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ABSTRACT

The forcing of tropical upwelling in the Brewer-Dobson circulation (BDC) on intraseasonal to seasonal
time scales is investigated in integrations of an idealized general circulation model, ECMWF Interim Re-
Analysis, and lower-stratospheric temperature measurements from the (Advanced) Microwave Sounding
Unit, with a focus on the extended boreal winter season. Enhanced poleward eddy heat fluxes in the high
latitudes (45°-90°N) at the 100-hPa level are associated with anomalous tropical cooling and anomalous
warming on the poleward side of the polar night jet at the 70-hPa level and above. In both the model and the
observations, planetary waves entering the stratosphere at high latitudes propagate equatorward to the
subtropics and tropics at levels above 70 hPa over an approximately 10-day period, exerting a force at suf-
ficiently low latitudes to modulate the tropical upwelling in the upper branch of the BDC, even on time scales
longer than the radiative relaxation time scale of the lower stratosphere. To the extent that they force the
BDC via downward as opposed to sideways control, planetary waves originating in high latitudes contribute to
the seasonally varying climatological mean and the interannual variability of tropical upwelling at the 70-hPa
level and above. Their influence upon the strength of the tropical upwelling, however, diminishes rapidly with
depth below 70 hPa. In particular, tropical upwelling at the cold-point tropopause, near 100 hPa, appears to

be modulated by variations in the strength of the lower branch of the BDC.

1. Introduction

The Lagrangian mean meridional circulation that
ventilates the stratosphere, commonly referred to as
the Brewer-Dobson circulation (BDC), is marked by
low-latitude ascent and high-latitude descent (Brewer
1949; Dobson 1956; Andrews et al. 1987). Adiabatic
cooling in the ascending branch maintains tropical lower-
stratospheric temperatures below radiative equilibrium
values (Andrews et al. 1987; Gettelman et al. 2004; Corti
et al. 2005).
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The BDC is driven mainly by the dissipation of ver-
tically propagating Rossby and gravity waves originating
in the extratropical winter hemisphere (Garcia 1987;
Holton 1990; Haynes et al. 1991; Iwasaki 1992). The
Rossby waves are of two kinds: planetary-scale waves
originating in high latitudes of the winter hemisphere
and synoptic-scale baroclinic waves originating in the
midlatitudes of both winter and summer hemispheres
(Held and Hoskins 1985; Plumb 2002; Shepherd 2007).
The BDC can be viewed as consisting of an upper
branch driven by the breaking of the deeper wintertime
planetary-scale waves from the high latitudes (hereafter,
“high-latitude planetary waves”) and a lower branch
driven by the breaking of the shallower synoptic-scale
baroclinic waves just equatorward of the subtropical
tropospheric jets, as depicted in Fig. 2 of Plumb (2002)
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and Fig. 13.14 of Vallis (2006). Based on the analyses of
the residual circulation trajectories, Birner and Bonisch
(2011) showed that the two branches are distinguishable
with more rapid cycling of air and larger mass fluxes in
the shallower and narrower lower branch.

Diagnostics by Rosenlof (1995), Plumb and Eluszkiewicz
(1999), Semeniuk and Shepherd (2001), Scott (2002),
Boehm and Lee (2003), Zhou et al. (2006), Kerr-Munslow
and Norton (2006), Geller et al. (2008), Deckert and
Dameris (2008), Rosenlof and Reid (2008), Ryu and Lee
(2010), Chen and Sun (2011), Garny et al. (2011), and
Zhou et al. (2012) have shown unequivocally that the
upwelling branch of the BDC s forced by wave breaking
in the outer tropics or subtropics, in accordance with
the downward control principle (Haynes and Mclntyre
1987; Haynes et al. 1991; Holton et al. 1995). Wave
breaking at higher latitudes is also capable of modulat-
ing the strength of the tropical upwelling via ‘‘sideways
control”” when the time scale of the wave forcing is
shorter than that of the radiative relaxation of the lower
stratosphere (Holton et al. 1995). If the high-latitude
planetary waves propagate equatorward and break at
subtropical latitudes, as they appear to do so in obser-
vations of McIntyre and Palmer (1983) and in models of
Dunkerton et al. (1981) and McLandress and Shepherd
(2009), they may contribute to the forcing of the time-
mean upwelling via “downward control,” and thereby
help to maintain the seasonally varying, climatological-
mean BDC.

Empirical studies of Iwasaki (1992), Yulaeva et al.
(1994), Randel et al. (2002a,b), Salby and Callaghan
(2002), Dhomse et al. (2008), and Ueyama and Wallace
(2010) have shown that the strength of the upwelling
in the tropical lower stratosphere varies in response to
sporadic bursts of planetary wave activity entering the
high-latitude stratosphere from below. It has been ar-
gued that the breaking of these waves drives the upper
branch of the BDC, but the connection between epi-
sodic, intraseasonal variations in high-latitude planetary
wave activity and the seasonal-mean tropical upwelling
derived from downward control has yet to be clearly
demonstrated.

The absence of clear empirical evidence of the con-
nection between planetary wave activity in the vicinity
of the polar night jet and the low-latitude wave forcing
of tropical upwelling, as manifested in the downward
control diagnostics, has led to suggestions that lower-
stratospheric temperatures are modulated primarily by
the eddy forcing of the lower branch of the BDC. Kerr-
Munslow and Norton (2006) and Norton (2006) argued
that the annual cycle in tropical cold-point temperature
is driven by seasonal variations in the strength of the
equatorial planetary waves, which break in the outer
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tropics, inducing equatorial upwelling at the cold-point
tropopause around 90 hPa. Boehm and Lee (2003),
Randel et al. (2008), Deckert and Dameris (2008),
Rosenlof and Reid (2008), Ryu and Lee (2010), and
Garny et al. (2011) have similarly proposed the link
between tropical upwelling and convectively driven
equatorial planetary waves. Studies of Rosenlof (1995),
Plumb and Eluszkiewicz (1999), Semeniuk and Shepherd
(2001), Scott (2002), Zhou et al. (2006), Randel et al.
(2008), Geller et al. (2008), Chen and Sun (2011), Garny
etal. (2011), and Zhou et al. (2012) have emphasized the
breaking of synoptic-scale baroclinic waves from the
midlatitudes in forcing the lower branch of the BDC.
Whether the mass of air that upwells through the trop-
ical cold-point tropopause descends mainly within the
tropics or whether it is transported poleward and de-
scends in the extratropics remains an open question.

