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ABSTRACT

Upwelling across the tropical tropopause exhibits strong subseasonal variability superimposed on the well-

known annual cycle, and these variations directly affect temperature and tracers in the tropical lower strato-

sphere. In this work, the dynamical forcing of tropical upwelling on subseasonal time scales is investigated using

the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim)

for 1979–2011. Momentum balance diagnostics reveal that transience in lower-stratospheric upwelling is linked

to the effects of extratropical wave forcing, with centers of action in the extratropical winter stratosphere and in

the subtropical upper troposphere of both hemispheres. The time-dependent forcing in these regions induces

a remote coupled response in the zonal mean wind and the meridional circulation (with associated temperature

changes), which drives upwelling variability in the tropical stratosphere. This behavior is observed in the re-

analysis, consistent with theory. Dynamical patterns reflect distinctive forcing of the shallow versus deep

branches of the Brewer–Dobson circulation; the shallow branch is most strongly correlated with wave forcing in

the subtropical upper troposphere and lower stratosphere, while the deep branch is mainly influenced by high-

latitude planetary waves.

1. Introduction

Tropical upwelling is an important component of the

Brewer–Dobson circulation (BDC), strongly influenc-

ing temperature and tracer distributions in the tropical

lower stratosphere (e.g., Holton et al. 1995; Plumb 2002;

Shepherd 2007). The tropical BDC is mainly driven by

momentumdeposition from large- and small-scale waves,

but the relative roles of different forcing regions and their

contributions for variability on different time scales are

topics of ongoing research (e.g., Randel et al. 2008;

Taguchi 2009; Ueyama and Wallace 2010; Zhou et al.

2012; Ueyama et al. 2013). There is empirical evidence

that wave activity in the extratropical winter strato-

sphere influences upwelling and temperatures in the

tropical lower stratosphere (e.g., Fritz and Soules 1972;

Randel 1993; Randel et al. 2002; Ueyama and Wallace

2010). This influence occurs as the extratropical waves

exert a drag on the zonal mean circulation, inducing

poleward mass flow, with mass continuity requiring

downward flux at high latitudes and upwelling at low lat-

itudes (e.g., Andrews et al. 1987). Theoretical consider-

ations imply that, in the steady-state limit, these induced

verticalmotions are limited to the latitudinal extent of the

forcing (cf. the ‘‘downward control principle’’; Haynes

et al. 1991), and this suggests that wave forcing needs to

occur close to the tropics in order to produce realistic

mean tropical upwelling (Plumb and Eluszkiewicz 1999;
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Semeniuk and Shepherd 2001). In contrast, for transient

conditions, the influenceof extratropical wave forcing can

extend into the tropics through nonlocal effects (Garcia

1987;Haynes et al. 1991). The remote connection between

high and low latitudes results from the coupled response

of the atmospheric zonal wind, temperature, and meridi-

onal circulation to a transient wave drag (Garcia 1987).

There has been substantial interest in understanding

the forcing responsible for the relatively large annual

cycle in tropical upwelling, which in turn mainly drives

the seasonality in temperature and chemical tracers in

the tropical lower stratosphere (e.g., Yulaeva et al. 1994;

Randel et al. 2007; Abalos et al. 2012, 2013). However,

causality is difficult to untangle for the annual cycle, and

the roles of different regions and types of wave forcing

have been emphasized in a number of studies (including

forcing from high latitudes, subtropics, and tropics).

Based on the observed coherent temperature annual

variations in the tropics and extratropics, some analyses

have proposed a primary role of extratropical planetary

waves (Yulaeva et al. 1994; Ueyama andWallace 2010).

However, as noted above, strictly high-latitude forcing is

difficult to reconcile with theoretical expectations for

time-mean tropical upwelling. Ueyama et al. (2013) re-

cently suggested that the influence of the extratropical

wave drag may involve the latitudinal progression of the

forcing toward the tropics on time scales of about 10

days. Wave driving in the subtropics resulting from the

dissipation of midlatitude baroclinic eddies has been

emphasized by Taguchi (2009) and Chen and Sun

(2011). Furthermore, several studies have highlighted an

important role of equatorial planetary waves forced by

convection in driving the seasonality in upwelling around

the tropical tropopause (Boehm and Lee 2003; Kerr-

Munslow and Norton 2006; Ryu and Lee 2010; Ortland

and Alexander 2014). Randel et al. (2008) noted strong

seasonal variations for wave forcing in the subtropics,

resulting from the combined effects of extratropical and

equatorial wave fluxes. The importance of subtropical

wave drag has been also noticed in relation to the long-

term trends in upwelling predicted by models (Butchart

et al. 2006; Garcia and Randel 2008; Calvo and Garcia

2009; Garny et al. 2011; Shepherd andMcLandress 2011).

Observations suggest large variability in tropical up-

welling on subseasonal time scales. Although the theory

of transient driving of the meridional circulation is

well understood, observations of the dynamical forcing

mechanisms for subseasonal fluctuations in upwelling

have been less well documented. The relation between

transience in the tropical lower stratosphere and sporadic

bursts of planetary wave activity in the stratospheric high

latitudes has been assessed in some observational works

(e.g., Yulaeva et al. 1994; Randel et al. 2002; Ueyama and

Wallace 2010). Zhou et al. (2012) argued that extra-

tropical and subtropical wave drag act cooperatively to

drive upwelling on various time scales and highlighted the

importance of including transient variability for de-

termining the specific forcing latitudes. Using high-

vertical-resolution GPS temperature measurements,

Grise andThompson (2013) analyzed the role of different

forcing regions in driving transient variability in upwell-

ing (inferred from temperature tendencies). They found

that planetary waves in the extratropical and subtropical

stratospheremainly drive transient upwelling in the lower

stratosphere (above about 70hPa), while equatorial

planetary waves and drag in the subtropical troposphere

are important for upwelling around the tropopause.

