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Abstract

The dynamical balances associated with upwelling in the tropical lower stratosphere are
investigated based on climatological ERA40 and NCEP/NCAR reanalysis data. Zonal mean upwelling is
calculated from momentum balance and continuityc@ted downward antrol), and these estimaties
the deep tropicarefound to ban reasonable agreement with stratospheric upwelling calculated from
thermodynamic balance (and also wirtical velocity obtained from ERA40 reanalysi3he detailed
momentum balancessxiated with the dynamical upwelliage investigated, in particuldre
contributions to climatogical EP flux divergencetlie subtropics. Results show that dogiatoward
extensiorof extratropical wavesb@aroclinic eddies andn the NH,quaststatonary planetary wavégs
contributea large component of the subtregli wave driving at 100 hPaAdditionally, there is a
significant contribution to subtropical forcing framguatoriaplanetary waves, and thesehibit a strong
seasonal cycle (a reversalphase) in response to latitudinal migration of tropical convection. The
observed balances suggest thatstneng annual cycle in upwelling across ttapicaltropopause is
forced by subtropical horizontal eddyomentum flux convergence associatethwiaves originating in

both the tropics and extratropics.



1. Introduction

The general circulation of the stratosphere is characterizagjliopal overturning circulation with
upwelling in the tropics and polewaddwnward flow in extratopics. Th&o-called BreweiDobson
circulation was posiated based on observations of stratospheric water vapor (Brewer, 1949) and ozone
(Dobson, 1956), and confirmed from calculations of diabatic circulations in the strato@bere
Murgatroyd and Singleton, 196Gille et al, 198F. This overturning circulation is fundamentally driven
by waves which propagate from a variety of sources in the troposphere to the stratosphere, producing a
transport of angular momentum and resulting balanced poleneasd flux in e stratosphergdaynes et
al., 1991; Holton et al., 1995 he induced upwelling in the tropics maintains temperatures below
radiative equilibrium (which are balanced by radiative heating), with corresponding downwelling,
dynamical heating and radiatigeoling at high latitudes. The tropical upwelling is a key feature of
stratospherg¢roposphereoupling,as air enteythe stratosphere primariliyn the tropics, and the chemical
composition of air near the tropical tropopause sets the boundary cofalittbecomposition of the
global stratosphere. While the tropical upwelling is a key feature of the stratospheric circulatioa, it has
small magnitude (~.05 mm/sec ~ 8 km/year) that cannot be measured directly; the strength of
upwelling is typically nferred from thermodynamic balance (eRpsenlof, 1995) ofrom observations
of trace constituents (e,ddall and Waugh, 1997; Mote et al., 1998; Niwano et al., 2003).

A further key aspect of the tropical upwelling is that there is a relatively larggbeoycle in the
lower stratosphere, with strongest upwelling during NH winter; this seasonality is rflectdéarge
annual cycle inemperature near and above the tropopause (Reed and Vicek, 1963)vihinimparts
a seasonal cycle to stratosphevater vapor (Mote et al., 1996 This seasonal cycle in upwelling is also
reflected inchemical constituents with a strong vertical gradient irirtbi@cal lower stratosphersuch as
ozone and carbamonoxide (Rindel et al., 2007). Yulaeva et al (1994) suggesiathis seasonal cycle
in tropical upwelling could result from extratropical planetary wave forcing of the stratosphere; the

maximum in wave forcing occurs during SeptenibBlovember in the Skdnd dumg Novembei



March in the NH so that therés a global forcing with maximum duringH winter. However, as
discussed bylBmb and Eluszkwicz (1999), the wave forcing (&P flux dvergence) requiretb drive
nearequatorial upwelling must extend torydow latitudes, so that the role of extratropical planetary
waves is uncertain. More recently, Boeand Lee (2003), KefMunslow and Norton (2006) and Norton
(2006) have proposed that upwelling is linked to equatorial planetary waves forced by ttepjral
convection. Overall, the specific forcing of tropical stratospheric upwelling and the cause of the large
annual cycle are poorly understoothe forcing of BreweiDobson circulation has also received recent
attention becausmodel simulations of fre climate change associated with greenhouse gas increases
show persistent increases in the strength of the circulatidol{8u et al, 2006; Fomichev et al, 2007;
Garcia and Randel, 2008).

