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ABSTRACT

Dynamical variability in the extratropical stratosphere occurs on a broad range of timescales, from daily to
seasonal. Extratropical wave transience is correlated with variations in the mean meridional (Brewer–Dobson)
circulation that links the Tropics and the extratropics. In this study, the variability of observed temperature and
calculated vertical velocity in the tropical lower stratosphere is examined to isolate the imprint of forcing by
extratropical waves. The influence of the waves is quantified by estimating zonal-mean tropical upwelling from
the zonal-mean momentum balance on a daily basis; a large fraction of the variance of tropical upwelling occurs
at periods of 10–40 days, forced by transient waves. In addition, significant coherence is found between calculated
upwelling and observed temperatures in the tropical lower stratosphere on weekly to seasonal timescales. This
relationship is quantitatively consistent with simple thermodynamic balance, and suggests that the large annual
cycle of temperature near the tropical tropopause is mainly a result of the relatively long radiative timescales
in that region. The results indicate that EP flux divergence due to extratropical waves is a major determinant
of zonal-mean temperatures in the tropical lower stratosphere.

1. Introduction

The existence of a strong annual cycle in the zonal-
mean temperature of the tropical lower stratosphere, to-
gether with the absence of a similar seasonal variation
in the troposphere, suggests that the large-scale strato-
spheric circulation exerts a strong influence on the trop-
ical lower stratosphere (Yulaeva et al. 1994; Holton et
al. 1995; Reid and Gage 1996). The global mean me-
ridional circulation, which links the Tropics and extra-
tropics, is driven by the seasonal cycle of radiative heat-
ing, plus forcing due to the dissipation of vertically
propagating Rossby and gravity waves (Garcia 1987;
Holton 1990; Dunkerton 1991; Haynes et al. 1991; Iwa-
saki 1992; Plumb and Eluszkiewicz 1999). Model cal-
culations and observations indicate that the maximum
in extratropical wave forcing occurs during September–
November in the Southern Hemisphere, and during No-
vember–March in the Northern Hemisphere, so that the
global forcing has a seasonal maximum centered on
Northern Hemisphere winter. This produces a seasonal
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cycle in the Brewer–Dobson circulation that is reflected
in the seasonal cycle of temperature in the tropical lower
stratosphere (Reed and Vlcek 1969; Yulaeva et al.
1994). However, higher-frequency transience in tropical
upwelling, and its coupling to tropical temperature, has
received relatively little attention.

The extratropical waves that drive the stratospheric
circulation often occur in episodes or bursts of wave
activity emanating from the troposphere. Typically four
to six such events occur each winter, each one lasting
1–2 weeks. Their episodic nature is illustrated by the
time series of the vertical component of EP flux Fz at
100 mb for the year July 1994–June 1995, shown in
Fig. 1. The solid line in the figure denotes horizontally
averaged Fz in the Northern Hemisphere extratropics
(408–708N), and the dashed line shows the same quantity
in the Southern Hemisphere (408–708S). As noted
above, the global forcing has a relative maximum during
September–March, due to the combined effects of the
fluxes from both hemispheres. This particular year is
interesting because many of the Northern Hemisphere
wave events are clearly separated in time, allowing their
global influence to be identified.

Time series of zonal mean temperature in the Tropics
(averaged over 108N–108S) are also shown in Fig. 1
at three levels spanning the upper troposphere to lower
stratosphere. Superimposed on the large annual cycle
in the time series at 68 and 100 mb are periods of
episodic cooling and warming that appear to be cor-
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FIG. 1. Bottom curves show time series of extratropical 100-mb
eddy heat flux during 1994–1995 for the Northern Hemisphere (solid
line, 408–708N) and for the Southern Hemisphere (dashed line, 408–
708S). The eddy heat flux is proportional to the vertical component
of the EP flux, and is used to quantify the amount of wave activity
entering the extratropical stratosphere. The upper curves show con-
temporaneous time series of zonal-mean temperatures in the Tropics
(108N–108S), for the 68-, 100-, and 146-mb levels. Note several tran-
sient cooling episodes at 68 and 100 mb, which are correlated with
extratropical wave events.

FIG. 2. The mean meridional streamfunction induced by periodic
EP flux divergence of frequency s applied within the shaded region
in an atmosphere with radiative relaxation timescale a21. The upper
panel shows the quasi-adiabatic response (s/a k 1); the lower panel
illustrates the quasi-steady-state (s/a K 1), downward control situ-
ation. Adapted from Holton et al. (1995).

related with midlatitude planetary wave events (with
cold temperatures often following maxima in wave ac-
tivity). The cooling events are less evident at the 146-
mb level (below the tropopause), which also exhibits
small seasonality in comparison with higher altitudes.
The planetary wave events are also associated with
high-latitude warming (not shown); such out-of-phase
polar–tropical temperature anomalies are clear evi-
dence of global-scale circulation effects (as noted in
the first satellite observations of these events by Fritz
and Soules 1970). Similar transient, out-of-phase lat-
itudinal variations are observed in satellite ozone mea-
surements (Randel 1993; Fusco and Salby 1999). We
note that periods of reduced wave forcing in Fig. 1
(such as the second half of February 1995) are asso-
ciated with warming of the tropical lower stratosphere,
probably due to relaxation towards radiative equilib-
rium. This is consistent with calculations showing that
the the zonal mean temperature in the region near and
above the tropical tropopause is below radiative equi-
librium (Olaguer et al. 1992); this departure from equi-
librium is maintained by the stratospheric circulation
(Thuburn and Craig 1997, 2000).

