
Mechanisms of the Tropical Upwelling Branch of the Brewer–Dobson
Circulation: The Role of Extratropical Waves

GANG CHEN AND LANTAO SUN

Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, New York

(Manuscript received 2 February 2011, in final form 20 May 2011)

ABSTRACT

The role of extratropical waves in the tropical upwelling branch of the Brewer–Dobson circulation is in-

vestigated in an idealized model of the stratosphere and troposphere. To simulate different stratospheric

seasonal cycles of planetary waves in the two hemispheres, seasonally varying radiative heating is imposed

only in the stratosphere, and surface topographic forcing is prescribed only in the Northern Hemisphere

(NH). A zonally symmetric version of the same model is used to diagnose the effects of different wave-

numbers and different regions of the total forcing on tropical stratospheric upwelling.

The simple configuration can simulate a reasonable seasonal cycle of the tropical upwelling in the lower

stratosphere with a stronger amplitude in January (NH midwinter) than in July (NH midsummer), as in the

observations. It is shown that the seasonal cycle of stratospheric planetary waves and tropical upwelling

responds nonlinearly to the strength of the tropospheric forcing, with a midwinter maximum under strong

NH-like tropospheric forcing and double peaks in the fall and spring under weak Southern Hemisphere

(SH)-like forcing. The planetary wave component of the total forcing can approximately reproduce the

seasonal cycle of tropical stratospheric upwelling in the zonally symmetric model.

The zonally symmetric model further demonstrates that the planetary wave forcing in the winter tropical

and subtropical stratosphere contributes most to the seasonal cycle of tropical stratospheric upwelling, rather

than the high-latitude wave forcing. This suggests that the planetary wave forcing, prescribed mostly in the

extratropics in the model, has to propagate equatorward into the subtropical latitudes to induce sufficient

tropical upwelling. Another interesting finding is that the planetary waves in the summer lower stratosphere

can drive a shallow residual circulation rising in the subtropics and subsiding in the extratropics.

1. Introduction

Tropospheric air and chemical constituents enter the

stratosphere primarily through the tropical upwelling

branch of the Brewer–Dobson circulation (BDC) (Brewer

1949; Dobson 1956). The upward motion in the tropical

stratosphere leads to adiabatic cooling, which controls a

tropical cold point at the tropopause and consequently

determines the mixing ratio of water vapor entering the

stratosphere. In addition to climatological tropical

upwelling, stronger upwelling can be inferred during

January than during July near the tropical cold point

(Reed and Vicek 1969), in the residual circulation de-

rived from the thermodynamic balance (e.g., Rosenlof

1995; Randel et al. 2008), and in the mixing ratios of water

vapor, ozone, and other chemical species in the tropical

lower stratosphere (e.g., Mote et al. 1996; Niwano 2003;

Randel et al. 2007; Schoeberl et al. 2008).

Recently developed chemistry–climate models, with

improved representation of stratospheric chemistry and

climate, almost unanimously predict an acceleration of

the BDC and a decrease of the age of stratospheric air

under climate change (e.g., Butchart et al. 2006; Li et al.

2008; Garcia and Randel 2008; McLandress and Shepherd

2009; Butchart et al. 2010). Although there is no evi-

dence of trend in the age of stratospheric air derived from

balloon-borne measurements of stratospheric trace gases

(Engel et al. 2008), the mean age trends estimated from

the observations have large uncertainties due to sparse

spatial sampling (Garcia et al. 2010; Ray et al. 2010). An

improved understanding of the dynamics of tropical strato-

spheric upwelling is critical for the prediction of future

changes in stratospheric chemistry and climate. In this

paper, we investigate the dynamics of BDC in an ideal-

ized model of the stratosphere and troposphere.
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It is well recognized that the BDC is fundamentally

governed by the angular momentum balance in the

stratosphere. In the absence of wave drag, the BDC may be

driven by nonlinear thermally driven circulations, analo-

gous to tropospheric Hadley cell circulations, and this ap-

pears to be particularly important for the tropical upwelling

in the summer hemisphere or in the upper stratosphere

(Dunkerton 1989; Semeniuk and Shepherd 2001a,b;

Tung and Kinnersley 2001; Zhou et al. 2006). More im-

portantly, wave drag (i.e., planetary-scale, synoptic-scale,

or gravity wave drag) can contribute to the forcing of the

BDC through the downward control principle (Haynes

et al. 1991; Holton et al. 1995; Plumb 2002).

Through the downward control mechanism, transient

high-latitude wave forcing may induce a broad residual

circulation extending into the tropics. Randel et al.

(2002a,b) showed the observational evidence that week-

to-week fluctuations in the high-latitude wave forcing can

induce tropical upwelling. Furthermore, tropical upwell-

ing has been found to be correlated with the high-latitude

eddy forcing for the annual cycle (Yulaeva et al. 1994;

Chae and Sherwood 2007) and interannual variability

(Salby and Callaghan 2002; Dhomse et al. 2008). Based on

additional statistical analysis, Ueyama and Wallace (2010)

concluded that high-latitude planetary wave forcing plays

an important role in modulating the tropical upwelling of

the BDC on the subseasonal, seasonal, and interannual

time scales. Along the same lines, Lin et al. (2009) and Fu

et al. (2010) argued that the strengthening of the BDC,

inferred from satellite-retrieved stratospheric tempera-

ture records, is caused by the trend in high-latitude eddy

heat fluxes.