The objedtve of this paper is to examiropical upwelling déved from momentum balancthéso-
called downward control of Haynes et al., 1991) to understand mechanisms which maintain the
upwelling. Calculations are based on climatological ¢itton statisticglerivedfrom reanalysg data
sets. We first make tiled comparisons between upwelling calculated from momentum balance with
results from thermodynamic balan@and also with upwelhg derived directly from reanalysg these
comparisons suggest that momentum balance provides a reasonable estimaganktinee behawvor
of climatological upwellingn the deep tropiceear and above the tropopaus&e then examine the
detailed structure of the momentum balance, and in particular we focus on the wave fdateng in
subtropics responsible for the nespuatorial upwelling.

2. Data and tropical upwelling calculations

The circulation dtistics used here abased on global meteorological reanalysis data s#ts f
ERA40 (Uppala et al., 2008nd NCEP/NCAR (Kalnay et at., 1996). We use the ERA40 data archived
on 60 vertical pressure levels, with vertical resolution ~ 0.8 km iogper tropospherilower
stratosphereTLS) region. The NCEP calculations udata on 23 standard pressureelsywith

somewhat loweverticalresolution (~ 2 km) in the UTLS region. The latitude resolution of both data sets



is 2.52 We have derived monthly averaged statistics from daily analysis, and the results here are based

on averages over the 8 years 12901. We use thpressure velocity foega) conerted tolog-pressure
vertical veIocity(W) and note that for NCEP reanalysis thgpermost output level for thertical
velocity is 100 hP4values are zero above this leveQjomparisons of the zonal mean vertical velocity

W show a reasonable behavior for the ERA40 tfataughout the UTL$as shown below), whereas the

NCEP results show an unrealistic seasonal cycle at 100 hPa (minimum during NH. wivieethus focus

primarily on the ERA40W values. We also calculazenal average eddy covariance statidtiom both

ERA40 and NCEP daticluding v' T+, u' v, u w (throughout this work notation is standard, following

Andrews et al., 1987Note that for NCEP datay'w is identically zero above 100 hPa.

We calculate the zonal average transformed Euleniean (TEM)residualvertical velocity from

the ERA40 datérom

_ a
W* =W #Lmosf’ﬂ (1)
acosf u fée S

HereSis a static stability term{(S= HN*/ B, with H=7 km, R=287 rfis’ K, and N is the Brunt

Vaisala frequency squared. thre deep tropics theddy ternin (1) makeonly a small contribution, so

thatw © w . It is worthwhile noting tha w derived from reanalyses can have substantial uncertainties in

the UTLS region, as it is a quantity that is gp@onstrained in current dagesimilation products. Hence

we do not view the ER40 v7f i el ds bhatsimglytanothér Bsimate to compare to the dynamic
and thermodynamic balance results.

We estimate tropical upwelling from TEM zonal average momentum balance and continuity,
following the calculationslisaussed in Haynes et al. (19%ndRandel et al (2002). Specificallthe

zonal averageertical velocity at altitude z, averaged betwésitudes' .and" ,, is given by (Randel et

al., 2002, Eqg. 11):
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Here the subscrifgt denotes vertical velocity derived from momenthatance and angle tackets

denote an avage between latitudésand? ,; note thisequationincludes the time tendency of the zonal

mean zonal wind, as a generalization of the Haynes @i98l1) steady statalculation % is amodified