The presence of coherent transient signals in both
Tropics and extratropics, such as seen in Fig. 1, suggests
that they may be useful for quantifying the influence of
the extratropics on the tropical lower stratosphere. The
Tropics and extratropics are linked through the mean
meridional (Brewer–Dobson) circulation, with upwell-
ing occurring in the Tropics. The goal of this study is
to quantify the variability of tropical upwelling and its

relationship to forcing by extratropical waves, on both
seasonal and subseasonal timescales. In section 2, we use
the zonal-mean momentum budget to obtain an expres-
sion for upwelling averaged over the Tropics and appli-
cable over all timescales. The tropical mean upwelling
estimated in this fashion is compared with results ob-
tained from the thermodynamic budget, for both seasonal
variability (section 3) and higher-frequency transience
(section 4). We also derive, in section 5, a simple rela-
tionship between upwelling and zonal-mean temperatures
averaged over the Tropics and use it to ascertain whether
our estimates of upwelling from the momentum budget
are consistent with the behavior of tropical temperatures.
These comparisons reveal generally good agreement and
suggest that extratropical wave forcing is an important
determinant of tropical temperatures in the lower strato-
sphere. Our results are summarized, and their implica-
tions discussed, in section 6.

2. Data and analyses

a. Met Office data and Eliassen–Palm flux divergence

The data used in this study are daily stratospheric
meteorological analyses from the Met Office (UKMO)
stratosphere–troposphere assimilation (Swinbank and
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O’Neill 1994). These data are available from October
1991 to the present, with a 2.58 3 2.58 latitude–longi-
tude grid and ;2.5 km vertical grid length (output on
standard pressure levels, with six levels per decade of
pressure). For our analyses we calculate the daily zon-
ally averaged temperature and zonal winds, together
with the zonal mean eddy fluxes of heat and mo-y9T9
mentum . These are, in turn, used to calculate theu9y9
scaled Eliassen–Palm (EP) flux divergence

exp(z/H )
DF 5 = · F, (1)

a cosf

where F is the EP flux vector, whose components are

]u y9T9
F 5 exp(2z/H )a cosf 2u9y9 1 , (2a)f 1 21 2[ ]]z S

y9T9
F 5 exp(2z/H )a cosf f̂ , and (2b)z [ ]S

1 ]
f̂ 5 f 2 (u cosf). (3)

a cosf ]f

The notation used here follows Andrews et al. (1987).
The vertical coordinate is z 5 H ln(p0/p) with p0 5
1000 mb and H 5 7 km; f is the Coriolis parameter, a
is the radius of the earth, and f is the latitude. Overbars
denote zonal means and primes are deviations there-
from. Here, S is the static stability parameter, equal to
HN 2/R; N 2 is the Brunt–Vaisala frequency; and R is the
gas constant, 287 m2 s22 K21. Note that these calcu-
lations do not include a contribution to FZ associated
with vertical eddy fluxes . These fluxes would beu9w9
due primarily to gravity waves, which are not resolved
in UKMO analyses.

b. Tropical upwelling from thermodynamic balance

A common method of estimating the mean meridional
circulation ( *, *) is based on the quasigeostrophicy w
transformed Eulerian mean (TEM) thermodynamic and
continuity equations:

]T 1 ]T
* *1 y 1 w S 5 Q, (4)

]t a ]f

1 ] ]
z /H 2z /H* *(y cosf) 1 e (w e ) 5 0, (5)

a cosf ]f ]z

where is the zonal mean radiative heating rate (seeQ
Solomon et al. 1986; Gille et al. 1987; Rosenlof 1995;
Eluszkiewicz et al. 1996). The quasigeostrophic ap-
proximation used here neglects an eddy forcing term in
the thermodynamic equation that can be shown to be
small, particularly in the Tropics (Gille et al. 1987;
Eluszkiewicz et al. 1996). We derive daily estimates of

using the radiative code of Olaguer et al. (1992), withQ
input of daily UKMO temperatures and climatological
values of ozone, water vapor, and other radiatively ac-

tive constituents. The thermodynamic and continuity
equations are solved iteratively to obtain global esti-
mates of ( *, *). We will denote the vertical velocityy w
derived by this method by , because it is primarily*w Q

derived from radiative heating calculations.
An important point concerning the calculation of
is that its global average on pressure surfaces should*w Q

be zero, but this is usually not achieved due to uncer-
tainties in the calculation of radiative heating rates (es-
pecially in the lower stratosphere, where the net values
are small). Since there is no a priori method of enforcing
this constraint, we simply add a latitude-independent
correction factor to in order to force its global in-*w Q

tegral to vanish. This correction is of order 0.05 mm
s21, or about 15% of typical values of in the Tropics.*w Q