To reach closure on the relative importance of high-
latitude planetary waves, midlatitude synoptic-scale baro-
clinic waves, and equatorial planetary waves in forcing
seasonal and nonseasonal variability of the tropical up-
welling in the BDC, it will be necessary to determine
the extent to which the episodic bursts of high-latitude
planetary wave activity in the winter hemisphere lead to
wave breaking in the subtropics and outer tropics, where
downward control becomes applicable on sufficiently
long time scales. An obstacle is the limited ability of the
reanalysis datasets to resolve the temporal variations in
tropical upwelling and the wave breaking events that
give rise to them. In this study, we strive to overcome
these limitations by analyzing nonseasonal variations in
the time rate of change of zonal-mean temperature
d[T]/ot and of the zonal-mean temperature itself [77],
which serve as reliable proxies for the rate of ascent in
the tropical lower stratosphere on time scales shorter
and longer than the lower-stratospheric damping time,
respectively.

As a guide in interpreting our observational results,
we rely on an extended integration of an idealized
general circulation model that produces a realistic sim-
ulation of the high-latitude planetary waves and their
role in forcing the BDC. This work complements earlier
studies that have used numerical models of varying de-
grees of complexity, from idealized (e.g., Dunkerton
et al. 1981; Plumb and Eluszkiewicz 1999; Scott 2002;
Boehm and Lee 2003; Zhou et al. 2006; Geller et al. 2008;
Chen and Sun 2011) to more complex (e.g., Semeniuk
and Shepherd 2001; Norton 2006; Deckert and Dameris
2008; McLandress and Shepherd 2009; Ryu and Lee
2010; Garny et al. 2011). The highly idealized nature of
the model in this study leads to defects in the climato-
logical features, as noted in later sections, but its sim-
plicity enables us to focus on the role of high-latitude
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planetary waves. That it is able to reproduce key fea-
tures of the observations in the absence of convectively
driven equatorial planetary waves supports the notion
that waves originating in the extratropics are capable of
forcing variability of the upper branch of the BDC.

Section 2 describes the datasets used and the methods
that are employed. Section 3 examines the structure of
the tropical upwelling in the BDC as simulated in the
model and in observations. The role of high-latitude
wintertime planetary waves in forcing the variability of
the tropical upwelling on intraseasonal to seasonal time
scales is explored in section 4. In our analysis of the
observations, we will draw a distinction between the
forcing of the tropical upwelling at 70 hPa and above,
which is representative of the upper branch of the BDC,
and the upwelling in the vicinity of the tropical cold-
point tropopause near 100 hPa, which is more strongly
influenced by the lower branch of the BDC. The con-
trasting variability in tropical upwelling at the 70- and
100-hPa levels is discussed in section 5. Our results are
summarized and interpreted in the context of previous
work in section 6.

2. Data and methods

This study compares the results of an idealized gen-
eral circulation model and two sets of observation-based
data. We use the pseudospectral, dry dynamical core
model (Held and Suarez 1994) modified to more realis-
tically represent the stratospheric circulation (Polvani
and Kushner 2002). We analyze a 10 000-day, perpetual-
January integration run with a vortex lapse rate Y =
4 K km™! at triangular truncation 42 (T42; Gaussian
grid of about 2.8°) resolution and 40 vertical sigma
(=pressure/surface pressure) levels that are spaced ap-
proximately evenly in log pressure height, as in Polvani
and Kushner (2002). A large-scale surface topography of
wavenumber k = 2 and amplitude /1, = 3 km is added in
the winter hemisphere between 25° and 65°N, centered
at 45°N. These parameter settings have been shown to
produce realistic troposphere—stratosphere coupling
(Gerber and Polvani 2009) and a realistic BDC (Gerber
2012). The reader is referred to these papers for a more
detailed description of the model.

The 6-hourly global European Centre for Medium-
Range Weather Forecasts Interim Re-Analysis (ERA-
Interim; Dee et al. 2011) data are analyzed for the 32-yr
period from 1 January 1979 to 31 December 2010. The
data are gridded at 1.5° latitude by 1.5° longitude from
90°S to 90°N and 37 pressure levels from 1 to 1000 hPa.
Except where specifically indicated, the study focuses on
the nonseasonal variability defined as departures from
the seasonally varying climatological mean computed
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from climatological daily means (i.e., 1 January 1979-
2010, 2 January 1979-2010, . .. , 31 December 1979-2010)
from November through March. Data from 29 February
of the leap years have been omitted.

The daily brightness temperature (7') fields derived
from the lower-stratospheric channel of version 3.2
of the Microwave Sounding Unit/Advanced Micro-
wave Sounding Unit carried aboard National Oceanic
and Atmospheric Administration satellites (hereafter,
MSU-4) are also analyzed for the same period of record,
November—-March 1979-2010. The data are gridded at
2.5° X 2.5° resolution and extend to 82.5°N/S. 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 (www.ssmi.com/msu/).

Zonal averaging is denoted by square brackets and
primes denote departures from the zonal mean. The
poleward eddy heat flux term is computed by averaging
the 6-hourly products of the meridional wind v and
temperature 7’ anomalies around latitude circles and
subtracting the climatological 6-hourly means at each
latitude and pressure level (i.e., [v'T’] minus the clima-
tological 6-hourly mean value of [v'T’]). Daily means
are computed by averaging the 6-hourly data. Time de-
rivative fields of temperature 9[T]/dt are estimated as
centered differences. For example, what we refer to as
a “2-day time rate of change” is computed by subtract-
ing the value on day —1 from the value on day +1 in the
time series.

The residual circulation is estimated using the trans-
formed Eulerian-mean (TEM) equations (Edmon et al.
1980; Andrews et al. 1987) based on eddy covariance
statistics, where asterisks denote TEM variables. The
TEM streamfunction * in pressure coordinates is de-
fined as

[v6']

Y= — 27Tag*1 CcoSQ ap [0

M

where a is the radius of the Earth, g is gravity, ¢ is lati-
tude, and 6 is potential temperature. The conventional
streamfunction ¢ is computed from a downward vertical
integration of [v], using ¢y = 0 as the boundary condition
at the top of the domain where the mass circulation
approaches zero.