Coriolis paramete?f =f i/(ﬂ cosf) DF is the scaled EP flux divergence
U

acosf
7/ H
oF= o 3)
acosf
With Ethe EP flux vector
é_ o — g
F =e?"acost uv g 31 (4a)
€ cHz =S
é
e VT
FZ:e'Z’Hacosfgf— W (4b)
e

We note that the{W,*n> estimates from (2) become problematic close to the equator, because of

uncertainties associated with estimating the EP flux divergence combined witbrah proportionality

to /¥ . We find that the climatological calculatioase reasonably well baved for latitudes >= £5

*

N/S. Below we separate the contributeoto <Wm> in the topics from the separate terms in the vertical

integral in (2), i.e.the components oDF (uv, VT, etc) andu_t .



Anothermethod of estimating the mean tropical upwelling is based on thegp@siophic

TEM thermodynamic equation:
— * — 7
+v i WS £ )

whereQ is the zonal average radiative heating,ratenbined wih the continuity equation (e.g.,

Gille et al., 1987; Rosend, 1995) These equations are solved iteratively, and the resulting

vetrtical velocity is termeo\_/; because it is derived primarily from radiative heatiafgulations.

We calculateQ based on an accurate radiatieating code (Qing Fu, personal

communication2005), incorporating monthlyarying temperatures and radiativeglevant
trace specie@ncluding realistic variations of stratospheric ozone and water vapbe
temperature climatology isedved from several years of GP&liooccultationdata (e.g

Wickert et al., 2001Randel etl., 2003, whichprovides high vertical resolution aadcurately
captures the cold tropical tropopause oegi The calculations oﬁg aremainly valid atand

above 100 hPa, where radiatdominates the thermodynamic forcinghe radiative
calculations do not include effects of thin cirrus near the tropsmydout these probably do not
strongly influence the zonal meessults (Corti et at., 2005; Fueglistaler and Fu, 2006

We alsouseoutgoing longwae radiation QLR) data as a proxy for tropicdkep
convection(and associated convective heat releaBalily interpolated OLR data aobtained
by the NOAACIRES Climate Diagnostics Center (http://www.cdc.noaa.gov). Theaadat
discussed in detail in Liebmamand Smith (1996)The climatological results shown here are
averages over the years 192201 (identical to the circulation statistics).

3. Results

a. Comparison of different upwelling estimates



The latitudemonth variatiorof zonal average velocity at 100 h&aived from VT:? is shown in

Fig. 1a, together with the ERA4GW in Fig. 1b. The structure OF; is reasonably smooth, with tropical

upwellingshifted slightly towards the summer hemisphnes shift ismore pronounced at higher
altitudes) These results are similar to the calculations of Rosenlof (1995) and Eluszkiewicz et al. (1996).

There is a cleaseasonal cycle in the tropics, with stgest upwelling during NH winter (in balance with

the seasonal ciein tropical temperatures, &fulaeva et al., 1994). THERA40 W data(Fig. 1b) show
similar overall patterns and magnitudes, but there is substantiallysmatescale meridonal structune

the data assimilation resulfss noted above, the eddy term in (1) makes only a small contribution in the

tropics, so that the smadtale meridional structure seen in Fig. 1b is primarily due twvtfield in
ERA40.

Figure 2a compares the 100 hPa vertical velastimatesaveraged over the tropical latitude

band 15° NS, includingaw’  from ERA40, Ve ardawm from both ERA40 antCEP. Overall there

is reasonable agreement among the estimates, in particular for the magnitude of upwelling and structure

of the seasonal cycle (strongest upwelling during NH wintEhne NCEPaw, exhibits a larger

amplitude seamal cycle than the other estimates, with notabhaller values during NH summer,

althoughas shown belowhis difference may simply reflect the lack of a realistiev contribution in

NCEP data (due tthe absence ofertical velocty fields above 100 hPa)Figure 2b shows a similar

comparison for a wider latitude i (25° N-S); in this casethe avm estimated from both ERA40 and