One effect of enforcing this constraint on daily calcu-
lations of is that the magnitude of transient fluctu-*w Q

ations in the Tropics is reduced (by about 40% at 100
mb). The sensitivity of the variance of to the (ar-*w Q

bitrary) zero global mean constraint should be borne in
mind in the detailed discussions of to follow.*w Q

The solution of Eqs. (4)–(5) yields the mean vertical
velocity as a function of latitude and height. We then
define a tropical average vertical velocity as

f0

*w (f, z)a cosf dfE Q

2f0*^w &(z) 5 , (6)Q f0

a cosf dfE
2f0

where the angle brackets denote latitudinal averaging,
and the range of integration 6f0 defines the tropical
region. We define a tropical average vertical velocity
because, as shown below, momentum balance cannot
be used to estimate the vertical velocity as a function
of latitude in the deep Tropics; instead, the momentum
equation yields an estimate of the vertical velocity av-
eraged over a range of tropical latitudes, which can be
compared to the results of Eq. (6).

c. Tropical upwelling from momentum balance

An estimate of the mean vertical velocity integrated
across the Tropics can also be obtained from the TEM
momentum equation

]u ]u
* *2 f̂ y 1 w 5 DF, (7)

]t ]z

where DF and f̂ are given by (1) and (3). The continuity
equation (5) implies that the TEM meridional circulation
( *, *) can be obtained from a streamfunction *,y w x
such that

* *1 ]x 1 ]x
* *(y , w ) 5 2 , . (8)

2z /H 1 2e cosf ]z a ]f

Combining (7) and (8), it is straightforward to show
that
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*x (f, z)
`cosf

2z9/H5 2 [DF(f, z9) 2 u (f, z9)] e dz9,E t mf̂ z

(9)

where 5 a cosf( 1 aV cosf) is the zonal meanm u
angular momentum, V is the angular rotation frequency
of the earth, and the integral (9) is evaluated along con-
tours of constant (f, z) (Haynes et al. 1991).m

From (8) and (9), it follows that

`z /H1 1 ] e 1 ] cosf
2z9/H* *w (f, z) 5 {x (f, z)} 5 2 [DF(f, z9) 2 u (f, z9)] e dz9 , (10)m E t m2z/H 5 6e cosf a ]f cosf a ]f f̂ z

where the notation is meant to denote the fact that*w m

the mean vertical velocity (10) is obtained from the
momentum budget. Equation (10) cannot be used to

estimate in the deep Tropics, where f̂ tends to vanish.*w m

However, the equation can be integrated with respect to
latitude to yield the tropical average vertical velocity

z /He
* * *^w &(z) 5 [x (f , z) 2 x (2f , z)]m 0 0f0

a cosf dfE
2f0

1f0`z /He 2cosf
2z9 /H5 [DF(f, z9) 2 u (f, z9)] e dz9 , (11)E 1 mf0 5 6f̂ (z, f) 2fz 0a cosf dfE

2f0

where the range 6f0 again defines the tropical region,
the only restriction being that these latitudes must be
chosen sufficiently far from the equator that f̂ is not too
small. Another practical constraint is that obtaining ob-
servational estimates of DF also becomes problematic
in the Tropics. In practice, (11) yields reasonable results
for 6f0 $ 208.

We note that, while (11) provides an estimate of the
vertical velocity averaged over the latitude range 6f0,
it says nothing about how is distributed in latitude*w m

over the Tropics. Implicit in some of the analyses to
follow is the assumption that is more or less uni-*w m

formly distributed, even on seasonal timescales, con-
sistent with behavior derived from the thermodynamic
budget (see Fig. 3 below).

Under steady-state conditions, Eq. (10) reduces to the
familiar ‘‘downward control principle’’ (Haynes et al.
1991). Without the steady-state restriction, Eqs. (10) and
(11) include a contribution from t that can arise inu
various ways. At low frequencies, changes in are mostu
likely associated with the seasonal cycle of diabatic
heating; at higher frequencies, t may be due to transientu
heating fluctuations and also to the influence of transient
EP flux divergence, either locally or remotely. To il-
lustrate the last point, Fig. 2 shows the mean meridional
circulation produced by steady-state and transient wave
forcing. The steady-state case, shown in the lower panel
of the figure, is the familiar downward control situation,

wherein (in the absence of friction) the meridional cir-
culation is limited to the range of latitudes where the
EP flux divergence is nonzero. The upper panel of the
figure shows that, under transient conditions, the wave-
induced meridional circulation extends well outside the
forcing region; in this case, the Coriolis torque acting
on the circulation away from the forcing can induce
changes in the mean zonal wind .u

d. Spectral analyses

Some of the results presented in this paper are based
on cross-spectrum analyses between daily time series of
tropical vertical velocities and temperatures. Spectra for
the eight individual years, 1992–99, are obtained from
direct Fourier analyses, following standard formulas
(Jenkins and Watts 1968); the results are then averaged
to give a composite spectrum. The composite spectrum
is smoothed with a five-point running mean, yielding
80 (8 3 5 3 2) degrees of freedom (since the spectral
estimates for each year have 2 degrees of freedom). The
approximate 95% and 99% significance levels for the
coherence-squared (coh2) statistic are 0.08 and 0.11,
respectively. The 95% confidence limits for the phase
spectra are determined following Jenkins and Watts
(1968, section 9.2).
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FIG. 3. Climatological vertical velocity at 100 mb derived from
thermodynamic balance , based on UKMO temperatures for 1992–*w Q