In this work, the dynamical drivers of transient vari-

ability in upwelling are investigated using daily time

series of tropical mean upwelling derived from mo-

mentum balance calculations based on European Cen-

tre for Medium-Range Weather Forecasts (ECMWF)

Interim Re-Analysis (ERA-Interim) data. In contrast

with the annual cycle, the distinctive signature of sub-

seasonal fluctuations in upwelling allows isolating the

specific forcing using linear correlations and regressions.

Section 2 describes the data and analyses and illustrates

the statistical signature of the response to an extratropical

time-dependent wave drag, as observed in the re-

analysis. The forcing regions relevant for transient var-

iability of tropical upwelling in the lower stratosphere

are identified through regression and composite analy-

ses in sections 3a and 3b, respectively. In addition to the

extratropical winter stratosphere, the subtropical upper

troposphere is found to play an important role in driving

tropical upwelling, and the remote driving of upwelling

by wave drag in this region is explored in section 3c. The

connection between the different forcing regions is in-

vestigated in section 3d. Distinct circulations and forc-

ings associated with the shallow versus deep branches of

the tropical Brewer–Dobson circulation are observed in

the results, and this is further analyzed in section 3e.

Finally, section 4 presents a summary and discussion of

the main results in the context of previous works.

2. Data and analyses

Daily mean temperature and three-dimensional wind

fields from ERA-Interim are used (Dee et al. 2011), ob-

tained averaging the 6-hourly data, for the period 1979–

2011. The data are archived in a 1.58 3 1.58 grid, on 37

pressure levels spanning from 1000 to 1hPa. To isolate

subseasonal variability, a high-pass filter is applied to all

the fields, which retains fluctuations on time scales shorter

than 90 days. This threshold is chosen to eliminate the

influence of the seasonal cycle up to its fourth harmonic.
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The analyses are based on the transformed Eulerian

mean (TEM) framework, where the governing equa-

tions can be written as
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In these equations DF5 (ez/H /a cosf)($ � F) is the scaled
Eliassen–Palm flux divergence, (y*, w*) is the residual-

mean meridional circulation, f̂ 5 f 2 (1/a cosf)(›/›f)

(u cosf), and S5HN2/R, with N the Brunt–Väisälä fre-
quency. These equations determine the response of the
independent variables u, T, y*, and w* to the imposed

external forcings, DF andQ (in practice,Q in the tropical

lower stratosphere can be approximated as a linear

damping proportional to temperature, so that the pri-

mary forcing of the system is by the termDF). Combining

the TEM momentum equation [Eq. (1)] and mass conti-

nuity equation [Eq. (3)], an expression can be derived for

tropical upwelling (Randel et al. 2002):
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where ut is the zonal mean wind tendency. This ex-

pression gives tropical upwelling at a given level z av-

eraged over a range of latitudes (2f0, f0) as a function

of the net forcing integrated over all altitudes above that

level and evaluated at the extremes of the latitudinal

interval. In this work the focus is on upwelling in the

deep tropics, with Eq. (5) evaluated over 188N–188S.
This latitude band approximately encompasses the re-

gion of strongest upwelling. We note that the results are

qualitatively similar for upwelling computed from Eq.

(5) using a broader latitudinal band (e.g., 308N–308S)
and also using altitude and time-dependent turnaround

latitudes (not shown). Because the zonal mean angular

momentumm isolines are almost vertical, the integrand

in Eq. (5) can be approximately computed on fixed lat-

itudes. Note that the integrand is a function of the wave

forcing (DF) minus ut. Thus, from the point of view of

the diagnostic Eq. (5), the termDF2 ut can be regarded

as the net forcing of upwelling, although it is understood

that the actual wave forcing (DF) drives a balanced

nonlocal circulation that includes the zonal mean wind

response ut.

As mentioned in the introduction, the zonal mean

response of the atmosphere to a momentum forcing

(DF) in the extratropical winter stratosphere, given by

Eqs. (1)–(4), has been extensively studied in theoretical

models (Garcia 1987; Haynes et al. 1991; Plumb and

Eluszkiewicz 1999), and its relation to upwelling in the

tropics is fairly well understood for transient wave

forcing (e.g., for stratospheric sudden warming events;

Dunkerton et al. 1981). Figure 1 illustrates this behavior

as derived from one-point correlation cross-sections,

calculated from ERA-Interim for subseasonal time

scales in boreal winter [December–March (DJFM)].

The reference time series for these correlations is 2DF

[convergence of the Eliassen–Palm (EP) flux] at one

point in the extratropical boreal stratosphere (548N,

20 hPa), representative of a region with climatological

EP flux convergence in DJFM, and Fig. 1 shows the

correlations with different fields (DF, ut, DF2 ut, and

Tt). Wave drag at this particular location is associated

with vertical wave propagation from the extratropical

troposphere into the stratosphere and a broad region of

wave dissipation (EP flux convergence) extending

throughout the middle and high latitudes (Fig. 1a). The

response in the zonal mean wind (Fig. 1b) shows local

deceleration of the zonal mean flow and acceleration on

the equatorward side of the forcing (and also negative

wind tendencies in the SH subtropics). The net forcing

(Fig. 1c) has a broader latitudinal extent than the DF

forcing alone, extending into the deep tropics. The re-

sidual circulation induced by the forcing in Fig. 1a and

the associated impact on temperature (Fig. 1d) show

a broad region of upwelling and cooling extending to

altitudes in the tropical lower stratosphere, along with

downwelling and warming on the poleward side of the

forcing. Both the upwelling and the temperature re-

sponse are found to cross the equator and extend into

the SH—a feature clearly seen in satellite observations

(Fritz and Soules 1972). The change in temperature

gradients in the SH is associated with changes in the

zonal mean wind, which is observed in Fig. 1b as the
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negative correlations over approximately 108–408S. The
transient response to localized wave forcing also in-

cludes an additional meridional circulation cell of op-

posite sense above the forcing (Garcia 1987), but this is

above the domain shown in Fig. 1.

