC between those
months. The crossing latitude in the annual cycle (i.e.,
the latitude poleward of which T is warmer and the
descent in the BDC is presumably stronger in Jan/Feb
than in Jul/Aug) is located at 458N/S. The leading mode
of the nonseasonal variability in the BDC, which accounts
for over half of the total variance about a seasonally
varying reference profile, exhibits a meridional structure
similar to that of the climatological-mean annual cycle.
The dominance of a planetary-scale structure of the BDC
variability, with a single crossing latitude and relatively
uniform amplitudes equatorward of that latitude, prevails
on intraseasonal, annual, and interannual time scales. The
only notable frequency-dependent feature is the crossing
latitude, which is 12.58 farther poleward in the intraseasonal variability than in the interannual variability.
Three different indices of the strength of the BDC
have been shown to vary in synchrony with one another
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in the annual cycle and in the nonseasonal variability
across a wide range of frequencies: (i) inverted tropical
temperature, (ii) polar cap temperature, and (iii) inverted
zonal wind in the midlatitude stratosphere. These time
series all exhibit a strong lagged response to month-tomonth variations in the intensity of high-latitude wave
forcing represented by the EP flux index constructed
from a weighted sum of current and 1-month previous
eddy heat fluxes in the region 508–808N/S and 10–50 hPa.
Equally strong relationships are observed on intraseasonal and interannual time scales, as evidenced by visual
inspection of the time series and supporting calculations of the temporal correlation coefficients. The meridional structures of the leading EOFs of the even
component of T* based on the filtered nonseasonal time
series closely mirror the corresponding profiles of T*
regressed on an index of high-latitude eddy forcing; in
particular, crossing latitudes for high-pass and low-pass
filtered profiles are located at 508N/S and 37.58N/S,
respectively.
We have shown that year-to-year variations in tropical
upwelling in the BDC are significantly correlated with
variations in the high-latitude EP flux index, thereby
confirming and extending previous findings of Randel
et al. (2002a,b), Salby and Callaghan (2002), and Dhomse
et al. (2008). Fu et al. (2009) offer additional evidence,
showing that the 30-yr trends in tropical MSU/AMSU
lower-stratospheric temperatures are highly correlated
with dynamically induced trends in high-latitude temperatures on a calendar month–by–calendar month basis.
The strong similarity between the meridional structure of
the leading EOFs of the even component of T* (Fig. 10)
and the pattern derived by regressing the even component of T * upon the time series of the EP flux index
(Fig. 13) suggests that high-latitude eddy forcing strongly
influences the equator-to-pole BDC on both intraseasonal
and interannual time scales. These results support the
notion that the pronounced annual cycle in the strength
of the BDC is a consequence of the larger land–sea temperature contrasts and rougher orography in the Northern
Hemisphere compared to the Southern Hemisphere,
which give rise to stronger eddy forcing at high latitudes
during the northern winter and thereby induce stronger
tropical upwelling.
We have also considered the possible roles of equatorial planetary waves and wave forcing in the subtropical
lower stratosphere in influencing the variability of the
BDC, but found no significant temporal correlations between the eddy forcing and tropical upwelling on either
interannual or intraseasonal time scales. The locations
of the crossing latitudes identified in this study would be
difficult to explain on the basis of tropical or subtropical
eddy forcing alone.
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CORRIGENDUM
REI UEYAMA AND JOHN M. WALLACE
Department of Atmospheric Sciences, University of Washington, Seattle, Washington

Explanatory text was inadvertently left out in the caption for Table 2a in Ueyama and
Wallace (2010). The corrected Table 2a is shown in its entirety below.
The staff of the Journal of the Atmospheric Sciences regrets any inconvenience this error
may have caused.
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TABLE 2a. Correlation coefficients (.99% significance level) between monthly anomaly time series of the even components of tropical
T * (equator to 308N/S); polar cap T (608N/S to pole); midlatitude stratospheric zonal wind based on monthly ERA-40 data (408–708N/S,
10–30 hPa); standardized PC 1 of monthly anomaly, even component of T (see Fig. 8); and EP flux index constructed from lag 0 and 21
month eddy heat fluxes (508–808N/S, 10–50 hPa) based on pentad NCEP–NCAR reanalysis data.

PC 1
Tropical T *
Polar cap T
U wind
EP flux index

PC 1

Tropical T *

Polar cap T

U wind

EP flux index

—

20.8893
—

0.8463
20.7591
—

20.8754
0.7570
20.8379
—

0.6510
20.6536
0.5959
20.6874
—
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