99. The contour interval is 0.1 mm s21.

FIG. 4. Latitudinal structure of terms in the 100-mb TEM stream-
function * derived from momentum balance, Eq. (9), based on cli-x
matology for 1992–99. Shown are monthly results for Dec, Mar, Jun,
and Sep. The solid lines denote the total streamfunction, and the
circles and dashed lines indicate the separate contributions from the
DF and t terms.u

3. Seasonal variation of tropical upwelling

We examine first the seasonal cycle of tropical up-
welling, comparing estimates from the thermodynamic
and momentum balance calculations, Eqs. (6) and (11),
respectively. All results are based on monthly means
for the period 1992–99. For reference, Fig. 3 shows the
mean vertical velocity at 100 mb calculated from*w Q

the thermodynamic equation as a function of month and
latitude (i.e., without averaging over the Tropics). Trop-
ical upwelling has a minimum during Northern Hemi-
sphere summer and a broad maximum in winter. The
magnitudes obtained here (maxima of ;0.40 mm s21

and minima of ;0.25 mm s21) are in reasonable agree-
ment with the results of Eluszkiewicz et al. (1996),
which were derived from different input fields and in-
dependent radiative balance calculations. Our results at
68 mb (not shown) reveal a larger-amplitude seasonal
cycle, with values in good agreement with the results
obtained by Rosenlof (1995) for 70 mb.

The 100-mb in Fig. 3 shows a slight latitudinal*w Q

movement of the tropical upwelling region, with the
‘‘turnaround latitude’’ (where 5 0) shifted toward*w Q

the Southern Hemisphere during December–February.
A more substantial latitudinal shift is found at higher
altitudes (not shown). This seasonal variation of the
turnaround latitude implies that there is no single range
of latitudes that encompasses the entire upwelling region
throughout the year; below we compare results using
different latitude limits in Eqs. (6) and (11).

The climatological latitudinal structure of the stream-
function *, derived from momentum balance per Eq.x
(9), is shown in Fig. 4 for the months of December,
March, June, and September. These plots include the
total streamfunction, and also the separate contributions
from wave forcing DF and zonal wind tendency t. Theu
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FIG. 5. Climatological seasonal variation of tropical upwelling at
100 mb derived from thermodynamic balance ^ & (light solid line)*w Q

and momentum balance ^ & (heavy solid line). Upwelling is aver-*w m

aged over 6308 (top) and 6208 (bottom). The individual contributions
from DF (circles) and t (dashed line) to the momentum balanceu
calculation are also indicated.

latter is generally small, but can ocassionally become
important, especially in Northern Hemisphere summer.

Figure 5 compares the seasonal cycle in tropical up-
welling at 100 mb calculated by the thermodynamic and
momentum methods, comparing results for averages
over 6308 and 6208 [^ & is area-averaged over these*w Q

latitudes per Eq. (6), while ^ & is evaluated from Eq.*w m

(11) using the appropriate latitude limits]. The figure
also displays the separate contributions to ^ & from DF*w m

and t. For both latitude limits the annual mean valuesu
and the phase of the seasonal cycle of ^ & and ^ &* *w wQ m

are in good agreement. However, the amplitude of the
seasonal cycle is substantially larger in ^ & than in*w m

^ & for the results averaged over 6208.*w Q

The agreement in the estimates of tropical upwelling
averaged over 6308 is encouraging, given that they are
obtained by completely different methods. The differ-
ences in upwelling estimates averaged over 6208 (in
particular, the much larger seasonal cycle in ^ &) could*w m

reflect uncertainties in either calculation. According to
Rosenlof (1995), uncertainties in the tropical radiative
heating rates correspond to substantial uncertainties in

(of order 650%), although analyses of short-lived*w Q

tropical constituents suggest smaller uncertainties (bet-
ter than 630%; Flocke et al. 1999). The seasonal cycle
in tropical vertical velocity derived from water vapor
observations (Mote et al. 1996; Andrews et al. 1999) is

similar to that of in Fig. 1, but its amplitude is not*w Q

tightly constrained by such calculations. As for the es-
timates of ^ &, they are sensitive to the EP flux di-*w m

vergence calculations at low latitudes, which are un-
certain at best, and in any case do not include the effects
of unresolved scales (gravity waves). Rosenlof and Hol-
ton’s (1993) work suggests that, at least in the National
Center for Atmospheric Research (NCAR) Community
Climate Model (CCM2), parameterized gravity wave
drag can make an important contribution to ^ &. Thus,*w m

it is possible that the neglect of gravity wave effects
could account in part for the differences in the estimates
of ^ & and ^ & shown in Fig. 5.* *w wm Q