The statistical relations in Fig. 1 evidence the merid-

ional circulation (Fig. 1d) induced by a localized extra-

tropical forcing (Fig. 1a) in the reanalysis, which is

consistent with theoretical models based on the TEM

equations [Eqs. (1)–(4)]. In particular, the patterns of

correlations in Fig. 1 demonstrate the nonlocal response

to high-latitude time-dependent wave forcing, with the

residual circulation acting to maintain thermal wind

balance between the remotely induced zonal wind and

temperature tendencies. A key aspect is that, from a di-

agnostic point of view, the remote response of ut extends

the net forcing toward low latitudes, such that it reaches

the boundaries of the tropics [which are most relevant

for tropical upwelling; see Eq. (5)]. However, it is im-

portant to note that ut should not be interpreted as an

additional forcing of upwelling; rather, both ut and the

meridional residual circulation constitute two intrinsically

linked aspects of the coupled response to localized, tran-

sient forcing.

3. Forcing of subseasonal variability in upwelling

The focus of this work is to identify dynamical forcing

associated with transient tropical upwelling, and this is

done using correlations and regressions applied to wm* .

Figure 2a shows daily time series of wm* at 70 hPa aver-

aged over 188S–188N for 2 years (2008/09), illustrating

the annual cycle (maximum during boreal winter–

spring) together with substantial subseasonal variability.

Abalos et al. (2012) showed that these time series of wm*

agree reasonably well (with correlations; 0.7) with two

other estimates of upwelling (the residual circulation

w*, derived from ERA-Interim, and a thermodynamic

estimate wQ* , based on an accurate radiative transfer

code) for the period 2005–10. The thermodynamic esti-

mate is also shown in Fig. 2, highlighting good agree-

ment with wm* . Furthermore, the time series of wm* are

significantly correlated with independent satellite trace-

gas observations (ozone and carbon monoxide) on

FIG. 1. One-point correlations of EP flux convergence (2DF) at 548N, 20 hPa with (a) EP flux (vectors) and

divergence (colors), (b) zonal mean wind tendency, (c) net forcing, and (d) temperature tendency (colors) and

residual circulation (vectors) for DJFM. The solid and dashed contours show the threshold of 99% significant linear

correlations (positive and negative, respectively). The seasonal-mean lapse-rate tropopause is shown in gray. The

vertical arrows in (a),(d) indicate the length corresponding to a linear correlation of 1 (equal for horizontal and

vertical components). All figures are based on ERA-Interim 1979–2011 data unless explicitly stated in the captions.
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subseasonal time scales (Abalos et al. 2012). These re-

sults suggest the accuracy of the wm* estimates and their

suitability to investigate the drivers of the variability

[i.e., the DF and ut variations that force wm* via Eq. (5)].

The wm* time series are filtered to isolate subseasonal

time scales as described above, and the filtered data are

shown in Fig. 2b; these form the basis of the correlations

and regressions described below (based on the full 33-yr

record from ERA-Interim); similar results are found for

the shorter record 2005–10 used in Abalos et al. (2012)

(not shown).

The time series of tropical upwelling at 70 hPa in Fig. 2

are linked to the global zonal mean residual circulation,

and Fig. 3 shows the structure of the associated circu-

lations [calculated using (y*, w*) derived from ERA-

Interim] together with the patterns of heating and

cooling, for DJFM and June–September (JJAS). In all

the latitude–height cross-sections, the regressed zonal

mean fields are multiplied by the cosine of latitude to

compensate for the increase in variance toward the poles

due to spherical geometry (North et al. 1982). In Fig. 3,

both seasons show a broad region of tropical upwelling

and cooling and high-latitude downwelling and warming

in the winter stratosphere. In addition, shallower cells of

circulation close to the tropopause are observed linked

with warming in the subtropics in both seasons, al-

though the cell on the summer hemisphere is somewhat

stronger in DJFM than in JJAS. Below these warming

cells there are cooling regions in the subtropical upper

troposphere, associated with ascending motion. En-

hanced tropical upwelling in the lower stratosphere

(70hPa) is also correlated with warming of the tropical

upper troposphere in both seasons. The overall patterns

in Fig. 3 are consistent with two branches of the residual

circulation, a shallow branch near the tropopause con-

necting the outer tropics with downwelling over middle

latitudes of both hemispheres, and a deep branch that

extends from the tropics into the winter polar strato-

sphere (e.g., Plumb 2002; Birner and Bönisch 2011). The
transition between the two branches is further examined

in section 3e.

The strong signature of transience in the Brewer–

Dobson circulation is also observed in satellite-derived

ozone measurements. Figure 4 shows 70-hPa wm* cor-

relations with zonal mean ozone tendencies (›O3/›t)

derived from Aura Microwave Limb Sounder (MLS)

satellite observations during DJFM and JJAS of the

years 2005–10 [as described in Abalos et al. (2012)].