The empirical orthogonal function (EOF) patterns of
J* displayed in this paper are obtained by regressing the
y* field upon the standardized principal component
(PC) time series computed from an EOF analysis of ¢*
at specified pressure levels. The amplitudes of the pat-
terns represent typical amplitudes of the anomalies as-
sociated with fluctuations in the respective EOF modes.
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Tests for statistical significance of the correlation and
regression fields are based on the Student’s ¢ test with the
number of temporal degrees of freedom (or “‘effective
sample size”’) estimated using Eq. (31) in Bretherton
et al. (1999).

In section 4c on the analysis of the tropical upwelling
on monthly and seasonal time scales, we utilize the
variable [T']* defined as the local [T] minus the global-
mean [7] at each level. Subtracting the global-mean [ 7]
helps eliminate the effects of volcanic eruptions and the
long-term stratospheric cooling trend in the interannual
variability. Additionally, the quasi-biennial oscillation
was removed following the method described in Wallace
et al. (1993). Briefly, the two leading PC time series
derived from EOF analysis of low-pass filtered, desea-
sonalized equatorial zonal wind measurements at 10—
70-hPa levels were linearly regressed out from monthly
mean ERA-Interim and MSU-4 data.

3. Structure of the tropical upwelling in the BDC

The time-mean structure of the TEM streamfunction
* field in the model is shown in Fig. 1a and compared to
the climatological-mean boreal winter structure of *
in ERA-Interim in Fig. 1b. The tropospheric contours
highlighted with colored shading depict the tropical
Hadley cells and their eddy-driven extension to higher
latitudes. In this perpetual-January integration of the
model, the simulated Southern Hemisphere (SH) cir-
culation cell is substantially stronger than observed be-
cause of the unrealistically strong baroclinic eddies in
the model’s summer hemisphere. The wave-driven BDC
in the stratosphere is indicated by the upper set of con-
tours that appear above the colored shading. As in the
troposphere, the SH (summer) stratospheric circulation
is too strong in the model: the BDC cells in the two
hemispheres are of comparable strength in the simula-
tion (Fig. 1a), whereas the Northern Hemisphere (NH)
cell is clearly dominant in ERA-Interim (Fig. 1b) and
stronger than its SH counterpart in boreal summer,
shown in Fig. 1c. The hemispherically symmetric pattern
of ¢* in the simulation resembles the climatological
annual mean structure of ¢* in the reanalysis (not
shown). Since the model does not simulate the effects
of latent heating on tropical convection, the simulated
tropical cold-point tropopause at about 200 hPa is lower
than observed.

The greater strength of the circulation in the NH
winter stratosphere (Fig. 1b) than in the SH winter
stratosphere (Fig. 1¢) gives rise to the observed January—
February peak in tropical lower-stratospheric upwelling
and the associated temperature minimum noted by
Reed and Vlcek (1969). In ERA-Interim, the tropical
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FI1G. 1. (a) Vertical cross section of the time-mean * field in the
model simulation. (b),(c) As in (a), but based on December—Feb-
ruary and June-August ERA-Interim (1979-2010) data, respec-
tively. Contour values of ¢* are *0.05, 0.1, 0.2, 0.3, 0.5, 1 X
10'° kg s~ ! at levels at or below (a) 220 and (b),(c) 150 hPa with
solid (dashed) lines representing positive (negative) values, and at
an interval of 2 X 10'" kg s~! below those levels.

upwelling region widens from about 15°S-12°N in the
troposphere to about 30°S-30°N in the lower strato-
sphere, illustrating the greater meridional width and
the stronger equatorial symmetry of the upwelling
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FIG. 2. Time-latitude sections of the 65-hPa level (a) w* and (b) d[T']/d¢ based on 10-day
Lanczos low-pass filtered model data. The 100-hPa level [v'T"] greater than 5 m s~ K (less
than —5 m s~! K) during the same time period are plotted in thick (thin) black contours in the
NH. (c) Asin (b), but based on daily MSU-4 9[ T}/ and ERA-Interim [v'T"] (1 Jul 1994-30 Jun
1995). The sign of [v'T'] is reversed in the SH such that positive [v'T'] (thick contours) indicate
poleward eddy heat fluxes in both hemispheres. All fields are weighted by the cosine of latitude.
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branch of the BDC as compared with that of the
Hadley cell.

The nonlinearly spaced contours depicting the strato-
spheric BDC are indicative of a change in the character
of the circulation around the 70-hPa level in ERA-
Interim (Fig. 1b). The steep vertical gradient of ¢*
below 70 hPa in the tropics is indicative of a strong cir-
culation that is concentrated near or just above the cold
point. An estimate of the upward mass flux based on ¢*
in Fig. 1b indicates that only about !/5 of the mass of air
that upwells through the 100-hPa surface in the 15°S—
15°N latitudinal belt reaches the 70-hPa level in ERA-
Interim, which is consistent with the vertical mass flux
estimates of Corti et al. (2005) and Fu et al. (2007) de-
rived from radiative transfer calculations. Above ap-
proximately 70 hPa, the contours are more evenly spaced
and the ¢* values decrease more gradually with height,
indicating a weaker but deeper equator-to-pole circulation.

This change in the vertical gradient of the streamfunction
contours in ERA-Interim is suggestive of a distinction
between the stronger, lower branch and the weaker,
upper branch of the BDC.

The dominant temporal and meridional structure of
the nonseasonal variability of the BDC becomes read-
ily apparent in time-latitude sections shown in Fig. 2.
Figure 2a shows TEM pressure velocity (w*) anomalies
at 65 hPa during a selected 365-day period in the simu-
lation. Nonseasonal variability of the upwelling is dom-
inated by variations on intraseasonal time scales, primarily
on the order of 10 days. The meridional structure of
the variations resembles the time-mean structure of *
(Fig. 1), with broad, equatorially symmetric perturbations
encompassing the entire tropical belt out to about 30°
latitude. Tropical w* anomalies are usually flanked by
anomalies of opposing sign in the winter hemisphere, in
this case the NH, consistent with the conservation of mass.
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TABLE 1. Correlation coefficients between 10-day Lanczos low-pass filtered daily time series (ERA-Interim and MSU-4, November—
March 1979-2010): high-latitude (45°-90°N) [v/T'] at 100 hPa; tropical (30°S-30°N) w* at 70 hPa; tropical (30°S-30°N) [ T']/d¢ at 70-hPa,
100-hPa, and MSU-4 levels; PC 1 of daily ¢* at 70 hPa; and PC 3 of daily y* at 100 hPa. All correlations are significant at the 99% level.