However, the downward control mechanism also says

that the residual circulation should be confined in the

latitude band of the forcing, provided that the wave drag

is much more persistent than the radiative damping time

scale. Therefore, it requires the extratropical wave drag to

extend to the subtropical latitudes or some form of tropical

wave drag to generate realistic tropical upwelling on the

seasonal or longer time scales (Plumb and Eluszkiewicz

1999; Semeniuk and Shepherd 2001a; Scott 2002; Zhou

et al. 2006; Geller et al. 2008). Along this line, Garcia

and Randel (2008) argued that the increased subtropical

wave drag, due to stronger subtropical lower stratospheric

zonal winds under climate warming, can explain the trend

of tropical upwelling. In an idealized aquaplanet atmo-

spheric model, Chen et al. (2010) imposed different zon-

ally symmetric sea surface temperature (SST) warming

profiles and found that the increased subtropical zonal

winds are indeed important for the increased strength in

the BDC associated with synoptic waves.

Since both extratropical waves and tropical waves are

important for the zonal momentum balance in the tropical

upwelling (Randel et al. 2008; Taguchi 2009), seasonally

varying equatorial deep convections and their associated

planetary waves are also put forward to explain the an-

nual cycle in tropical upwelling (Boehm and Lee 2003;

Kerr-Munslow and Norton 2006; Norton 2006). Extend-

ing this line of argument, Deckert and Dameris (2008),

Rosenlof and Reid (2008), and Garny et al. (2009) have

suggested that the secular tropical SST warming and more

vigorous tropical convection could lead to a strengthening

of the BDC.

Given different perspectives on the mechanisms of

tropical stratospheric upwelling, we utilize a mechanistic

model of the stratosphere–troposphere system to investi-

gate the role of extratropical waves in the dynamics of the

tropical upwelling. A zonally symmetric version of the

same model is used to diagnose the residual circulation as-

sociated with different branches of the total eddy forcing.

The paper is organized as follows. First, we briefly sum-

marize the dynamical balance between tropical strato-

spheric upwelling and dynamical cooling in section 2. Next,

the idealized atmospheric model and its characteristics are

described in section 3. The simulations of tropical up-

welling in the full model are presented in section 4, and the

dynamics of upwelling is analyzed in section 5 using the

zonally symmetric version of the full model. A brief

summary and discussion are provided in section 6. The

zonally symmetric model is described in the appendix.

2. Tropical stratospheric upwelling and
dynamical cooling

We diagnose the residual circulations using the dynam-

ical temperature changes in the primitive equations. The

relation between the two can be illustrated using the

zonal mean equations of the atmosphere in a transformed

Eulerian mean (TEM) framework (e.g., Andrews et al.

1987) as

›u

›t
2 f̂ y* 5 G,
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a cosf

›(y* cosf)

›f
1
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›t
1 w*

HN2
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� �
5 2
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, (1)

where f̂ 5 f
0

1 z is the absolute vorticity, G is the wave

drag, Teq is the radiative equilibrium temperature, tE is

the radiative relaxation time scale, and other symbols

adopt the meteorological convention. The absolute vor-

ticity is related to the meridional gradient of the angular

momentum M by f̂ 5 1/(a2 cosf)(›M/›f).
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The downward control principle states that the residual

vertical velocity can be diagnosed by combining the

momentum and mass continuity equations (Haynes et al.

1991; Holton et al. 1995; Randel et al. 2002a):

w* 52
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›

›f
cosf

ð‘

z

r0

f̂
G 2

›u

›t

� �"
dz9

�
. (2)

This suggests that the time mean residual circulation is

confined by the latitude band of G, and that the upwell-

ing is more efficient as the drag extends into the deeper

tropics (smaller f̂ ).

The residual vertical velocity induced by the wave drag

can also be inferred through a thermodynamic balance

between the adiabatic motion and radiative heating (e.g.,

Rosenlof 1995). The eddy-induced temperature can be

defined as Tdyn 5 T 2 Trad. Here Trad is the temperature in

an eddy-free simulation, in which G and the associated

eddy-driven residual circulation are set to zero. The dif-

ference between Trad and Teq is small in the extratropics,

but it can be nonnegligible in the deep tropics because of

the thermally driven meridional circulation, analogous

to tropospheric Hadley cell circulations. If we assume

that the thermally driven circulation is small, we have

›T
rad

/›t ’ 2(T
rad

2 T
eq

)/t
E

. The eddy-induced temper-

ature T
dyn

follows:
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Integrating the equation from the time t0 to t yields

Tdyn(t) 5 e2(t2t
o
)/t

E Tdyn(to)

2
HN2

R

ðt

t
o

e2(t2s)/t
E w*(s) ds. (4)

This suggests that the dynamical cooling in the tropical

stratosphere is the integrated consequence of the tropical

upwelling prior to the cooling plus the decay of initial

temperature anomaly. In the time mean, dynamical cool-

ing is in balance with radiative heating.

An idealized atmospheric model and its zonally sym-

metric version are employed in sections 3–5 to study

different branches of the residual circulation. Unlike the

TEM form of Eq. (1), the models solve the Eulerian mean

variables in the sigma coordinates (see the appendix for

details). As such, we do not need to make the quasigeo-

strophic approximation as Eq. (1). This allows Trad to

differ from Teq in the tropics to remove the effect of the

thermally driven circulation from Tdyn. More importantly,

this allows us to diagnose the upwelling in the deep

tropics, where the downward control calculation in Eq.

(2) does not work because of small values of f̂ . As dis-

cussed above, the dynamical temperature change in the

Eulerian mean equations can be used to diagnose the

change in the residual circulation.