The ozone tendency patterns closely mimic the temper-

ature tendency results (Fig. 3), in particular with patterns

in the lower stratosphere that reflect the lower branch of

the Brewer–Dobson circulation, and positive correlations

in the high-latitude winter stratosphere related to the

deep branch. This result reflects the strong influence of

vertical circulation anomalies on the region of steep

ozone gradients in the lower stratosphere. The coupled

ozone–temperature signatures are evidence for coherent

variability of the BDC on subseasonal time scales (for

both the deep and the shallow branches).

a. Wave drag, wind response, and net forcing

The dynamical driving of transient variability in up-

welling in the tropical lower stratosphere is investigated

in this section by examining the linear regressions of the

different components of the net forcing onto the time

series of wm* at 70 hPa (e.g., Fig. 2b). The regressions for

FIG. 2. Time series of upwelling (mms21) averaged over 188S–188N at 70 hPa for the years

2008/09. Black: momentum balance calculation [Eq. (5)], red: thermodynamic estimate (see

text for details). (top) Full time series and (bottom) high-pass-filtered series, including only

time scales shorter than 90 days.
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boreal winter (DJFM) and summer (JJAS) seasons are

shown in Figs. 5 and 6, respectively. Each figure shows

the regressions of the EP flux (Figs. 5a and 6a), zonal

wind tendency (Figs. 5b and 6b), and net forcing (Figs. 5c

and 6c) onto time series of wm* . The results are qualita-

tively similar if w* or wQ* is used instead; however, cal-

culations based on wm* provide a dynamically consistent

estimate.

Regressions onto the global EP flux (Figs. 5a and 6a)

show that tropical upwelling in the lower stratosphere is

highly correlated with vertical wave propagation and

convergence in the extratropical winter stratosphere,

primarily over latitudes poleward of 308. Upwelling is

also positively correlated with EP flux divergence in the

subtropical upper troposphere (in both hemispheres

during DJFM in Fig. 5a, only weakly in the summer

hemisphere in JJAS, Fig. 6a), with quasi-horizontal EP

flux vectors indicating wave propagation away from

these regions. The corresponding regressions onto the

zonal mean wind tendencies (Figs. 5b and 6b) show

negative correlations (i.e., deceleration of the flow) in

the stratosphere centered at the latitude of strongest

wave drag in the winter extratropics and positive cor-

relations (acceleration) in the subtropical upper tropo-

sphere, approximately mirroring the patterns in EP flux

divergence. The extratropical ut patterns extend over

a deep layer with an equivalent barotropic vertical

structure. There is a global symmetry in the subtropical

EP flux and ut patterns in DJFM, which is also evident

but less pronounced in JJAS. In the winter hemisphere,

the acceleration pattern in the subtropical upper tro-

posphere (linked to subtropical EP flux) extends deeper

into the stratosphere, connecting with the (weaker) ac-

celeration induced laterally by the extratropical wave

drag (as seen in Fig. 1b). In addition, there is a relatively

small region of wind deceleration centered at the

equator near the tropopause during DJFM (Fig. 5b),

coincident with an EP flux convergence in this region

FIG. 3. Regression of the residual circulation (vectors; m s21) and

temperature tendency (colors; Kday21) on tropical upwelling av-

eraged over 188S–188N at 70 hPa for (a) DJFM and (b) JJAS. The

reference level for upwelling is indicated by the black horizontal

bar. The seasonal-mean lapse-rate tropopause is shown in gray.

The solid and dashed contours show the threshold of 99% signifi-

cant linear correlations (positive and negative, respectively). The

scale of the vectors is indicated for both vertical and horizontal

components. Regression values in all figures are per unit standard

deviation in the upwelling.

FIG. 4. Regression of the residual circulation (vectors; m s21)

and correlations with zonal mean ozone tendency (colors) from

the Aura Microwave Limb Sounder (MLS) satellite instrument

on tropical upwelling averaged over 188S–188N at 70 hPa for

(a) DJFM and (b) JJAS for the period 2005–10. The scale of the

vectors is indicated for both vertical and horizontal components.
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seen in Fig. 5a. Regression patterns for DF2 ut (Figs. 5c

and 6c) in the winter stratosphere extend laterally far-

ther into the subtropics than those of DF alone and have

a maximum near the edges of the tropical upwelling

region. The key point is that, while DFmay be remote to

the tropical lower stratosphere, DF2 ut extends into

this region where is able to drive upwelling variability

[via the balance expressed in Eq. (5)].

The temporal evolution of the regressions during

DJFM is shown in Fig. 7, which represents lagged re-

gressions onto wm* of the fields DF, ut, and DF2 ut,

weighted by density and integrated in log-pressure alti-

tude [as they appear in Eq. (5)]. The regression of DF

(Fig. 7a) shows strongest values in high latitudes and

a systematic propagation of the wave forcing toward low

latitudes. The largest values of the projections travel

FIG. 5. Regression of (a) EP flux (vectors) and divergence (colors),

(b) zonal wind tendency, and (c) net forcing onto upwelling at 70hPa

averaged over 188S–188N for DJFM. The scale of the EP flux vectors

(m3 s22) is indicated in (a) for both vertical and horizontal components.

The regions A, B, and C in (a) denote centers of action for the EP flux

divergence, as discussed in the text. The time series are filtered to re-

move time scales longer than 90 days. The reference level for upwelling

is indicated by the black horizontal bar. The seasonal-mean lapse-rate

tropopause is shown in gray. The solid and dashed contours show the

threshold of 99% significant linear correlations (positive and negative,

respectively). Units for all color-shaded terms are ms21day21.