NCEP data agree reasonably well, but are systematialyler tharand exhibit a seasonal phase shift

compared t&w and aX/Q . These systematic differences may suggest some unresalsigd

momentum forcing in the reanalysis data sets, such as could result from subtrepitahgave drag (as
discussed further below).At higher altitudes in the lower stratosphere (e.g. 70 and 50 hPa), comparisons
similar to those in Fig. 2 show somewhat less agreement than the results at 100 hPa, with the calculated
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aTvm from both ERA40 and NCEP data showaggproximately half the magnitude éTV:g ; the

ERA40 &V alsobecomes unrealistic at higher altitudes, vaitincorrect seasonal cycle (maximum

during NH summer) ne&0 hPa.

Thelatitudinal structure of vertical velocity at 100 hPa for each of the estimates is shown in Fig.

3, including the annual mean (Fig. 3apdthe DJF (Fig. 3b) and JJA seasons (Fig. 3c). Hereﬁﬁe

estimates are calcuét forthe latitide band 15N-S, (because the estimates from (2)@erly behaved

equatorward of 1% and for each indidual 5° latitudebandpoleward of® 15°. Figure 3a shows good

agreement betweahe W', \7vQ and v, estimatelose to the equator (consistent with Fig. 2a).

However, there areome substantial differences in the latitude randé-25° in both hemispheres, where

N —%

the assimilation resulv’ showsa maximum Wm nearzero values, antlo values inbetweenthis is the

source of thesystematidifferences seen in Fig. 2lPolewards of ~ 30°48, each of the vertical velocity
estimates in Fig. 3a shagwedominantdownwelling, although with substantially different detailed
structures.

The seasonal upwelling comparisons in F&sc show more substantial differenéegetil

among the differeripwelling estimates. The slight latitudinal movement of the tropical maximum in

Wo towards the summer hemisphere is not evidentior Wm, and there are large latitudinal variations

in Wand \TV; that are absent iTV;. Nonetheless, when averaged over the deep tropics {$p°tNere
is at least some agreement in upwelinggnitudeswith larger valuesiuring DJRhan during JJACT.
Fig. 2).
The systematic differences i’ over 1525° N-S in Fig. 3 could be suggestive of some
unresolved eddy momentum forcing in the reanalysis data, such as might result from gravity wave drag

atop ofthe subtropical jets (McFarlane, 1987We have tested this hypothesis using output from the

NCAR Whole Atmosphere Community Climate Model (WACCMarcia et al., 20Q7which includes
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boththelargescale circulation (as resolveding a 1.2 x 2.5° horizontal grig and a gravity wave
pamameterizatior{including both orographic and namographic wave sgces) the dynamical

climatology ofthis model is describeid detail in Richter et al., 2007. Briefly, we have performed

calculations identical to the observational analyissussed aboyeomparingw from the model with

R

Wn estimatedrom the iesolved eddies, and aladth \TV:n calculationsncluding the parameterized

gravity wave drag Figure 4a shows a comparison of the calculatims®ed on including just the resolved
wavesat 100 hPdfor annual averageesulty. There is overall agreement for the broadesie features,

but substantial disagreement in the detailed latitudinal structures; overall these results look similar to the
observational analyses in Figa. 3Figure4b shows a similar calculation, but ingltase thgravity wave

drag estimated in the model is included as a forcing term in Eq. 2, as an additiorial #-. In the
modelthere is maximum gravity wave drag on top of the subtropical jets, especitily NH (associated

with orographically generated waves). The results in Fig. 4b show much better agreement in detalil

betweenvv and \TV:n than in Fig. 4ain particular for the NHvherethe modeled gravity drg is largest

These comparisons demonstrate the importanceagitg wave drag for tropical stratospheriowelling
(especially in the subtropics) the context of a global circulation model. By analogy, the relatively large
differences irthe subtropcs seen in the observational analyses (Figs. 2b and 3) may by associated with
the neglect of gravity wave drag near the tophefsubtropical jets (which imresolved in the reanalysis
data).