3. Model description and characteristics

We use the 1990s version of the Geophysical Fluid

Dynamics Laboratory (GFDL) spectral atmosphere dy-

namical core (Gordon and Stern 1982). The model is

forced by Newtonian relaxation toward prescribed zon-

ally symmetric equilibrium temperature and damped by

Rayleigh damping in the planetary boundary layer. To

prevent inertial instability in the equatorial mesosphere,

additional vertical diffusion is applied to the momentum

and temperature equations as in Song and Robinson

(2004). The model runs at rhomboidal 30 (R30) spherical

harmonic truncations in the horizontal (approximately

3.758 lon 3 2.258 lat) and 30 unevenly spaced sigma (s 5

p/ps) levels vertically [9 levels in the troposphere and 21

levels above the tropopause as in Scinocca and Haynes

(1998)]. Similar mechanistic models have been used to

study stratosphere–troposphere coupling (e.g., Taguchi

et al. 2001; Polvani and Kushner 2002; Song and

Robinson 2004; Gerber and Polvani 2009; Sun and

Robinson 2009). Details of the model are documented in

Sun et al. (2011) for a study of the downward influence of

stratospheric final warming events, and here we briefly

summarize the configuration for the stratospheric seasonal

cycle and topographic forcing.

We fix the equilibrium temperature in the troposphere

and impose a seasonal cycle above the nominal tropo-

pause level of 100 hPa. The model is first spun up for 2000

days to reach a statistically steady state with stratospheric

equilibrium temperature fixed for the perpetual NH

winter solstice temperature, denoted by Twinter. The next

800 days are branched every 10 days, and an 80-member

ensemble is created by subjecting each realization to a

seasonal transition of stratospheric equilibrium temper-

ature for two consecutive years:

Teq(f, s, t) 5 g(t) 3 Twinter(f, s)

1 [1 2 g(t)] 3 Tsummer(f, s), (5)

where g(t) 5 0:5 3 f1 1 cos[2p 3 t/(365 days)]g, and the

perpetual NH summer solstice temperature is denoted by

Tsummer. The SH equilibrium temperature is the mirror

image of the NH temperature about the equator with a lag

of 6 months. Since the equilibrium temperature in the

troposphere is fixed, this experimental design allows us to

isolate the impacts of the seasonal cycle of the stratosphere

on the tropical upwelling.
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To simulate different stratospheric seasonal cycles in

the two hemispheres, a zonal wavenumber-1 surface to-

pography is added in the NH (e.g., Taguchi et al. 2001):

h(l, f) 5 4h0m2(1 2 m2) sin(ml) (m 5 sinf, m $ 0),

(6)

where m is the zonal wavenumber, m2(1 2 m2) sets the

mountain peak at f 5 458N, and h0 controls the mountain

height. Sun et al. (2011) explored the downward influence

of stratospheric final warming with different mountain

heights, zonal wavenumbers, polar vortex strengths, and

horizontal resolution and found that the downward influ-

ences of stratospheric seasonal transition are qualitatively

robust with model parameters. In this paper, we focus on

the simulations with the topography m 5 1 and h0 5 2 km,

which generates a realistic seasonal cycle of stratospheric

circulation. In this configuration, the NH is dominated by

stationary planetary waves, yet there are still transient

planetary waves in the SH due to nonlinear interactions of

baroclinic waves (Scinocca and Haynes 1998). This con-

figuration is compared with the simulations where the

topographic height h0 is varied.

Additionally, a zonally symmetric model is used to

evaluate the role of different wave forcings in driving the

residual meridional circulation. The zonally symmetric

model uses the same radiative forcing and dissipation as

the full model, but only the zonal mean circulation is

retained, and surface topography is then included in the

eddy forcing. In this model, the eddy forcings are diag-

nosed from the daily output of the full model. This allows

us to evaluate the residual circulation associated with dif-

ferent wavenumbers or different locations of the total eddy

forcing. A detailed description of the zonally symmetric

model and eddy forcings is given in the appendix.

4. Tropical stratospheric upwelling in
the full model

In this section, we describe three aspects of the tropical

upwelling in the stratosphere simulated in the full model.

We first show that the model can simulate a reasonable

annual cycle of tropical upwelling. Next, we highlight the

nonlinearity of stratospheric waves to the strength of

tropospheric planetary wave forcing. Finally, we contrast

the roles of subtropical and high-latitude forcings in the

seasonal and subseasonal variability.

a. Annual cycle

Figure 1 shows zonally, 30-day, and 80-member-

ensemble averaged zonal wind and the Eliassen–Palm

(EP) flux divergence at 10 hPa simulated in the full

model for 2 yr after the stratospheric equilibrium tem-

perature is switched from the perpetual NH winter sol-

stice temperature to a seasonal cycle in Eq. (5). In spite

of the same midwinter radiative equilibrium temperature

in the two hemispheres but with a lag of 6 months, the NH

planetary wave drag (EP flux convergence) is stronger

and the polar night jet is weaker than their SH counter-

parts. The SH wave drag maximizes during the fall and

during the spring with a midwinter minimum, while the NH

wave drag maximizes near midwinter, which can be qual-

itatively explained by the Charney–Drazin criterion for

planetary wave propagation (Charney and Drazin 1961)

and different stratospheric wave–mean flow interactions

in the two hemispheres (Plumb 1989; Scott and Haynes

FIG. 1. Zonally, 30-day, and ensemble averaged (top) zonal wind

and (bottom) EP flux divergence at 10 hPa in the full model in

response to seasonally varying radiative heating. A 2-km zonal

wavenumber-1 topography is imposed only in the NH. The ensem-

ble mean is averaged over 80 realizations initialized from the NH

winter solstice condition. The troposphere equilibrium temperature

is set as equinoctial conditions to eliminate influences of the tropo-

spheric seasonal cycle. The contour intervals are (top) 10 m s21 and

(bottom) 0.5 m s21 day21.
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2002; Yoden et al. 2002; Plumb 2010). Despite the sim-

plicity of our model, the model can simulate the major

characteristics of observed stratospheric seasonal cycles in

the two hemispheres (e.g., Randel 1988).