High-latitude = Tropical w* Tropical 9[T)/9t Tropical 9[T|/9t Tropical 9[T}/ot PC 1 of y* PC 3 of ¢*
[vT'] at 100 hPa  at 70 hPa at 70 hPa at 100 hPa at MSU-4 levels at 70 hPa  at 100 hPa
High-latitude 1 —0.45 —0.51 —0.24 —0.62 0.76 0.69
[v/T'] at 100 hPa
Tropical w* at 70 hPa 1 0.72 0.45 0.66 —0.60 —0.48
Tropical o[ T]/ot at 1 0.38 0.80 -0.54 —0.45
70 hPa
Tropical o[ T']/dt at 1 0.49 -0.27 -0.27
100 hPa
Tropical d[T']/dt at 1 -0.57 —0.44
MSU-4 levels
PC 1 of 4* at 70 hPa 1 0.88

PC 3 of y* at 100 hPa

1

The same perturbations are even more clearly evident
in the time-latitude section of the 2-day time rate of
change of temperature at 65 hPa for the same period,
shown in Fig. 2b. Negative w* anomalies, indicative
of enhanced upwelling, coincide with negative 9[T]/dt
anomalies, indicative of anomalous cooling and vice
versa. The strong positive correlation between tropical
mean o* and [T/t at the 65-hPa level follows directly
from the TEM thermodynamic equation

o[ _RIT),.
At <$ ) p) - (- [T, @)
——

A B C

where R is the gas constant and ¢, is the heat capacity of
air at constant pressure. The zonal-mean diabatic heat-
ing in the model is driven by Newtonian relaxation to
a radiative equilibrium profile 7, with radiative time
scale 7 = 40 day ' in the free troposphere and strato-
sphere. Newtonian relaxation is a useful approximation
of the diabatic heating in the real atmosphere (e.g.,
Andrews et al. 1987) with 7 ~ 30-60 day ' in the lower
stratosphere (e.g., Newman and Rosenfield 1997; Randel
et al. 2002a). For time scales longer than 7, the dominant
balance is between terms B and C in Eq. (2), such that
upwelling and temperature vary with opposite phase.
On time scales much shorter than 7, however, terms A
and B tend to balance and upwelling varies in phase with
a tendency toward cooling.

Planetary-scale fluctuations in 9[7]/9¢, with broad
and equatorially symmetric perturbations in the tropics
flanked by perturbations of opposing sign, are also ap-
parent in the observations, as evidenced by the section
of 9[T]/dt based on MSU-4 data, shown in Fig. 2c. As
in the simulation, the successive bands of anomalous

cooling and warming are remarkably symmetric across
the tropics out to about 30° latitude and are flanked by
strong anomalies of the opposing sign in high latitudes
of the winter hemisphere. Fluctuations in w* at 70-hPa
in ERA-Interim (not shown) are dominated by high-
frequency variability and are not as well correlated with
variations in d[7']/dt at the same level as in the model:
r = 0.72 in ER A-Interim versus 0.94 in the model (Table
1). Since we are not convinced that the data assimilated
in ERA-Interim yield reliable vertical velocities, we use
d[T]/ot as a proxy for high-frequency variations in ver-
tical velocity in the observed BDC.

4. Role of high-latitude wintertime planetary waves

As an indicator of the upward propagation of waves
into the stratosphere, we superimpose 100-hPa pole-
ward eddy heat flux [v/T’] anomalies greater than
5 m s~ ! K on the time-latitude sections in Fig. 2. Eddy
heat fluxes are associated with the vertical propagation
of Rossby wave activity, as quantified in the Eliassen—
Palm (EP) flux (Andrews and Mclntyre 1976; Edmon
et al. 1980). Episodes of strong poleward [v/T'], centered
around 60° latitude, are associated with strong tropical
upwelling/cooling in the model (e.g., day ~120 in Figs.
2a,b) and in the observations (e.g., mid-January 1995
in Fig. 2c). Similarly, anomalously weak fluxes tend to
occur in concert with weak tropical upwelling/warming
(e.g., day ~160 and February 1995). The high-latitude
100-hPa [v'T’] are primarily associated with planetary-
scale waves; Polvani and Waugh (2004) show that such
bursts of upward wave propagation often precede strato-
spheric sudden warming events. The strong correspondence
between enhanced high-latitude [v/7’] and tropical up-
welling/cooling in Fig. 2 suggests that planetary wave
propagation into the high-latitude stratosphere is linked



JUNE 2013

to the forcing of the tropical upwelling in both the sim-
ulation and in the observations.

a. Variability on intraseasonal (~10 day) time scales

We first investigate the intraseasonal variations in
tropical upwelling, which dominate the overall non-
seasonal variability of the BDC. To firmly establish the
link between wave activity entering the high-latitude
stratosphere and tropical upwelling suggested in Fig. 2,
we define an index of high-latitude wave activity: de-
viations of [v/T'] from climatology at the 100-hPa level,
integrated from 45° to 90°N. Regressions of the [v'T”]
field upon this index and 100-hPa [v/T"] integrated over
various latitudinal ranges poleward of about 40°N (not
shown) indicate that this index is a robust measure of
wave propagation into the high-latitude stratosphere.
Figure 3 shows meridional profiles of lower-stratospheric
w* and 9[T]/dt constructed by regressing these fields
upon the high-latitude wave index at various lags. The
response of the lower-stratospheric 9[7T']/ot profiles to
high-latitude wave propagation is remarkably similar in
the simulation and the MSU-4 observations (Figs. 3b,c).
Both show nearly instantaneous warming of the polar-
cap region and cooling of the tropics, consistent with an
enhancement of the BDC, as confirmed by the w* sec-
tion of the model shown in Fig. 3a. The polar warming,
which implies a weakening of the stratospheric polar
night jet, lasts for about 5 days and is followed by an
interval of cooling associated with the recovery of the
polar vortex. The equatorward propagation of the polar
d[T]/ot anomalies in Fig. 3 is also apparent in the time—
latitude sections in Fig. 2.