FIG. 6. As in Fig. 5, but for JJAS.
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approximately from 658 to 408N in about 5 days. This

propagation of the transient wave drag from high to low

latitudes was recently highlighted by Ueyama et al.

(2013). Variations in the corresponding wind tendency

(Fig. 7b) show patterns of local deceleration and accel-

eration that also propagate in a coherent manner toward

the tropics. The subtropical acceleration in Fig. 7b is

associated with the extratropical (propagating) wave

drag and also (around lag 0) with the subtropical upper-

troposphere DF (see Figs. 5a,b). The acceleration pat-

terns in the subtropics reach deep into low latitudes,

such that DF2 ut at low latitudes is substantially

stronger than DF alone (Fig. 7c). Figures 5–7 highlight

the important role of the zonal wind tendencies induced

outside the forcing region for the net forcing of transient

tropical upwelling.

b. Composites of extreme events in tropical upwelling

The regression patterns in Figs. 3–7 show the statisti-

cal signatures of circulations linked to transient tropical

upwelling in the lower stratosphere. In this section, these

results are complemented with the direct assessment of

the EP flux field and its divergence and the zonal mean

flow tendency for composited events of extremes in

upwelling (both positive and negative). Extreme events

composites are constructed based on the multiyear re-

cord of wm* at 70 hPa. Specifically, Fig. 8 shows com-

posites of the EP flux averaged over the 5% of days

of strongest and weakest upwelling in boreal winter

(DJFM) for the years 1979–2011 as well as the difference

(high minus low). Note that the background climato-

logical EP flux is included in the composited fields in

Figs. 8a and 8b. Figure 8a shows that the strongest

tropical upwelling events are associated with enhanced

vertical wave propagation and convergence in the ex-

tratropical winter stratosphere, and this behavior is

consistent with previous studies (Randel et al. 2002;

Ueyama et al. 2013). On the other hand, events of low

upwelling (Fig. 8b) are mainly associated with enhanced

quasi-horizontal EP flux convergence in the subtropical

upper troposphere, with similar patterns observed in

both hemispheres, together with weak vertical wave flux

in winter high latitudes. Hence, the positive correlations

in the subtropical upper troposphere in Fig. 5a imply

reduced upwelling associated with enhanced wave drag

in these regions. The difference in the EP flux between

high and low upwelling extremes (Fig. 8c) produces

patterns very similar to the correlations in Fig. 5a (and

a structure similar to Fig. 6a is observed for composites

during JJAS; not shown).

The corresponding composites for the zonal mean

wind tendencies are shown in Fig. 9. Since the climato-

logical mean of the wind tendency is near zero, the

anomalies coincide with the absolute values. During

maximum upwelling events there is deceleration of the

stratospheric winds over roughly 308–608N, coincident

with the enhanced EP flux convergence in Fig. 8a, and

this pattern extends vertically downward across the

tropopause. There is also wind acceleration on the

equatorward flank of the subtropical jets, extending with

FIG. 7. Lagged regressions as a function of latitude and time

(days) of upwelling (m s21 day21) at 70 hPa averaged over 188S–
188N with the forcing terms integrated in altitude [as in Eq. (5)]

from 70 to 1 hPa for DJFM. The latitudinal boundaries for up-

welling calculations (188S–188N) are indicated by gray lines. The

solid and dashed contours show the threshold of 99% significant

linear correlations (positive and negative, respectively).
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an equivalent barotropic structure over a deep layer

from approximately 30 hPa to below 400 hPa. Because

the stratospheric EP flux convergence is small at low

latitudes, these ut acceleration patterns in the subtropics

contribute substantially to the net forcing ofwm* [via Eq.

(5)]. The composited ut for the low wm* extremes (Fig.

9b) show patterns that are approximately mirror images

of Fig. 9a, with coherent wind deceleration on the equa-

torward flanks of the subtropical jets, coinciding with the

strong EP flux convergence in Fig. 8b. The zonal wind

tendencies extend to higher altitudes across the tropo-

pause, as part of the balanced response including the

meridional circulation cell above the forcing (this behav-

ior is clarified in section 3c). The zonal wind tendencies in

Figs. 9a and 9b show a symmetric behavior between the

two hemispheres, similar to the EP fluxes in Figs. 8a and

FIG. 8. EP flux (vectors) and divergence (colors) composites for

5% (a) high, (b) low, and (c) difference (high minus low) extremes

of upwelling at 70 hPa and averaged over 188S–188N for DJFM.

The horizontal black bar indicates the location of tropical up-

welling used to generate the composites. The seasonal-mean lapse-

rate tropopause is shown in gray. The scale of the vectors (m3 s22) is

indicated in the panels for both vertical and horizontal compo-

nents. Units for all color-shaded terms are m s21 day21.

FIG. 9. As in Fig. 8, but for zonal mean wind tendency

(ms21 day21).Green contours represent the composited zonalmean

winds for the corresponding upwelling extreme events (solid: posi-

tive values), with contour interval of 5m s21 (zero contour omitted).
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8b, but the overall variations in the two hemispheres are

uncorrelated, as discussed in section 3d.

c. Influence of wave forcing in the subtropical upper
troposphere

Calculations of tropical upwelling using Eq. (5) in-

volve integrating the net forcing above the level where

upwelling is computed. Hence, it is not evident how the

variability in upwelling at 70 hPa is affected by wave

drag below that level (i.e., in the subtropical upper tro-

posphere). To appreciate the mechanism through which

this influence occurs, Fig. 10 shows one-point correla-

tions of 2DF at one point in the subtropical upper tro-

posphere (248N, 175 hPa) with different fields (as in Fig.