The model can simulate a reasonable annual cycle of the

residual circulation in the lower stratosphere. The zonally

averaged residual vertical velocity and eddy-induced

temperature at 70 hPa are displayed in Fig. 2. The residual

circulation rises in the tropics and descends in the extra-

tropics with the zero crossing latitudes at about 308N/S,

and the strength of the BDC is stronger during January

than during July. This resembles the seasonal cycle of the

residual circulation in the observations (e.g., Randel et al.

2008; Ueyama and Wallace 2010). The ensemble mean

upwelling (downwelling) and dynamic cooling (warming)

are anticorrelated throughout the annual cycle. A similar

seasonal change in the eddy-induced temperature is seen

in the middle and upper stratosphere, and the seasonal

cycle attenuates downward into the troposphere (not

shown) because of fixed tropospheric equilibrium tem-

perature. As there is no seasonal change in the equilib-

rium temperature below 100 hPa, this demonstrates that

the seasonal cycle of the stratosphere alone can lead to

a seasonal cycle in the tropical stratospheric upwelling.

Individual realizations throughout the seasonal cycle

are shown for the zonally averaged tropical (308S–308N)

upwelling and dynamical cooling at 70 hPa. The top two

panels of Fig. 3 show that individual realizations, smoothed

by a 30-day running mean, undergo a clear seasonal cycle

with a correlation of 0.83 between the upwelling and dy-

namical cooling, consistent with Eq. (3). After removing

the 80-member-ensemble mean annual cycle in the dy-

namical cooling, the remaining unsmoothed data exhibit

FIG. 2. Zonally, 30-day, and ensemble averaged (top) residual

vertical velocity and (bottom) eddy-induced temperature at 70 hPa

in the full model in response to seasonal radiative heating. The

eddy-induced temperature is defined as the deviation from the

temperature in the eddy-free simulation under the same radiative

equilibrium temperature change. The ensemble mean is averaged

over 80 realizations. The contour intervals are (top) 0.16 mm s21

and (bottom) 2.8 K, respectively.

FIG. 3. Zonally and 30-day averaged (top) residual vertical ve-

locity and (middle) eddy-induced temperature at 70 hPa and in the

tropics (308S–308N) in the full model in response to seasonal radia-

tive heating. (bottom) Subseasonal daily temperature variation for

10 out of 80 realizations after removing the 80-member-ensemble

mean annual cycle. Note that the vertical axis of temperature vari-

ability is reversed to highlight tropical cooling/upwelling.
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considerable subseasonal variability, as in the observa-

tions (e.g., Randel et al. 2002a). The instantaneous cor-

relation between the subseasonal daily tropical upwelling

and dynamical cooling is reduced to 0.43, as expected

from Eq. (4), but the correlation is still statistically sig-

nificant. This confirms the dynamical balance between

tropical upwelling and radiative heating in the lower

stratosphere as described in section 2.

b. Sensitivity to the strength of the planetary
wave forcing

The strength of planetary wave forcing can affect the

seasonal cycle of tropical upwelling in different ways.

The middle-atmosphere Hadley cell circulations may re-

spond nonlinearly to the amplitude of the wave drag, es-

pecially when the drag is strong (Scott and Haynes 2002;

Zhou et al. 2006). Also, the strength of the planetary wave

forcing can control the timing of maximum wave drag, as

is the case for the difference between the two hemispheres

(Fig. 1), which can, in turn, affect the seasonal evolution of

tropical upwelling.

Figure 4 shows zonally and 80-member-ensemble av-

eraged zonal wind and the EP flux divergence at 10 hPa

as in Fig. 1, but h0 in the NH is changed from 2 to 1 and

3 km, respectively. Given the resemblance between the

first year and the second year ensemble means in Fig. 1,

only the first year is shown here. In comparison with Fig. 1,

as the NH topographic forcing is reduced to the 1-km

mountain height, the simulated zonal wind in the NH is

stronger and the wave drag maximum is delayed to the

boreal spring. Conversely, as the forcing is increased to

the 3-km mountain height, the NH polar vortex is more

FIG. 4. As in Fig. 1, but for the zonally, 30-day, and ensemble averaged (top) zonal wind and (bottom) EP flux

divergence at 10 hPa in the full model with (left) 1- and (right) 3-km topography. Note that only the first year

ensemble mean is shown, in contrast to the first 2-yr ensemble mean shown in Fig. 1.
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disturbed during midwinter. This is consistent with the

nonlinear behaviors of planetary waves with regard to the

amplitude of surface forcing in mechanistic models of

the stratosphere (Plumb 1989; Scott and Haynes 2002;

Yoden et al. 2002; Plumb 2010).

The change in the seasonal cycle of the wave drag can

further influence the evolution of tropical upwelling.