The widespread tropical cooling in response to high-
latitude planetary wave propagation takes place over
the course of about 10 days, centered around the time of
the peak wave propagation across the 100-hPa surface
(i.e., zero lag). In the observations (Fig. 3c), the maxi-
mum tropical cooling occurs at day +2, but no such
delay is evident in the simulation at the 65-hPa level
(Fig. 3b). The results based on correlation analysis, in-
dicated by the colored shading in Fig. 3, show enhanced
cooling on the equator and near 20°S and 20°N, forming
a three-prong feature that is more prominent in the
simulation than in the observations. Strong poleward
[/ T'] at 100-hPa over 45°-90°N is also accompanied by
a relatively weak and short-lived local cooling over ap-
proximately 30°-60°N at day —2, indicative of upwelling
that appears first in midlatitudes and quickly spreads
into and across the tropics.

Figure 4 shows the evolution of the temperature re-
sponse to planetary waves entering the high-latitude
stratosphere, as represented by the same high-latitude
100-hPa [v'T’] index used in constructing Fig. 3. The
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d[T]/ot field is significantly correlated with the high-
latitude [v/T’] at lags ranging from day —4 to +4, re-
flecting the persistence of the eddy heat flux anomalies.
Hence, the approximately 10-day time scale of the
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tropical upwelling anomalies inferred from Figs. 2 and 3
is set by the characteristic time scale of the modulations
in the intensity of the planetary Rossby waves. Tropical
cooling and polar warming first become evident at day
—4. The correlations become stronger in subsequent
days with very little modulation of their spatial struc-
tures. The polar warming is strongest at day 0 and weakens
thereafter. In ERA-Interim (Fig. 4b), the warming of
the polar cap region is flanked by cooling at about 40°-
60°N in the approximately 100-200-hPa layer. This lobe
of localized cooling is connected to a broader tropical
cooling above about 70 hPa that spreads across the
equator into the SH. The cooling of the entire tropical
stratosphere peaks at day +2 in both the simulation and
in ERA-Interim. The broad, equatorially symmetric
cooling signature persists for more than 4 days, with
somewhat stronger correlations between tropical d[T]/d¢
and high-latitude [v'T’] in the model than in ERA-
Interim. These results are qualitatively similar to the
lagged composites of [T] with respect to anomalously
large upward EP fluxes shown in Fig. 6 of Karlsson
et al. (2009) based on a comprehensive general circu-
lation model.

Figure 5 confirms that variations in d[7]/dt associated
with high-latitude planetary wave propagation in Fig. 4
are driven by changes in the strength of the meridional
circulation. The ¢* fields in the model and ER A-Interim
are regressed upon the daily time series of the high-
latitude 100-hPa [v'T’] index. The TEM circulation ex-
hibits a deep vertical structure with upwelling spreading
across the equator into the SH, particularly in the model.
The overall shape of these patterns resembles the deep,

upper branch of the climatological-mean boreal winter
BDCin Fig. 1b and the * field regressed upon the daily
time series of tropical (30°S-30°N) lower-stratospheric
d[T]/at (not shown). The 10-day Lanczos low-pass fil-
tered daily time series of tropical 65-hPa d[T]/dt and
high-latitude 100-hPa [v/T’] are correlated at a level of
—0.75 in the simulation. The corresponding correlations
based on MSU-4 and ERA-Interim 9[7']/d¢ at 70-hPa are
slightly weaker (—0.62 and —0.51, respectively; Table 1),
but still highly significant.

Note, however, that the correlation between high-
latitude 100-hPa [v/T’] and tropical 9[7]/at, shown in
Figs. 4 and 5, drops off sharply with depth, from —0.51 at
70 hPa to —0.24 at 100 hPa in the reanalysis (Table 1).
Figure 6 reveals the vertical structure of intraseasonal
anomalies in the tropical upwelling. The ERA-Interim
d[T]/ot field is significantly correlated with MSU-4 trop-
ical 9[T']/ot time series throughout the 20-70-hPa layer,
with a maximum correlation of about 0.6 at the 30-hPa
level, as shown in Fig. 6a. Hence, it is evident that
MSU-4 samples temperatures over a deep layer in the
stratosphere and that the intraseasonal variability in
d[T]/at is relatively uniform within the 20-70-hPa layer
in ERA-Interim.

Figures 6b and 6¢ show cross sections of d[7']/dt cor-
related with and regressed upon tropical d[7]/9t time
series at the 50- and 100-hPa levels in ERA-Interim,
respectively. By construction, intraseasonal variations
in d[T]/ot are highly correlated at the level of the
tropical time series. Tropical 9[7]/dt variations at the
50-hPa level are strongly correlated with tropical 9[ T']/9¢
from 20- to 70-hPa levels, as evidenced by the deep
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vertical extent of the shaded region in Fig. 6b. However,
the correlations drop off rapidly with depth below
70 hPa. A similar result is obtained when the o[ 7')/0¢ field
is correlated with tropical o[ 7')/9t time series at the 70-hPa
level (not shown). In contrast, the variability in tropical
d[T)/ot at the 100-hPa level is localized and only weakly
correlated with the variability at neighboring levels
(Fig. 6¢). Time series of tropical d[T]/dt at the 70- and
100-hPa levels are weakly correlated (r = 0.38; Table 1).