Figures 4 and 5 also show that the term t in Eq. (11)u
contributes significantly to the seasonal variation of
tropical upwelling. In particular, the seasonal minimum
during June–July is strongly influenced by t. The be-u
havior of t appears to be due primarily to the Northernu
Hemisphere summer monsoon circulation, which is as-
sociated with a marked transition from zonal mean west-
erlies in Northern Hemisphere subtropics to summer
easterlies. The resulting t patterns maximize in North-u
ern Hemisphere low latitudes during June and Septem-
ber. A similar but smaller amplitude variation is ob-
served in low latitudes of the Southern Hemisphere dur-
ing December and March, and this also influences the
details of the seasonality of tropical upwelling. Overall,
the seasonal variation of t gives rise to a marked semi-u
annual contribution to ^ &, as can be appreciated from*w m

Fig. 5.
Note, however, that the annual average of t must beu

zero. This implies that the annual mean ^ & estimated*w m

from Eq. (11) is due solely to DF at the boundaries 6f0

of the tropical region (Plumb and Eluszkiewicz 1999),
unless t correlates with the factor f̂ in the denominatoru
of (11) in such a way as to produce a nonzero annual
average. Figure 5 indicates that this is not the case, since
the contribution of that part of ^ & due to t has nearly*w um

zero annual mean.

4. Subseasonal variability

Time series of ^ & and ^ & at 100 mb are shown* *w wQ m

in Fig. 6 for the year July 1994 to June 1995, based on
averages over 6308. These daily results indicate a high
degree of variability in tropical upwelling over a broad
range of weekly to monthly timescales. There is rea-
sonably good agreement between ^ & and ^ &, with* *w wQ m

a statistically significant correlation of 0.55, although
the transients are somewhat larger in the ^ & results.*w m

Figure 6 covers the same period as Fig. 1, and com-
parison of the two figures shows that many of the in-
dividual peaks in tropical upwelling occur in concert
with maxima in extratropical wave activity (the peaks
in the lower curves in Fig. 1). Note that this corre-
spondence cannot be expected to be exact, since up-
welling responds to the vertical integral of EP flux di-
vergence at 6f0, per Eq. (1), whereas Fig. 1 shows
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FIG. 6. Time series of 100-mb vertical velocity averaged over 6308
during 1994–95, evaluated from the thermodynamic (light line) and
momentum (heavy line) budgets. The temporal correlation is 0.55.

FIG. 7. Time series of the the contributions to the tropical zonal-
mean vertical velocity evaluated from the momentum budget (heavy
lines) due to (top) DF and (bottom) t. Also shown in both panelsu
is the zonal-mean vertical velocity calculated from the thermody-
namic budget.

only the vertical component of EP flux at 100 mb av-
eraged over 408–708; even so, the correlation between
the two time series is 0.40.

It is interesting to examine the relative contributions
of DF and t to ^ & on subseasonal timescales. Figure*u w m

7 shows daily correlations of ^ & with that part of*w Q

^ & due to each of these terms. Comparison with Fig.*w m

6 reveals that the individual contributions to ^ & are*w m

much less well correlated with ^ & than their sum (r*w Q

5 0.27 and 0.35 versus r 5 0.55). Furthermore, the two
contributions are not particularly well correlated with
each other either (r 5 20.36, not shown), suggesting
that a significant portion of the zonal wind tendency
must be the result of Coriolis torques operating on the
meridional circulation forced by remote wave dissipa-
tion, as illustrated by the top panel of Fig. 2. We em-
phasize again that, although t makes an important con-u
tribution to transient ^ &, the annual average of this*w m

contribution vanishes, leaving DF as the only source of
annual mean tropical upwelling.

Although not directly relevant to the Tropics, Fig. 8
shows comparisons of ^ & and ^ & evaluated over* *w wQ m

Northern Hemisphere midlatitudes (308–608N) and po-
lar regions (608–908N). These independent estimates of
vertical velocity are in good agreement in both regions
and show a high degree of variability, similar to that
seen in the Tropics. One notable difference between
^ & and ^ & is seen in the polar region: while the* *w wm Q

temporal correlations are quite high (r 5 0.70), ^ &*w m

systematically underestimates wintertime maxima com-
pared to ^ &. The result is that the winter–spring sea-*w Q

sonal maximum in polar downwelling seen in Fig. 3 is
not well captured in the ^ & estimates. This may be*w m

due to problems estimating the EP flux divergence in
polar regions from operational analyses. Another pos-
sibility is that unresolved gravity waves may be pro-
viding additional forcing of the meridional circulation
at these latitudes. Calculations in the Southern Hemi-
sphere (not shown) reveal very similar results to those
in Fig. 7 (including systematic underestimates in ^ &*w m

compared to ^ & in the polar region).*w Q

Returning to tropical variability, Fig. 9 shows power-
and cross-spectrum analyses between ^ & and ^ & av-* *w wm Q

eraged over 6308, evaluated from daily calculations
over the period 1992–1999. The power spectra (Fig. 9a)
show broad maxima in each quantity at periods between
about 10–40 days, in addition to the large maxima at
the annual period. The power estimates from ^ & are*w m