Figure 5 compares the seasonal cycle of zonally and en-

semble averaged tropical upwelling and dynamical cool-

ing for the mountain heights of 0, 1, 2, and 3 km. In the

absence of the NH topographic forcing, there is no distinct

seasonal cycle in the tropical upwelling, although there

still exists a weak seasonal cycle of planetary waves (see

the SH of Fig. 4). As the mountain height is increased

gradually, a peak of tropical upwelling first appears during

the NH spring under weak forcing (1-km mountain) and

then shifts to the NH midwinter under strong forcing

(3-km mountain), in accordance with the change of wave

drag in Fig. 4. This suggests that the maximum tropical

upwelling during January is primarily driven by the NH

planetary wave forcing.

c. Seasonal and subseasonal variability

As discussed in the introduction, the meridional extent

in the residual circulation response to prescribed wave

drag depends on the ratio of the time scales of the wave

drag and the radiative damping (Haynes et al. 1991;

Holton et al. 1995). Our model uses the radiative damping

rate of Holton and Mass (1976), which varies from about

23 days near 100 hPa to about 5 days near 1 hPa. There-

fore, the meridional extent of the residual circulation re-

sponse to a wave drag may differ for the seasonal and

subseasonal variability.

We first define an index of tropical upwelling as the

zonally averaged daily eddy-driven temperature at 70 hPa

and between 308S and 308N, and the index is normalized

and inverted to represent tropical cooling/upwelling in

a regression analysis. Figure 6 shows the regression of the

EP flux divergence at 10 hPa onto the indices of tropical

upwelling. The EP flux divergence associated with the

total variability of tropical upwelling is preceded by strong

wave drag in the NH with a maximum at about 245-day

lag, and weak wave drag in the SH with a maximum at

about 220-day lag. This is consistent with different an-

nual cycles of the wave drag in the two hemispheres in

Fig. 1. After removing the ensemble mean annual cycle

in the upwelling index, the EP flux divergence associated

with the subseasonal variability is roughly of equal am-

plitude in the two hemispheres with the maximum at

about 215-day lag. This confirms that the persistence of

the wave drag is larger for the seasonal variability in

tropical upwelling than for the subseasonal variability,

especially in the NH.

Next, we compare the vertical regression patterns of

the EP flux divergence at the time of maximum corre-

lation with the eddy-induced temperature at the zero lag

(Fig. 7). The model again simulates the features of strato-

spheric temperature variability in the observations (e.g.,

Ueyama and Wallace 2010): the amplitude of tropical

dynamical cooling is greater in the seasonal variability

than in the subseasonal variability, and the hemispheri-

cally averaged BDC at both time scales is characterized as

tropical cooling and high-latitude warming with a change

in sign at about 458N/S. The variability of EP flux con-

vergence in the stratosphere at both time scales is associ-

ated with the change in the troposphere.

However, the seasonal and subseasonal variabilities of

tropical upwelling display somewhat different charac-

teristics. On the subseasonal time scale (the right panel

of Fig. 7), the regression patterns of wave drag in the two

hemispheres are fairly symmetric about the equator, and

therefore the wave forcings in both hemispheres are

FIG. 5. The zonally, 30-day, and ensemble averaged (top) re-

sidual vertical velocity and (bottom) eddy-induced temperature at

70 hPa and in the tropics (308S–308N) in the full model for different

mountain heights. Note that the vertical axis of temperature vari-

ability is reversed to highlight tropical upwelling/cooling.
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likely to contribute to the tropical cooling. This is con-

sistent with the view that transient wave drag in high

latitudes is sufficient to drive upwelling (e.g., Holton

et al. 1995).

On the seasonal time scale (the left panel of Fig. 7), the

NH wave drag is much larger and occurs above 30 hPa,

while the SH drag is smaller and concentrates around

30 hPa. As the residual vertical velocity is the consequence

FIG. 6. The lagged regression of the EP flux divergence at 10 hPa onto the indices of (left) total and (right)

subseasonal variability in tropical upwelling. The index of the tropical upwelling is defined as the zonally averaged

daily eddy-driven temperature at 70 hPa and between 308S and 308N, and the index is normalized and inverted to

represent tropical cooling/upwelling. The subseasonal variability is the residual after removing the ensemble mean

annual cycle. The contour interval is 0.1 m s21 day21.

FIG. 7. The lagged regression of the (top) EP flux divergence and (bottom) eddy-induced temperature onto the

indices of (left) total and (right) subseasonal variability in tropical upwelling. The indices of tropical upwelling are

defined as in Fig. 6. The contour intervals are (top left) 0.2 m s21 day21, (top right) 0.1 m s21 day21, (bottom left)

0.3 K, and (bottom right) 0.15 K.
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of the mass-weighted integral of wave drag above the

level of interest [Eq. (2)], the temperature regression

patterns in the two hemispheres are comparable in am-

plitude. Nevertheless, the NH wave drag and associated

tropical cooling extend more deeply into the tropics than

their SH counterparts. For example, the zero-crossing

latitudes of eddy-driven temperature in the NH (about

308–408N at 100–30 hPa) is more equatorward than the

zero-crossing latitudes in the SH (about 458–558S at 100–

30 hPa). Consequently, the dynamical cooling at the equa-

tor appears to be more related to the upwelling in the NH,

and the cooling in the SH is more confined in the sub-

tropical latitudes. It is further demonstrated in section 5

(Fig. 10d) that the wave drag in the NH contributes most

to the tropical cooling. As such, the hemispheric asym-

metry is consistent with the notion that persistent wave

drag needs to extend to the subtropics to drive sufficient

tropical upwelling. It also suggests that hemispherically

asymmetric wave drag can lead to hemispherically more-

symmetric tropical cooling, possibly through nonlinear

tropical dynamics, analogous to tropospheric Hadley cell

circulations (e.g., Plumb and Eluszkiewicz 1999).

5. Dynamics of tropical upwelling in a zonally
symmetric model

Following the full model results in section 4, the dy-

namics of the seasonal variability in tropical upwelling is

probed with a zonally symmetric version of the full model.