In summary, the propagation of planetary waves into
the high-latitude stratosphere can explain much of the
high-frequency variability in tropical upwelling at about
70 hPa and above, but it accounts for less of the vari-
ability of temperature of the tropical cold-point tropo-
pause, which is situated closer to the 100-hPa level.
Variations in MSU-4 temperatures are more strongly
correlated with ERA-Interim temperatures at 70 hPa
than at 100 hPa (r = 0.80 versus 0.49; Table 1) and thus
reflect the variability of the upper branch of the BDC,
which is forced mainly by planetary waves originating in
high latitudes.

b. Connecting high-latitude wave propagation to
stratospheric wave driving

To relate the upward propagation of high-latitude
planetary waves through the 100-hPa surface to the
mechanical forcing of the stratosphere, we show in Fig. 7
series of meridional cross sections generated by corre-
lating the divergence of the EP flux upon the high-
latitude 100-hPa [v/T’] index. The evolution of the EP
flux divergence may be interpreted as tracing out the
region of wave breaking or forcing. The sequence begins
with wave forcing concentrated in the extratropical
stratosphere poleward of 45°N. By day +2 to +4, nearly
all the wave forcing in the model has shifted to the
tropical and subtropical latitudes. The wave forcing in
ERA-Interim is not as strong as in the model, as evi-
denced by the weaker correlations in Fig. 7b compared
to those in Fig. 7a, but the evolution of the pattern is
similar. At the time of peak wave propagation into the
high-latitude stratosphere, EP flux divergence is maxi-
mum in the region poleward of 45°N above the 100-hPa
level. The region of wave forcing shifts equatorward
with time so that by day +2 most of the wave breaking
occurs in the subtropical stratosphere. By day +4, all
remnants of the high-latitude wave breaking have
completely disappeared, but wave breaking in the sub-
tropics is still clearly evident.

While the overall structure and evolution of the EP
flux divergence field in ERA-Interim resemble those in
the model, the variability of the low-latitude EP fluxes
in ERA-Interim is not as strong. The EP fluxes in the
model extend nearly all the way to the equator, whereas
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in the ERA-Interim they extend only as far as about
20°N. It is possible that the data assimilation corrections
in the reanalysis are overwhelming the weak EP flux
divergence perturbations in the tropics.

The sequence of patterns in Figs. 4 and 7 suggests that
the tropical response to bursts of high-latitude planetary
wave activity proceeds in two stages. In the early stage,
tropical cooling appears as a remote, nearly simulta-
neous response to wave breaking in the high latitudes,
consistent with the notion of sideways control (Holton
et al. 1995). On time scales shorter than the radiative
relaxation time scale, highlighted in Figs. 2-6, wave
breaking in the high latitudes alone can drive transient
modulations of tropical upwelling.

In the later stage, wave breaking shifts to low latitudes,
where it is capable of both driving transient, high-
frequency variations in tropical upwelling and contrib-
uting to the forcing of time-mean tropical upwelling in
the upper branch of the BDC. This low-latitude tail of
wave-breaking events is necessary for driving tropical
upwelling on time scales sufficiently longer than the
radiative relaxation time scale, when downward con-
trol becomes applicable.

The spreading of the wave-forcing region across much
of the hemisphere on a time scale of days, however,
suggests that a distinction between high- and low-
latitude wave breaking associated with real planetary
waves may be somewhat artificial. Planetary waves orig-
inating in the extratropics are associated with a very
broad pattern of wave breaking, as documented by
MclIntyre and Palmer (1983) and illustrated here in
Fig. 7.

c. Variability on monthly and seasonal time scales

Ueyama and Wallace (2010, hereafter UW) showed
evidence of strong coupling between high-latitude plan-
etary wave activity, as represented by the eddy heat
flux averaged over 50°-80°N/S and 10-50 hPa, and the
BDC, as represented by the leading PC time series of the
equatorially symmetric component of the pole-to-pole
meridional profile of [T]* based on MSU-4 data. Posi-
tive values of the PC, which are associated with below
normal temperatures in the tropics and above normal
temperatures poleward of 40° latitude, are indicative
of an intensification of the BDC and vice versa. To rep-
resent the variability on time scales longer than the ra-
diative relaxation time scale, they employed a low-pass
filter comprising successive, centered 5- and 3-month-
running-mean smoothing operators. Their Fig. 12b shows
a strong correspondence between the low-pass filtered
eddy heat flux and PC time series, and their Fig. 13 and
Table 2c corroborate this result. UW were unable to
reconcile the apparent forcing of the BDC by the
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high-latitude planetary waves with the downward con-
trol principle at the low frequencies because the plane-
tary wave forcing that they identified did not appear to
extend into the tropics.

In section 4b, we showed that on 10-day time scales,
EP fluxes associated with the high-latitude planetary
waves do, indeed, extend deep into the tropics. This
confirms that tongues of high potential vorticity air
routinely stretch into the subtropics, as depicted in
the single wave-breaking episode shown in Fig. 2 of
Mclntyre and Palmer (1983). To capture the impact of
this wave breaking on longer time scales, we first show
in Fig. 8 pole-to-pole time-latitude sections of 90-day
Lanczos low-pass filtered [v'T’] averaged over the 10—
100-hPa layer superimposed on the 2—-65-hPa fields of w*
and [T]*, a low-frequency analog to Figs. 2a,b. On this
seasonal time scale, the meridional structure of the w*
and [T]* perturbations is indicative of an enhancement
of the BDC when the high-latitude heat fluxes are
anomalously strong and vice versa. The low-frequency
cutoff of the Lanczos filter is not low enough to com-
pletely eliminate the phase lag between w* and [T]*.
The high-latitude [v/7"] in Fig. 8 may be interpreted as
the effect of the episodic incursions of planetary wave
activity into the tropics, as described in the previous
section.

Consistent with the results presented in UW, tropical
o* and [T]* averaged from 1 to 70 hPa in ERA-Interim
are also significantly correlated with high-latitude [v'T"],
as shown in Table 2. However, it is notable that this
strong coupling does not extend downward to 100-hPa,
near the level of the tropical cold-point tropopause.

Figure 9 establishes the connection between low-
frequency anomalies in high-latitude eddy heat fluxes,
stratospheric temperatures, and the residual mean cir-
culation. We repeat the analysis shown in Fig. 5, but
substitute [T]* for 9[T]/dt, in order to represent the
phase relationships at low frequencies. The high-latitude
wave index in this section is defined as the deviations of
[v'T'] from climatology, integrated from 10 to 100 hPa
and from 45° to 90°N. Figures 9a,b show monthly (or
30-day) mean * and [T']* anomalies regressed on the
high-latitude [v'T'] index. Figures 9c,d show the same
relationships, but now based on 3-month Lanczos low-
pass filtered fields. The downward control becomes
more applicable on these longer time scales, but the
regressions become noisier, particularly at lower levels,
as a result of the reduction in the number of temporal
degrees of freedom.