approximately a factor of 2–2.5 larger than those from
^ &, indicating that peak-to-peak variations in ^ & are* *w wQ m

about 1.5 times larger (consistent with the time series
shown in Fig. 6). However, as noted earlier, the mag-
nitude of transient fluctuations in ^ & is sensitive to*w Q

the method used to enforce the zero global mean con-
straint on . If the constraint is not applied, the var-*w Q

iability of ^ & is larger by about 40% (although still*w Q

somewhat smaller than the variability of ^ &).*w m

The cross-spectral calculations show highly signifi-
cant coherence between ^ & and ^ & over a wide* *w wm Q

range of periods (Fig. 9b), with variability ocurring
nearly in phase (Fig. 9c). There is a slight phase dif-
ference (;308) at the lowest frequencies (seasonal cy-
cle), which can also be appreciated in the seasonal cycles
shown in Fig. 5. However, the amplitude of the seasonal
cycle is relatively small, especially for ^ &. Further-*w Q

more, estimates of ^ & from different meteorological*w m

datasets [e.g., National Centers for Environmental Pre-
diction (NCEP)–NCAR reanalyses or European Centre
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FIG. 8. As in Fig. 6, but for the Northern Hemisphere extratropics.
Results are shown for averages over 308–608N (top) and 608–908N
(bottom).

FIG. 9. (a) Power spectra at 100 mb of ^ & (light line) and ^ &* *w wQ m

(dark line) evaluated over 6308 from daily data for 1992–99. Units
are 1024 mm2 s22, and spectra are shown only for periods longer than
6 days. (b) Coherence squared and (c) phase spectra between ^ &*w Q

and ^ &. The 95% confidence limits of both statistics are indicated.*w m

for Medium-Range Weather Forecasts (ECMWF) anal-
yses] give slightly different annual cycles due to vari-
ations in the estimates of DF, so that the annual phase
of ^ & is uncertain to within 6308. Overall, the vari-*w m

ability in tropical upwelling estimated from the mo-
mentum budget is in reasonably good agreement with
thermodynamic estimates over a broad range of weekly
to seasonal timescales, with somewhat larger transient
variability in the results from the momentum budget.

5. Relationship between tropical upwelling and
temperature

The foregoing results show that ^ & agrees rather*w m

well with ^ & over a broad range of timescales, and*w Q

suggest that the former is a valid estimate of tropical
upwelling. The influence of extratropical wave forcing
on the Tropics is now quantified by examining the re-
lationship between the vertical velocity calculated from
momentum balance ^ & and the observed zonal mean*w m

temperature averaged over the Tropics ^ &. A correlationT
can be seen by inspection of the time series of ^ &*w m

(Fig. 6) and tropical temperature (Fig. 1). For example,
the large wave event in late January 1995, is associated
with zonal mean tropical cooling of ;2 K at 68 and
100 mb. A more systematic examination can by made
by means of a cross-spectral analysis of ^ & and ^ &,*w Tm

using data for the years 1992–99.
The relationship between ^ & and ^ & can be inter-*w Tm

preted in terms of the following simplified version of
the thermodynamic equation (4):

]T
*1 w S 5 2a(T 2 T ), (12)e]t

where the mean horizontal advection term has been ne-
glected and heating is parameterized as a simple relax-
ation to the radiative equilibrium temperature e withT
an inverse radiative timescale a21. In the Tropics, eT
does not have a strong seasonal variation and may be
considered constant in time. Then, assuming harmonic
expansions of the form
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FIG. 10. Coherence squared and phase spectra between extratrop-
ically forced 100-mb vertical velocity ^ & (averaged over 6308) and*w m

100-mb zonal-mean temperature ^ & averaged over 6308, calculatedT
from daily data for 1992–99. The 95% confidence limits are shown
for both quantities. The solid and dashed lines in (b) are the phase
relations expected from thermodynamic balance, Eq. (14), using a
5 1/30 day21 and 1/100 day21, respectively.

FIG. 11. The circles show the ratio Rs 5 (K mm21 s) of2 2ÏT /ws s

tropical temperature variance to tropical upwelling variance (com-
puted from momentum balance) at 100 mb. The solid and dashed
lines show the ratio expected from thermodynamic balance, Eq. (16),
using radiative damping rates of a 5 1/30 day21 and 1/100 day21,
respectively.

*[T(t), w (t)] 5 [T , w ] exp(ist), (13)O s s

where s represents frequency, gives the following re-
lationship between frequency components of and *:T w

a 2 is
T 5 2w S . (14)s s 2 2a 1 s

At high frequencies (s k a), Ts → 2ws[(S/s)]
exp(2ip/2); that is, Ts and ws are in quadrature (with
temperature minima following velocity maxima as a re-
sult of adiabatic cooling). The low end of the frequency
range is limited by the annual cycle s 5 2p/365 ø 1/
58 day21. This is comparable to the inverse radiative
timescale in the lower stratosphere, which has been es-
timated to be between 1/30 day21 (Newman and Ro-
senfield 1997; Hartmann et al. 2001, hereafter HHF)
and 1/100 day21 (Kiehl and Solomon 1986; Mlynczak
et al. 1999). Using these values in Eq. (14) yields Ts

ø 2ws[S/(2.18s)] exp(2i 27.58) for a 5 1/30 day21,
and Ts ø 2ws[S/(1.16s)] exp(2i 59.88) for a 5 1/100
day21.