We first test to what extent the seasonal cycle of tropical

upwelling can be reproduced by imposing the ensemble

mean daily eddy forcings from the full model and sea-

sonally varying radiative heating. Next, we run the model

with the perpetual NH winter solstice condition. The

zonally symmetric model is utilized to separate the

dynamical response due to different wavenumbers or

different locations of the total eddy forcing.

Figure 8 shows the zonal mean eddy-induced temper-

ature in the tropical lower stratosphere in response to the

total or partial eddy forcing diagnosed from the full model

as well as the same seasonal change in the equilibrium

temperature. The total eddy forcing is separated between

planetary-scale waves (wavenumbers 1–3) and synoptic-

scale waves (wavenumbers 4 and above). In comparison

with the full model, both the total and planetary wave

forcings can approximately reproduce the seasonal cycle

of tropical upwelling, although the seasonal cycle in the

zonally symmetric model is somewhat delayed in time. By

contrast, the tropical upwelling in response to the synoptic

wave forcing decays rapidly from the initial conditions.

Note that the sum of the responses to synoptic eddies plus

planetary eddies is not equal to the response to the total

forcing initially because of influences of initial conditions

[Eq. (4)]. This suggests that not only the seasonal cycle but

also the climatological mean of the lower stratospheric

upwelling is primarily caused by the planetary wave forcing.

The vertical structures of zonal mean temperature

changes in the full model and in the zonally symmetric

model are displayed for the total, planetary, and synoptic

wave forcings (Fig. 9). We focus on the month of January in

the second year ensemble mean when the upwelling is

strongest and the influences from initial conditions are

negligible. In the full model, the residual vertical circula-

tion rises in the tropics and, interestingly, the width of the

rising region broadens from about 208N/S at 200 hPa to

408N/S at 30 hPa. The subsidence takes place throughout

the winter extratropical stratosphere and is confined to

the summer extratropical lower stratosphere. The latter is

due to the predominant easterly winds that prevent the

deep propagation of planetary waves. Similar eddy-in-

duced temperature is found during July (not shown),

except that the descent in the winter hemisphere occurs

only in the middle latitudes because of a strong SH polar

vortex that prevents the subsidence into the interior of

the polar vortex (e.g., Fig. 2 in Plumb 2002).

Figure 9 shows that the full model eddy-induced tem-

perature change is well reproduced by the zonally sym-

metric model. As the total eddy forcing is separated by

planetary waves and synoptic waves, the planetary wave

forcing drives tropical cooling and high-latitude warming

extending from the stratosphere downward to the sur-

face, while the synoptic wave forcing drives the tropical

upwelling and midlatitude downwelling in the tropo-

sphere. These patterns are consistent with stratospheric

FIG. 8. The zonal mean eddy-induced temperature at 70 hPa and

in the tropics (308S–308N) in response to prescribed eddy forcings

and seasonal radiative heating in a zonally symmetric model. The

planetary wave (wavenumbers 1–3), synoptic wave (wavenumbers

4 and above), and total eddy forcings are calculated from the full

model with seasonal radiative heating.
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and tropospheric residual circulations in the observations

(e.g., Edmon et al. 1980; Rosenlof 1995). One should note

that the same eddy-induced temperature anomaly implies

greater residual vertical velocity in the troposphere than

in the stratosphere for the smaller tropospheric static

stability and relaxation time scale; that is, in the steady

state, Eq. (3) yields w* 52(TdynR)/(HN2tE).

The responses to planetary and synoptic wave forcings

are approximately additive except in the tropical upper

stratosphere. As a first-order approximation, the planetary

wave forcing contributes most to the residual circulation in

the stratosphere and the high-latitude troposphere, and

the synoptic wave forcing dominates the residual circula-

tion in the tropical and midlatitude troposphere. Both of

them contribute to the residual circulation in the lower-

most stratosphere. Because the tropical stratospheric

zonal wind under partial eddy forcings differs consider-

ably from the full model, the decomposition also suggests

that the seasonal change of zonal wind and nonlinear

middle-atmosphere Hadley circulations in Eq. (1) are

secondary to the wave drag except in the tropical upper

stratosphere. Therefore, we further explore the sensitiv-

ities of the residual circulation to different components of

the wave drag.

The total eddy forcing is separated by four different

pairs of decomposition in wavenumber or in region un-

der the perpetual NH winter solstice condition (Fig. 10).

As in Fig. 9b, the planetary wave forcing accounts for the

stratospheric tropical upwelling and extratropical down-

welling into the high-latitude troposphere, and the syn-

optic wave forcing accounts for the tropospheric tropical

upwelling and midlatitude downwelling in the troposphere

(Fig. 10b). This is remarkably similar to the temperature

response to the stratospheric forcing and tropospheric

forcing, which separate the total forcing by the nominal

tropopause level (100 hPa), except in the high-latitude

troposphere (Fig. 10c). Interestingly, the temperature re-

sponse to stratospheric forcing also suggests that strato-

spheric dynamics can have a large impact on global

tropopause structure (e.g., Thuburn and Craig 2000;

Kirk-Davidoff and Lindzen 2000). Next, as discussed in

section 4c, the total forcing is divided into the NH and SH

forcings by the equator. While the NH eddy forcing ex-

plains most of the tropical stratospheric upwelling, the SH

wave drag can only induce subtropical upwelling and even

induce equatorial downwelling in the stratosphere (Fig.