On both monthly and seasonal time scales, we observe
a connection between wave activity in the high latitudes
and widespread cooling of the tropical stratosphere and
warming of the polar stratosphere, particularly at upper
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in both hemispheres. All fields are weighted by the cosine of latitude.

levels between 2 and 20 hPa. The ¢* regressions confirm
that these temperature anomalies are driven by an in-
crease in the strength of the upper branch of the BDC.
The agreement between the model and reanalysis is
better on these lower frequencies than on the higher
frequencies.

Figure 9 also reflects the inability of the planetary
waves originating in high latitudes to explain variations
in temperature in the lower branch of the BDC. The
regression of tropical temperatures approaches zero just
below 70 hPa in ERA-Interim (Figs. 9b,d). Seasonal-
mean time series of tropical [T]* averaged over 1-
70 hPa is only weakly correlated with tropical [T]* at
100 hPa (r = 0.14; Table 2), suggesting that variability of
the upper branch of the BDC is largely disconnected

from the variability of the lower branch on a broad range
of time scales.

5. Forcing of the variability below 70 hPa

The structure of the TEM circulation that influences
the variability in tropical upwelling at 70- and 100-hPa
levels is investigated further by performing a one-
dimensional EOF analysis of 10-, 30-, and 90-day
Lanczos low-pass filtered ¢* at specified pressure levels.
We focus on ERA-Interim data only, given the bias in
the model’s tropical tropopause height.

The pattern obtained by regressing the * field upon
the leading PC time series derived from EOF analysis of
* at the 70-hPa level is shown in the top row of Fig. 10.

TABLE 2. Correlation coefficients between 3-month Lanczos low-pass filtered monthly time series (ERA-Interim, November—-March
1979-2010): high-latitude (45°-90°N) [v/T’] at 10-100 hPa, tropical (30°S-30°N) w* at 1-70 hPa, tropical (30°S-30°N) [T']* at 1-70- and
100-hPa levels. Quasi-biennial oscillation was removed from the monthly time series following the method described in section 2. Cor-
relations that are not statistically significant at the 99% level are italicized.

High-latitude [v/7"] at

Tropical w* at Tropical [T]* at Tropical [T]* at

10-100 hPa 1-70 hPa 1-70 hPa 100 hPa
High-latitude [v/T"] at 10-100 hPa 1 —0.66 —0.69 -0.07
Tropical w* at 1-70 hPa 1 0.57 0.22
Tropical [T]* at 1-70 hPa 1 0.14
Tropical [T]* at 100 hPa 1
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The TEM circulation pattern for each frequency band
resembles the deep, equator-to-pole BDC associated
with variations in high-latitude [v/7’] as seen in Figs. 5b,
9b, and 9d, respectively. This mode explains roughly
50% of the intraseasonal variability in {* irrespective of
the low-pass cutoff of the filter. The leading EOF of ¢*
at the 100-hPa level, shown in the middle row of Fig. 10,
consists of a shallower equator-to-pole circulation that
is mainly confined in the lower stratosphere. At lower
frequencies, the cell becomes even more meridionally
confined and the descending branch shifts to lower lat-
itudes. The tropical cell below 70 hPa, with ascent in
the equatorial belt and subsidence in the outer tropics,
resembles the structure of the residual circulation
forced by equatorial planetary waves (e.g., Norton 2006;
Deckert and Dameris 2008). A deeper mode that

resembles the leading EOF of ¢* at 70 hPa appears as
the third mode in the 100-hPa EOF expansions, shown
in the bottom row of Fig. 10. PC 3 of ¢* at 100 hPa is well
correlated with PC 1 of % at 70 hPa atr = 0.88, 0.83, and
0.81 for 10-, 30-, and 90-day low-pass filtered data, re-
spectively. However, for time scales of 10 days and
longer, only 13% of the variance is associated with this
deep mode, while this mode explains only 8% of the
variance on time scales 90 days and longer. Thus we
conclude that the variability of the upper branch of the
BDC with upwelling at 70 hPa and above makes only
a small contribution to the variability of the upwelling at
the tropical cold point near 100 hPa.

The results of the EOF analysis support our con-
clusion that the influence of the variations in the up-
per branch of the BDC, driven by the breaking of
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FIG. 10. (a) Vertical cross sections of the * field correlated with (gray shading) and regressed upon (contours; +0.05,0.1,0.2,0.3,0.5, 1,
2 X 10” kg s~ ") the standardized leading PC time series computed from EOF analysis of ¢* from pole to pole at (top) 70- and (middle)
100-hPa levels based on 10-day Lanczos low-pass filtered ERA-Interim November—March data. (bottom) As in (top), but correlated with
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corner of each panel.

planetary waves originating in high latitudes, declines
rapidly with depth below 70 hPa. The reduction in the
variance by roughly a factor of 3-6 is consistent with
the sharp gradient in the mass transport between 70-
and 100-hPa levels: recall that only about Y5 of the
mass that upwells through the 100-hPa surface be-
tween 15°S and 15°N reaches the 70-hPa level. Hence
wave breaking above 70 hPa, the primary driver of the
upper branch of the BDC, can only have a limited
impact on the upwelling at 100-hPa in comparison to

the wave forcing in the lower stratosphere between
70- and 100-hPa levels.

6. Summary of findings and discussion

We have investigated the forcing of the tropical up-
welling in the Brewer—Dobson circulation (BDC) based
on the analysis of perpetual-January integrations of an
idealized general circulation model and November-March
data of the ERA-Interim and MSU-4 measurements of
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lower-stratospheric temperature. Our main findings are
as follows:

1. Nonseasonal variability of the BDC is dominated by
time scales of about 10 days, consistent with the time
scale of high-latitude planetary waves. Enhanced
poleward eddy heat fluxes [v/7”’] in the high latitudes
(45°-90°N) at the 100-hPa level are associated with
nearly instantaneous anomalous tropical cooling (i.e.,
negative [ T']/9t) above the 70-hPa level and anom-
alous warming (i.e., positive 9] 7']/dt) on the poleward
side of the polar night jet (Figs. 2-5), suggestive of an
episodic strengthening of the BDC driven by the
breaking of high-latitude wintertime planetary waves
or “‘sideways control.”