Figure 10 shows coh2 and phase spectra at 100 mb
between ^ & and ^ & (averaged over 6308). The coh2*w Tm

values are statistically significant at most periods in the
range between 10 days and 1 yr, and they are particularly
large at seasonal timescales. The phase spectrum is
shown in Fig. 10b, together with solid and dashed lines
that indicate the phase relationships expected from Eq.
(14), using radiative timescale of a 5 1/30 day21 and
1/100 day21, respectively. The observed and calculated
phases show good agreement at most periods, but there
is some departure from the theoretical estimates at the
lowest (seasonal to annual) periods. The difference is
considerably smaller when a is set to 1/100 day21 in
Eq. (14), suggesting that this value of the radiative time-
scale is more consistent with the observed seasonal cy-
cle of temperature in the tropical lower stratosphere in
the context of the present calculations. We return to this
point below.

The relative magnitude of temperature and vertical
velocity variations can be quantified in terms of the ratio
of power spectral estimates for each time series:

2TsR 5 . (15)s 2!ws

This gives an estimate of the temperature sensitivity to
variations in vertical velocity at each frequency, and
these can be directly compared with estimates derived
from Eq. (14); that is,

S
R 5 . (16)s

2 2Ïa 1 s

Figure 11 compares ‘‘observed’’ Rs (computed using
UKMO temperatures and vertical velocities obtained
from our momentum budget calculations) against the-
oretical values predicted by (16) for a 5 1/30 day21

and 1/100 day21. Here, Rs shows greatly enhanced tem-
perature response at low frequency, with remarkably
good agreement between the observed and theoretical
ratios. At the lowest frequencies, the data are most con-
sistent with the theoretical curve for a 5 1/100 day21;
at high frequencies, the valued of a is irrelevant, as
implied by Eq. (16). Values of Rs computed using
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FIG. 12. (left) Amplitude of the annual harmonic of tropical mean temperature ^ &T
derived from UKMO data (heavy line) and NCEP reanalysis (light line). (center) Amplitude
of annual harmonic of ^ m& averaged over 6308 (mm s21). (right) vertical profile of thew
radiative relaxation timescale t 5 a21 (days) derived from the profiles of ^ & and ^ m&T w
using Eq. (17); results are shown for both UKMO (heavy line) and NCEP (light line)
estimates of ^ &. The circles denote estimates of t from longwave heating calculationsT
per Eq. (19). See text for details.

^ & (not shown) are larger at most frequencies than*w Q

those obtained from ^ &, and they do not fit the the-*w m

oretical curve as closely. This is related to the larger
transient variability of ^ & compared to ^ & (Figs. 6* *w wm Q

and 9a), and the sensitivity of the latter to the zero global
mean constraint.

The enhanced sensitivity of tropical temperature to
upwelling velocity at low frequencies predicted by Eq.
(16) and shown in Fig. 11 may help explain the large
amplitude of the seasonal temperature cycle in the trop-
ical lower stratosphere seen in Fig. 1, the precise value
being ultimately determined by magnitude of the radi-
ative relaxation timescale. Thus, small a (long radiative
timescale) will result in a large seasonal cycle of tem-
perature, and vice versa. To test this idea, one can solve
Eqs. (15)–(16) for t 5 a21:

1
t 5 , (17)

2ws 2 2S 2 s1 2! Ts

which can then be evaluated at s 5 2p/365 day21, using
estimates of ws obtained from the momentum balance
calculations.

Figure 12 shows vertical profiles of the amplitude of
the annual component of ^ & and ^ &, together with*T w m

the the radiative relaxation timescale calculated from
Eq. (17) using these annual cycle profiles.1 The annual
component of ^ & has a pronounced maximum in theT
lower stratosphere, peaking at 68 mb, whereas the an-
nual component of ^ & is nearly constant between*w m

about 100 and 30 mb. The corresponding profile of t

1 The results depend also on the value of S, which is proportional
to N 2. In the calculations we have used profiles of N 2 derived from
UKMO observations of annual mean temperature in the Tropics.

then maximizes in the lower stratosphere, which is gen-
erally consistent with previous calculations of t, except
that it peaks at 68 mb rather than at 100 mb as is the
case with most estimates of t obtained directly from
longwave heating rate calculations (e.g., Kiehl and Sol-
omon 1986; Mlynczak et al. 1999). Note that similar
results are obtained regardless of whether UKMO or
NCEP reanalysis data are used in the calculations; this
is a consequence of the rather good agreement between
the UKMO and NCEP temperature data. Nevertheless,
small differences in the annual cycle of ^ & in the lowerT
stratosphere (6.0 K in UKMO data versus 5.6 K in
NCEP data at 68 mb) can lead to more substantial dif-
ferences in the estimates of t (115 versus 95 days).