10d). Finally, as the total forcing is divided into the tropical

and extratropical forcings by 308S/N (approximately the

mean zero-crossing latitude in the lower stratosphere in

Fig. 10a), most of the lower stratospheric upwelling is

caused locally by the tropical wave drag, and the extra-

tropical wave drag can only induce upwelling in the sub-

tropics (Fig. 10e).

Figures 10b–e suggest that the tropical upwelling in this

model can be mostly attributed to the planetary wave

forcing in the winter tropical and subtropical stratosphere.

FIG. 9. The eddy-induced temperature change during January of the second year in Fig. 8 in the full model and in

the zonally symmetric model with the total, planetary, and synoptic eddy forcings diagnosed from the full model. The

black line indicates the tropopause level in each simulation determined by the World Meteorological Organization

(WMO) lapse rate definition.
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Since the topographic forcing is imposed mainly in the

extratropics, planetary waves have to propagate equa-

torward to the subtropical latitudes to induce sufficient

upwelling (e.g., Plumb and Eluszkiewicz 1999). The

equatorward propagation is confirmed by an additional

experiment that separates the total forcing by the eddy

momentum flux and heat flux forcings (not shown). This

experiment shows that the tropical and subtropical eddy

momentum flux divergence is more important for the

tropical stratospheric upwelling, and that the extratropical

FIG. 10. The eddy-induced temperature change in the zonally symmetric model with the eddy forcings from the full

model under the perpetual NH winter solstice condition. The total forcing is compared with four different pairs of

decomposition: (a) total eddy forcing, (b) planetary wave forcing vs synoptic wave forcing, (c) stratospheric forcing vs

tropospheric forcing (separated by the nominal tropopause level of 100 hPa), and (d) tropical forcing vs extratropical

forcing (separated by 308S/N). The black line indicates the actual tropopause level in each simulation determined by

the WMO lapse rate definition.
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eddy heat flux contributes most for the high-latitude

warming in the stratosphere.

In comparison with different components of the re-

sidual circulation depicted in Fig. 2 of Plumb (2002), in

addition to the synoptic component in the summer lower

stratosphere, Figs. 9b and 10b indicate one additional

branch of residual circulation due to planetary waves,

which ascends in the subtropics and descends in the ex-

tratropics. These planetary waves can arise from nonlinear

interactions of baroclinic waves (Scinocca and Haynes

1998), and the waves are possible because the zero wind

line remains around 50 hPa in the summer. The planetary

wave forcing and associated nonlinear isentropic mixing

may serve as an important pathway for the dynamical

transport in the summer lower stratosphere (e.g., Birner

and Bönisch 2010).

6. Conclusions and discussion

The role of extratropical waves in the tropical up-

welling branch of the Brewer–Dobson circulation is in-

vestigated in an idealized model of the stratosphere and

troposphere. Seasonally varying radiative heating is im-

posed only in the stratosphere to eliminate influences

of the tropospheric seasonal cycle. Surface topographic

forcing is prescribed only in the NH to simulate different

stratospheric eddy–mean flow interactions in the two hemi-

spheres. A zonally symmetric version of the same model is

used to diagnose the effects of different wavenumbers

and different regions of the total forcing on the tropical

stratospheric upwelling.

Despite its simplicity, the model can simulate a rea-

sonable seasonal cycle in the tropical upwelling in the

lower stratosphere with a stronger amplitude during

January (NH winter) than during July (NH summer),

corroborating the importance of stratospheric planetary

waves in the observed seasonal cycle of tropical upwell-

ing. As in the mechanistic models of the stratosphere (e.g.,

Holton and Mass 1976; Plumb 1989; Scott and Haynes

2002; Yoden et al. 2002; Plumb 2010), the seasonal cycle

of stratospheric planetary waves responds nonlinearly to

the strength of the tropospheric forcing, which maximizes

during midwinter for the strong NH-like planetary forcing

but maximizes during the fall and spring for the weak SH-

like forcing. Using a zonally symmetric version of the full

model, the planetary wave component of the total forcing

can approximately reproduce the seasonal cycle of trop-

ical stratospheric upwelling.

The temperature response to the eddy forcing during

the NH winter solstice displays a pattern of tropical cool-

ing and extratropical warming with the zero-crossing lat-

itudes at 308–408N and 458–558S. The planetary wave

forcing contributes most to the residual circulation in

the stratosphere and in the high-latitude troposphere,

and the synoptic wave forcing dominates the residual

circulation in the tropical and midlatitude troposphere.

As the total forcing is decomposed into different wave-

numbers or different regions, it is found that the planetary

wave forcing in the winter tropical and subtropical

stratosphere contributes most to the tropical stratospheric

upwelling. This suggests that the planetary wave forcing,

prescribed mostly in the extratropics in the model, has to

propagate equatorward into the subtropical latitudes to

induce sufficient tropical upwelling, consistent with the

mechanistic models of the stratosphere (Plumb and

Eluszkiewicz 1999; Semeniuk and Shepherd 2001a; Scott

2002; Zhou et al. 2006; Geller et al. 2008). Therefore, the

tropical and subtropical wave drag is more important for

the seasonal cycle of tropical stratospheric upwelling than

the high-latitude forcing, while the high-latitude forcing

may remain to play an important role for the subseasonal

variability of the tropical upwelling (cf. Figs. 7 and 10d).