2. Lag-lead correlations of the EP flux divergence field
with high-latitude wave propagation, as represented
by an index of the 100-hPa [v/T’] poleward of 45°N,
illustrate the equatorward propagation of waves from
the high latitudes to the subtropical and tropical
stratosphere over a period of about 10 days (Fig. 7).
Planetary waves originating in high latitudes give rise
to a region of wave breaking extending from the pole
to the tropics, consistent with a broad surf zone
discussed in earlier works (e.g., Andrews et al. 1987).
The equatorward propagation is more prominent in
the model than in the reanalysis.

3. Averaged over a season or longer, the presence of
planetary waves originating in high latitudes and
breaking in the tropics contributes substantially to
the forcing of the BDC. We propose that it is through
this mechanism that the episodic, short-lived events
analyzed in this study contribute to the pronounced
annual cycle in the strength of the BDC as well as the
nonseasonal variability on 90-day and longer time
scales. In agreement with this hypothesis, a significant
correlation is observed between wave activity in the
high-latitude stratosphere and tropical [T]* in the
upper branch of the BDC in the 90-day low-pass
filtered data (Figs. 8 and 9). We have also found that
the meridional profile of the time-mean, vertically
integrated wave forcing at 70 hPa (not shown) closely
resembles the regression pattern at day +2 in Fig. 7.
Short-lived events can have long-term effects on
the BDC because, in both the simulation and in the
reanalysis, the breaking of the high-latitude planetary
waves occurs at sufficiently low latitudes to induce
tropical upwelling by downward control.

4. The influence of planetary waves originating in high
latitudes upon the strength of the tropical upwelling
diminishes rapidly with depth below 70 hPa. Non-
seasonal variations in tropical d[7]/dt and [T]* at
100 hPa are not strongly correlated with those at

70 hPa and above or with the high-latitude [v'7"]
index (Tables 1, 2).

There are several factors that have led to different
conclusions in prior studies regarding the role of high-
latitude planetary waves in forcing the variability in the
tropical upwelling:

e Zhou et al. (2012) showed that low-latitude EP fluxes
computed on the basis of 6-hourly ERA-Interim data
are substantially larger than those inferred by UW
from the eddy fluxes of heat and zonal momentum
calculated from pentad (5 day)-mean ERA-40 data.
Not only are the EP fluxes in Zhou et al. (2012) a more
direct measure of the wave forcing than the eddy
fluxes in UW, but breaking planetary waves emanat-
ing from high latitudes may also include features that
would not be resolvable in pentad-mean data.

o Even in the 6-hourly fields of ERA-Interim, features
associated with low-latitude planetary wave breaking
may be obscured by the data assimilation cycle, in
which dynamical consistency is continually being
sacrificed for the sake of updating the analysis with
new observations. In this respect, the results based on
numerical simulations presented in Fig. 7 of this study
may well provide a more reliable indication of the
amplitude of the low-latitude eddy forcing than the
results based on ‘“‘observations.”

o The impact of the wave forcing on the tropical up-
welling is inversely proportional to the Coriolis pa-
rameter. Hence, the smallness of the low-latitude
fluxes belies their dynamical significance. Our use of
correlation coefficients in this study places greater
emphasis on the low-latitude fluxes than the use of
regression coefficients in UW.

o The relative importance of high-latitude planetary
waves in forcing the variability of tropical upwelling
in the BDC depends on the level at which the up-
welling is evaluated. The column-averaged tropical
temperatures between 10 and 100 hPa analyzed by
Salby and Callaghan (2002) and the zonally averaged
temperature profiles from MSU-4 analyzed in UW
emphasize the vertical velocities in the upper branch
of the BDC, which explains why these studies found
strong correlations between variations in tropical
upwelling and high-latitude planetary wave activity. In
contrast, an appreciable contribution by low-latitude
wave forcing was found in studies that examined the
residual-mean vertical velocities near the 100-hPa
level, which are more strongly influenced by the lower
branch of the BDC; for example, at 13-17 km (90—
180 hPa) in Boehm and Lee (2003), 9 hPa in Kerr-
Munslow and Norton (2006), 100 hPa in Randel et al.
(2008), and 100 hPa in Garny et al. (2011).



JUNE 2013

An analysis of the mean age of air in the model by
Gerber (2012) confirms the existence of a qualitative
change in the character of the circulation, which occurs
near 100 hPa in the model. He found that the rapid
decay of the strength of the TEM circulation with height
in the lower stratosphere results in a sharp gradient in
the mean age of air, while much older air with a more
uniform age prevails at higher levels where the strength
of the circulation decays more slowly with height. These
results support the two-branch model of the BDC dis-
cussed in section 1 and are also consistent with the
vertical structure of the amplitudes of the annual cycle in
tropical lower-stratospheric temperature, shown in Fig.
1 of Reed and Vlcek (1969). The amplitude peaks near
80 hPa, presumably because of the strong tropical up-
welling of the upper branch of the BDC during boreal
winter in conjunction with the long radiative relaxation
time scale at that level. The amplitude of the annual
cycle diminishes rapidly with depth below about 80 hPa,
reflecting the weaker seasonality in the strength of the
lower branch and the shorter radiative relaxation time
scale at 100 hPa relative to 80 hPa.

This study clarifies the role of high-latitude wintertime
planetary-scale waves in forcing the variability in the
strength of the BDC on time scales longer than the ra-
diative relaxation time scale of the lower stratosphere.
The contribution by these waves to stratospheric wave
driving has been well recognized since the early studies
of Dunkerton et al. (1981) and McIntyre and Palmer
(1983). However, the forcing of the tropical upwelling
by these high-latitude waves on seasonal (and longer)
time scales has not been widely appreciated, as evi-
denced by the numerous papers cited in section 1 that
have sought alternative explanations for the observed
annual cycle and low-frequency nonseasonal variability
in the lower stratosphere. High-latitude planetary waves
have been acknowledged as being important for driving
high-frequency variations in upwelling in the tropical
lower stratosphere by sideways control, but here we
have presented modeling and observational results that
suggest that they force the BDC by downward control as
well. To what extent the seasonally varying climato-
logical mean and the interannual variability of tropical
upwelling at 70 hPa and above are forced by waves
originating in high and low latitudes remains to be seen.
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