1). In this case, the wave forcing is localized in a rela-

tively narrow vertical and latitudinal region (Fig. 10a), in

contrast with the broader forcing region in Fig. 1a. The

EP flux vectors suggest a strong contribution to the

variability from extratropical waves and additionally

some influence from near-equatorial latitudes (i.e., from

equatorial planetary waves; Randel et al. 2008). The

zonal wind response (Fig. 10b) shows deceleration col-

located with the wave drag, extending higher in altitude

than the forcing (together with accelerations to the

north and south). The different vertical extent ofDF and

ut results in a dipolar pattern in DF2 ut, with opposite

signs above and below approximately 125 hPa (Fig. 10c).

Consequently, from the point of view of the upwelling

diagnostic via Eq. (5), the remote influence of the upper-

tropospheric wave forcing on upwelling near and above

the tropical tropopause occurs through the deep re-

sponse of the zonal wind. Dynamically, such wind re-

sponse is associated with the meridional circulation and

corresponding changes in temperature induced by the

forcing, shown in Fig. 10d. As expected from theory, two

circulation cells are observed above and below the

forcing, together with a quadrupole temperature struc-

ture. The circulation cell above the forcing includes

downwelling and warming near the tropical tropopause

(extending across the equator and into the SH sub-

tropics) as well as cooling in the upwelling region ap-

proximately over 258–408N. This is the structure observed

in meridional circulation and temperature correlations

linked to upwelling near the tropopause (e.g., Fig. 3), and

is the statistical signature of the shallow branch of the

BDC, as will be further shown in section 3e.

d. Relations of wave forcing between high and low
latitudes and between hemispheres

The results of wm* regressions (Figs. 5 and 6) and ex-

treme upwelling events (Figs. 8 and 9) demonstrate the

combined influence of wave forcing in the winter high-

latitude stratosphere and subtropical upper troposphere

(regions A and B in Fig. 5a), and also show symmetric

FIG. 10. As in Fig. 1, but one-point correlations of EP flux convergence (2DF) at 248N, 175 hPa.
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patterns between the subtropics in both hemispheres

(regions B and C in Fig. 5a; this latter behavior is stronger

in DJFM than in JJAS). In this section we examine

whether these patterns represent systematic connections

between these forcing regions.

First, the links between high- and low-latitude wave

forcing are examined. Figure 11 shows a two-dimensional

histogram of DF in the extratropical stratosphere (aver-

age over 368–608N, 20–10hPa; region A; Fig 11a) and the

subtropical upper troposphere (218–338N, 300–125hPa;

region B; Fig 11b). The black contours in Fig. 11 illus-

trate the distribution of all daily DJFM samples during

1979/80–2010/11 (121 days yr21 3 32 yr 5 3872 days),

and the overall circular pattern of contours is evidence

of weak correlation of wave forcing between regions A

and B (i.e., enhanced wave drag in region A is not nec-

essarily associated with reduced wave drag in region B).

This is consistent with the direct calculation of time series

correlation, which is statistically insignificant (;0.03).

Figure 11 further includes red and blue dots indicating

days with positive and negative extremes in wm* (the top

and bottom 5%, as in the composite events described

above). These extreme cases are systematically skewed

compared to the background distribution, so that en-

hanced tropical upwelling corresponds to stronger nega-

tive high-latitude DF (Fig 11a) and weaker negative (or

positive) subtropical DF (Fig 11b). Weak extremes in

tropical upwelling correspond to the opposite behavior:

stronger subtropical DF and weaker negative or positive

high-latitude DF. These are the patterns identified in

Fig. 8, and the differences in the forcing between strong

and weak upwelling extremes are statistically significant.

Figure 11 proves that the time series of wave forcing in

high and low latitudes are generally uncorrelated, and

events where these effects reinforce lead to extremes in

wm* (such that the patterns in composited events appear

linked between high and low latitudes). Similar conclu-

sions are obtained when comparing EP fluxes (i.e., high-

latitude y0T 0 and subtropical u0y0) instead of DF.

Figure 12 shows a similar diagnostic comparing wave

forcing in the subtropics of each hemisphere—that is,

DF averaged over 300–125 hPa for 218–338N (region B)

and for 218–338S (region C). Again the overall two-

dimensional distribution suggests little correlation be-

tween wave forcing in each hemisphere (as also inferred

fromFig. 10a). Positive extreme tropical upwelling events

(red dots in Fig. 12) occur when DF is less negative or

positive in both hemispheres, and the opposite extremes

occur when DF is more negative in both hemispheres.

While there is no general correlationbetweenhemispheres,

events that occur simultaneously lead to tropical upwelling

extremes and appear as symmetric patterns in statistical

correlations. Equivalent conclusions are found when

comparing ut links between hemispheres. We note that,

although Figs. 8, 9, 11, and 12 are based on the 5%extreme

events, the described relations do not depend on the frac-

tion of extreme events considered and thus these results are

representative of the general behavior (not shown).

e. Shallow and deep branches of the residual
circulation

Analyses of circulation statistics and tracer behavior

suggest that the stratosphericBrewer–Dobson circulation

FIG. 11. Two-dimensional distribution of wave forcing in the

extratropical winter stratosphere (average over 20–10 hPa and 368–
608N; region A in Fig. 5a) vs wave forcing in the subtropical upper

troposphere (average over 300–125hPa and 218–338N; region B in

Fig. 5a) for DJFM. The axes are normalized to standard deviations

in each quantity. Black contours show probability distribution of all

DJFM days during 1979/80–2010/11 (contours shown are 1%, 5%,

20%, 50%, and 80%). Red and blue dots show days with 5% ex-

treme maximum and minimum tropical upwelling. Larger circles

indicate the mean of the distribution of all points (white), high

extremes (red), and low extremes (blue).