Although the tropospheric equilibrium temperature

and surface topography are fixed in our model, the ob-

served tropospheric wave forcing in the NH undergoes

a distinct seasonal cycle, and is greatest during the win-

tertime due to strongest land–sea contrasts and associated

diabatic heating (Wang and Ting 1999). The seasonal

cycle of stratospheric waves is, however, more con-

strained by the lower stratospheric waveguide (e.g., Chen

and Robinson 1992) and the influence of tropospheric

seasonal cycle would likely be secondary. To test this, we

have performed a set of experiments with a seasonal cycle

in both the stratosphere and the troposphere. The tro-

pospheric seasonal cycle is realized through varying the

parameter for hemispherically asymmetric heating in

Polvani and Kushner (2002) from � 5 10 K during the

winter to 210 K during the summer. Figure 11 shows the

seasonal cycle of residual vertical velocity and eddy-

induced temperature at 70 hPa. This is very similar to

the case without a tropospheric seasonal cycle in Fig. 2.

With the tropospheric seasonal cycle, the warming in the

polar vortex is greater, and this can be attributed to a

stronger tropospheric subtropical jet that supports more

upward wave propagation into the polar vortex. The tro-

pospheric seasonal cycle has a larger impact on the trop-

ical upwelling as one moves from 70 to 100 hPa. This can

be expected from Fig. 9b, which shows a larger influence

of synoptic waves on the tropical cooling at 100 hPa than

at 70 hPa. In the observations, Randel et al. (2008) also

showed possible influences of extratropical synoptic

eddies on the tropical upwelling at 100 hPa.

In comparison with the paradigms of the residual cir-

culation depicted in Plumb (2002), Figs. 9b and 10d suggest

that planetary waves in the summer lower stratosphere can

drive a branch of the residual circulation rising in the
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subtropics and sinking in the extratropics. These waves are

possible because the zero wind line remains around 50 hPa

during the summer. This shallow residual circulation may

be an important pathway for the dynamical transport in

the summer lower stratosphere (e.g., Birner and Bönisch

2010). Also, we have not explored in this study the possible

roles of tropical stationary waves, tropical convection, or

monsoon circulations (e.g., Kerr-Munslow and Norton

2006; Randel et al. 2008; Taguchi 2009) and parameter-

ized gravity waves (e.g., Randel et al. 2008; Li et al. 2008;

McLandress and Shepherd 2009) in the tropical strato-

spheric upwelling. These issues are currently investigated

in similar idealized models.
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APPENDIX

Zonally Symmetric Model

The zonal symmetric model is derived from the full

model and only zonal mean components of the vorticity,

divergence, temperature, and the natural logarithm of the

surface pressure are integrated every time step. In the

zonally symmetric model, the eddy forcing in the merid-

ional momentum equation can be neglected and we only

consider the eddy forcing for the zonal wind, temperature,

and logarithm surface pressure equations, represented by

Fu, FT, and FlnP
s
, respectively.

The zonally symmetric model equations are

›u

›t
1 y

1

a cosf

›(u cosf)

›f
2 f

�
1 _s

›u

›s
5 Fu,

�
(A1)

›T

›t
1

y

a

›T

›f
1 _s

›T

›s
2 kT

v

p
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5 FT , (A2)

›ln(Ps)

›t
1

~y

a

›ln(Ps)

›f
1 ~D 5 FlnP

s
, and

(A3)

› _s

›s
1

y 2 ~y

a

›ln(Ps)

›f
1 (D 2 ~D) 5 0, (A4)

where the overbar and tildes represent zonal and vertical

averages, respectively; the prime means the deviation from

the zonal mean; a is the radius of the earth; f is the Coriolis

parameter; R is the gas constant for dry air; k is the ratio of

gas constant to specific heating at constant pressure; u, y,

D, T, and Ps are the zonal wind, meridional wind, diver-

gence, temperature, and surface pressure; _s and v are the

vertical velocity in the sigma and pressure coordinates; p

is the pressure associated with the sigma level ( p 5 Pss);

and f is the latitude. The eddy forcings are

Fu 5
1

Ps

2
1

a cos2f

[ ›(Psy)9u9 cos2f]

›f
2

›(Ps _s)9u9

›s

(

2
1

a cosf
P9s

›(F 2 RT)9

›l
1 Cu

)
, (A5)

FIG. 11. As in Fig. 2, but for the seasonal cycle in both the

stratosphere and the troposphere. The tropospheric seasonal cycle is

realized through varying the parameter for hemispherically asym-

metric heating in Polvani and Kushner (2002) from � 5 10 K during

the winter to 210 K during the summer. The ensemble mean is

averaged over 80 realizations. The contour intervals are (top)

0.16 mm s21 and (bottom) 2.8 K, respectively.
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FT 5
1
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1

a cosf
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2
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)
, and (A6)
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where l is the longitude, F is the geopotential height, and

v is the horizontal wind vector with components u and y.

The first three terms in Eq. (A5) are meridional mo-

mentum flux, vertical momentum flux, and form drag. The

first two terms in Eq. (A6) are meridional heat flux and

vertical heat flux; F
lnPs

, Gu, GT1, and GT2 are the cor-

rections to the zonally symmetric model by considering

the extra covariances in the full model. Also,

Cu 5 2P9sy9
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where d _s is the correction to the diagnosed sigma vertical

velocity in the zonally symmetric model and can be ob-

tained by

›(d _s)

›s
5 2(y 2 ~y)9 � $[ln(Ps)]9. (A11)

In practice, before the zonally symmetric run, Fu, FT,

and FlnPs
are first diagnosed from the full model based

on Eqs. (A5), (A6), and (A7), respectively. When run-

ning the zonally symmetric model, we transfer Fu, FT,

and F
lnPs

into spectral fields and then add the spectral

eddy forcings to the vorticity, divergence, temperature,

and logarithm surface pressure tendency terms every

time step. The resulting evolution of zonal winds will be

very similar to the full model.
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