We have also calculated the radiative relaxation time-
scale by performing a spectral analysis of the equation

Q 5 2a(T 2 T ),e (18)

where is the heating rate calculated with the code ofQ
Olaguer et al. (1992), and is the observed temperature.T
An estimate of the relaxation time t 5 a21 then follows
from

2Tst 5 , (19)
2!Qs

where, as before, s denotes frequency. This procedure
is analogous to that used in conventional estimates of
t, which are obtained from the longwave heating rates
computed for slighly different temperature profiles: in
Eq. (19), the variances of and play the role ofQ T
perturbations of the reference heating rate and temper-
ature profile. The results of evaluating Eq. (19) for the
annual cycle (s 5 2p/365 day21) are denoted by the
circles in the right-hand panel of Fig. 12. Overall, the
resulting profile of t agrees quite well with the com-
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pletely independent estimate obtained from Eq. (17) ex-
cept at 68 mb, where Eq. (17) yields somewhat larger
values.

The point that emerges clearly from Fig. 12 is that
the observed annual cycle of ^ & and the calculatedT
annual cycle of ^ & in the tropical lower stratosphere*w m

are consistent with large values of t in the region be-
tween 46 and 100 mb (about 16–22 km). Conversely,
it may be said that the observed large annual cycle of
^ & at these levels arises from the slow radiative relax-T
ation timescale coupled with a near constant annual cy-
cle in upwelling.

6. Summary and discussion

Variability in extratropical planetary waves produces
transience in the mean meridional (Brewer–Dobson) cir-
culation which couples the tropical and extratropical
stratosphere. Transient events are observed in temper-
atures throughout the tropical stratosphere, extending
downward to near the tropopause (;100 mb), providing
evidence for the influence on the Tropics of extratropical
wave forcing. In this study we have attempted to quan-
tify the coupling between the tropical temperatures, ver-
tical velocities, and extratropical wave forcing over a
wide range of timescales.

The seasonal cycle of tropical vertical velocity ^ &*w m

calculated from the momentum balance is slightly larger
than that computed from the thermodynamic balance
^ & (Fig. 5). At higher frequencies, ^ & also shows* *w wQ m

reasonably good agreement with ^ & (Fig. 6), although*w Q

transients in the former are approximately 1.5 times
larger than in the latter. Both calculations indicate that
a large fraction of the variance in tropical upwelling
occurs at periods of ;10–40 days; thus, entry of air
into the tropical stratosphere may occur episodically,
rather than in a slow uplift modulated only by the sea-
sonal cycle.

The estimates of tropical upwelling from the mo-
mentum budget presented here are not, in general,
downward control calculations. Equation (11) gives the
tropical average of the zonal-mean upwelling in terms
of the Eliassen–Palm flux divergence DF and the ten-
dency of the zonal mean wind t evaluated at the lati-u
tudinal boundaries of the tropical region. The inclusion
of t allows variability in the zonal wind to influenceu
the estimates of ^ &. As argued in section 2, such var-*w m

iability likely arises from the seasonal cycle in at lowu
frequencies, and from local or remote transients in DF
at higher frequencies. However, the annual mean ^ &*w m

due to t vanishes, as shown in Figs. 5 and 7, so annualu
mean tropical upwelling is driven solely by the time
average of DF at the boundaries of the tropical region
(cf. Plumb and Eluszkiewicz 1999).

Discrepancies between our estimates of ^ & and*w m

^ & may be due to a variety of causes. The detailed*w Q

radiative calculations needed to compute ^ & are sus-*w Q

pect in the tropical lower stratosphere (due to the small

net value of the heating rate there), and require adjust-
ment to ensure global continuity. Furthermore, the cal-
culations presented here do not take into account the
radiative effects of any cirrus clouds near the tropical
tropopause (HHF). The momentum balance calculations
needed to compute ^ & are sensitive to EP flux diver-*w m

gence estimates in the subtropics, which are also of
questionable quality in the lower stratosphere. In ad-
dition, the EP fluxes resolved in UKMO data neglect
any contribution from unresolved scales (gravity
waves). Given these uncertainties, the overall agreement
between ^ & and ^ & found here is encouraging. At* *w wQ m

present there are no strong observational constraints
from other data sources (such as trace constituents) to
provide independent estimates of transience in tropical
vertical velocity in the lower stratosphere.

A further implication of this work is that much of the
observed variability in zonal-mean tropical temperature
may be quantitatively explained in terms of the tropical
upwelling ^ & estimated from the momentum budget.*w m

This is demonstrated by significant coherence between
observed tropical temperatures and ^ &. Furthermore,*w m

the observed phase difference and relative amplitude of
tropical temperature ^ & and ^ & are quantitatively con-*T w m

sistent with simple thermodynamic balance consider-
ations. For realistic values of the radiative time in the
lower stratosphere, the phase difference and relative am-
plitude are relatively constant over a wide range of tran-
sient timescales (shorter than ;60 days). However, the
response of ^ & to ^ & is greatly enhanced (by ap-*T w m

proximately one order of magnitude) at seasonal time-
scales. Thus, the vertical profile of the radiative damping
timescale (large in the lowest stratosphere) may help
explain the large annual cycle of temperature observed
in this region.
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