FIG. 12. As in Fig. 11, but for wave forcing in the subtropical upper

troposphere in the NH vs the SH (averages over 300–125hPa and

218–338N and 218–338S, respectively; regions B and C in Fig. 5a).
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can be described by deep and shallow branches, which

can evolve in different ways (e.g., Plumb 2002; Birner and

Bönisch 2011). This characteristic is also found in the

analyses of subseasonal variability in this work (see Figs.

3 and 4). Figure 13 illustrates the transition from shallow

to deep residual circulation in ERA-Interim data derived

by regressing global circulation onto the tropical up-

welling at different altitudes. The statistical signature of

the lower branch can be identified in correlations with

wm* at 100 hPa (Fig. 13c) as shallow circulation cells

centered near the altitude of the tropical tropopause, with

downwelling and warming patterns near 258–408N and

258–408S. In contrast, correlations with wm* at higher al-

titudes show less evidence of this feature, and it is nearly

absent from correlations with wm* at 20hPa. The 20-hPa

correlations reflect primarily the upper branch of the

BDC, with broad tropical upwelling and downwelling in

the winter polar stratosphere (Fig. 13a). The change be-

tween the low and high branches of the residual circula-

tion appears in Fig. 13 as a smooth transition between

1) shallow overturning, with downwelling andwarming in

the subtropics, and 2) deep upwelling, broad cooling of

the tropical lower and middle stratosphere, and warming

at high winter latitudes. Tropical upwelling in the region

near 70–50 hPa is correlated with both branches. Note

that upwelling at 100 hPa still appears connected with

the deep branch, as shown by the significant correlations

with downwelling and warming at high latitudes.

The transition of the residual circulation from the

lower to the middle stratosphere is also reflected in

distinctive patterns of forcing terms influencing upwelling

at different levels. Figure 14 shows the regression of the

EP flux onto upwelling at the different levels, showing

a transition in the dominant forcing associated with up-

welling variability at different levels. Near 20hPa, upwell-

ing is most affected by forcing in the winter extratropical

stratosphere (Fig. 14a), while the lower branch of the

BDC is most influenced by transient wave forcing in the

subtropical upper troposphere and lower stratosphere

(Fig. 14c). Note that the shallow circulation (Fig. 14c) is

negatively correlated with DF in the subtropical lower

stratosphere near and above the level of upwelling,

while positive correlations are found just below (as

discussed in section 3c). This behavior is consistent with

the results of Grise and Thompson (2013), as will be

further discussed in the next section. Finally, note that

extratropical wave drag is also correlated with upwelling

at 100 hPa, which could be linked to the connection with

the deep branch seen in Fig. 13c.

4. Summary and discussion

Upwelling across the tropical tropopause is a funda-

mental part of the global stratospheric circulation. It

cannot be observed directly but can be inferred from

thermodynamic or momentum calculations, or obtained

from meteorological reanalyses, and these three esti-

mates agree well for levels in the lower stratosphere

(Abalos et al. 2012). Tropical upwelling is primarily

driven by dynamical forcing (with temperatures and

radiative balances responding to this forcing), which is

embedded within the calculations of upwelling based

on momentum balance wm* . This work focuses on ex-

amining the dynamical drivers of wm* by quantifying

FIG. 13. As in Fig. 3a, but for tropical upwelling computed at (a) 20,

(b) 50, and (c) 100 hPa, as indicated by the black bars.
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relationships with the forcing DF and its effect on the

zonal wind tendency ut, both directly linked to wm* via

Eq. (5). Derived estimates of upwelling in the lower

stratosphere exhibit an important component of sub-

seasonal (week to week) variability in addition to a large

annual cycle (Fig. 2). Mechanisms contributing to driv-

ing the annual cycle include forcing from extratropical

waves (Yulaeva et al. 1994; Ueyama and Wallace 2010),

baroclinic waves dissipating in the subtropics (Taguchi

2009; Chen and Sun 2011), and equatorial planetary

waves (Boehm and Lee 2003; Kerr-Munslow and Norton

2006; Randel et al. 2008; Ortland and Alexander 2014),

although causal mechanisms are still a topic of active

research (note that the forcings of the annual cycle are

difficult to isolate based simply on correlations). In con-

trast, the subseasonal variations in upwelling (e.g., Fig. 2)

have a distinctive temporal signature that can be used to

identify transient forcing mechanisms, and this is the goal

of this study.

Regression analysis and composites of extreme trop-

ical upwelling (wm* ) events, based on ERA-Interim data

for 1979–2011, highlight two key regions of wave forcing

for lower-stratospheric upwelling: namely, the extra-

tropical winter stratosphere and the subtropical upper

troposphere (regions A and B/C in Fig. 5a). Enhanced

tropical upwelling in the lower stratosphere (70 hPa)

occurs in conjunction with stronger high-latitude strato-

spheric wave forcing (enhanced upward EP flux, pro-

portional to y 0T 0) and reduced wave forcing in the

subtropical upper troposphere (weaker meridional EP

flux, proportional to u0y 0). Weaker tropical upwelling

occurs with reduced high-latitude y 0T 0 and enhanced

subtropical u0y 0. These represent modulations of the

time-mean climatological EP flux and divergence in the

extratropics (Fig. 8).

The nonlocal response to transient localized wave

drag (DF) consists of two meridional circulation cells of

opposite sense: one above and one below the forcing

(the lower mass circulation cell is stronger because of

the higher density). These extend outside the horizontal

scale of the forcing and are linked to tendencies of zonal

wind ut and temperature Tt acting to maintain thermal

wind balance (e.g., Garcia 1987; Haynes et al. 1991). In

this work, the statistical signature of this coupled re-

sponse is examined in reanalysis data for the identified

forcing regions relevant for transient upwelling [the

extratropical stratosphere (Fig. 1) and the subtropical

upper troposphere (Fig. 10)]. Although the meridional

circulation and ut are closely coupled aspects of the re-

sponse to the time-dependent forcing (DF), from the

diagnostic perspective of Eq. (5) the term DF2ut can

be regarded as the net forcing of upwelling, as it con-

stitutes the combined momentum forcing in the wm*

calculation. In this sense, the net forcing associated with

the extratropical forcing (DF) in Fig. 1 extends into

tropical latitudes, where it impacts upwelling variability

[Eq. (5)]. Equivalently, the effect of the localized forcing

in the subtropical upper troposphere on ut extends

vertically across the tropopause in Fig. 10, resulting in

relative downwelling over the tropical tropopause.

The regression and composited patterns of DF based

on wm* at 70 hPa (Figs. 5a and 8) suggest the combined

influence of high- and low-latitude wave forcing on

tropical upwelling and also show highly symmetric

FIG. 14. As in Fig. 5a, but for tropical upwelling computed at (a) 20,

(b) 50, and (c) 100 hPa, as indicated by the black bars.
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patterns of subtropical wave forcing in each hemisphere

(at least during DJFM). This begs the question of

whether the wave forcings in these regions are in-

trinsically linked or if this is a result of studying corre-

lated variations with wm* . This question has been

addressed by examining cross correlations and the two-

dimensional distribution of forcing between the differ-

ent regions. The results (Figs. 11 and 12) show that,

while the three forcing regions (A, B, and C) are linked

to tropical upwelling, the variability of the wave forcing

itself in these regions is not systematically correlated.

Rather, extreme upwelling events (both positive and

negative) occur when the variations in wave driving in

the different regions happen to reinforce each other; for

example, occasional coincident events of enhanced

subtropical wave forcing in both hemispheres leads to

reduced tropical upwelling (Figs. 8b and 12). Our con-

clusion is that the coherent global variations suggested

in regressions and extreme composites do not signify

distant, globally coherent behavior in wave forcing.

The statistical relationships between derived tropical

upwelling in the lower stratosphere and global temper-

ature and circulation reveal the shallow and deep

branches of the Brewer–Dobson circulation (e.g., Fig. 3).

The upper branch of the BDC is most strongly corre-

lated to tropical upwelling at levels above the lower

stratosphere, highlighting a broad-scale deep circulation

connecting the tropics and the winter polar stratosphere

(Fig. 13a). Variability in the deep branch is primarily

linked to wave forcing in the high-latitude winter strato-

sphere (Fig. 14a). In contrast, transient upwelling near

the tropopause (;100 or 70hPa) is strongly correlated

with downwelling circulation cells near the tropopause

level in the subtropics (;258–408N/S), and these are re-

flected in zonal average temperature (Fig. 13c) and ozone

tendencies (Fig. 4). This behavior is primarily linked to

variability in wave forcing in the subtropical upper tro-

posphere (Fig. 14c), wherein stronger (weaker)-than-

average wave forcing affects the overturning circulation

cells above the forcing, leading to reduced (enhanced)

upwelling over the tropical tropopause and correspond-

ing sinking in the subtropics (Fig. 10d). Note that the

shallow branch of the BDC is also intensified by stronger

convergence in the subtropical lower stratosphere (Fig.

14c). Hence, the exact altitude at which wave dissipation

occurs in the subtropics is crucial for the variability of the

shallow branch of the BDC, as the drag at slightly dif-

ferent levels can have opposite effects on upwelling near

the tropopause. These results are consistent with the

calculations of Grise and Thompson (2013), inferred

from high-vertical-resolution GPS temperature observa-

tions. They show that wave drag in the subtropical lower

stratosphere is associated with cooling near the tropical

tropopause (;100–70 hPa), while subtropical tropo-

spheric forcing leads to warming. Our analyses dem-

onstrate the dynamical mechanism underlying these

relationships, in terms of the momentum balance equa-

tion. Specifically, as follows from Eq. (5), subtropical EP

flux convergence between 100 and 70hPa drives stronger

upwelling near the tropopause, while the wave drag at

lower levels weakens the upwelling through the induced

remote response in the zonal wind, as illustrated in Fig. 10.

The statistical analyses in the present work suggest an

overall smooth transition between the two branches of

the BDC, with upwelling at 100 hPa not fully decoupled

from the deep circulation and the shallow branch

reaching up to about 50 hPa (Fig. 13), consistently with

the picture provided by the trajectory analysis of Birner

and Bönisch (2011). Our results, based on time series of

tropical upwelling, are also in general agreement with

those obtained by Ueyama et al. (2013), based on tem-

perature tendencies, which highlight distinct variability

in circulation (and links to high-latitude wave forcing) in

the tropics between 100 and 70 hPa and above. How-

ever, the latter work suggests a more abrupt discon-

nection between the shallow and the deep branches of

the Brewer Dobson circulation than our results.
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