Figure 5compares the vertical structures of annual mearelljpgy over 15° NS, for pressure

levels 20050 hPa (~121 km); notehatthe aTVQ radiative estimate is only calculatatiandabovel00

hPa. Overall there is reasonabiFreement betweea?Tvm andaw below ~70 hPa, while above this

*

level W is somewhat largethan bothawm andé\X/Q . AW showsgoodagreement withé\X/Q at

100 hPabut decreases fasteith altitude abovehis level Overall, for the deep tropics (1523 and
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altitudes spanning the UTLS (~11B km),éﬁ/m estimatedising circulation statistics from both ERA40

and NCEP exhibit a seasonal cycle and vertical structure consistent with the other upwelling estimates.
This is a key point, as the detailed structure of the momentum balance can then be analyzed to understand
the forcingof A

b. Contribution sto momentum balance upwelling

In this section we analyze the different contributionsue, by focusing on thendividualterms

in the verticalntegralin (2), i.e.we consider theeparate eddy forcing contributeio DF (and alsthe

contribution ofu_t). Figure Gshows he seasonal variation of 100 hBa, for 15° NS for both ERA40

and NCEP dat@&he same cungasincludedin Fig. 2), together with the individual contributions from

the components of DF aEp. There are four separate terms in Pfgportionalto the quantities“7u vV,
¥l

vT ,ﬁ(v'Tl)andﬁ(ulwl). Figure 6shows that the dominant termiﬂ/:n is the
Mz Mz

Qo
I

M
V14

y

2

O

meridionalmomentum flux convergend:ermifu V , and that this term also accounts for almost all of

the seasonalariation h &vm . The other terms in DF make relatively small contributions during the NH

winter, while several terms contribute small components during NH summer (when the net upwelling is

weak). The overall balance among termgjiste consistent between the ERA40 and NCEP results, and

the only substantial difference is in tIﬁLJa (uw) term vhich is umeliablein the NCEP data, as w is
pz

identically zero above 100 hPa, as noted ab&®panote, we find that the balance of ternosmtributing
to upwelling overl5°N-S in the WACCM mode{discussed above) is vesimilar to the balances shown

in Fig. 6.We alsonote that while KerMunslow and Norton (2006) find a dominant contribution to

11



upwelling from theE (ulvvl) term based on ERALS reanalysis, that result is not confimid ERA40
pz

resultshere.
The structure of the climatological EP flux divemge associated with thipical upwellhg is

analyzed further in Fid/, which showsan EP flux diagranfor annual average statistics derived from

ERA40 data. Thisliagramshows E asavector field(representing wave activity fluxyuperimposed on

contours of DF, and we have used alalit axis proportional tginf in order to accentuate the tropics

and a vertical domain of20 km to highlight the UTLS regionFigure 7shows the welknown
climatological structure of EP flux with upward and equatorward pointiroyva in extratropics of both
hemispheres, which are primarily associated with midlatitude baroclinic eddialso quasitationary
planetary waves during NH wint@Edmonet al., 1980). The horizontal turning of the arrows in the
upper troposphere drequatorward extension of the overall patterns is associated with equatorward
propagation of wave activity flyxand there is a strong convergence of EP flux in the subtropical upper
troposphere of both hemispheres (extending over302) The EP fluxonvergencat subtropical

latitudes, which extendscross the 100 hPRavel, is in balance with upwelling across the tropical

tropopause. Note the fact that theridionalmomentum flux convergencél?u V is adominant
VI

contribution in Fig. 8s consistent with the predominantly horizontal EP flux vector inipaqngn the
subtropics in Fig. .7

A key aspect of the tropical upwelling is the large seasonal cycle, and the EP flux patterns
associated with the seasd extremes (DJ&nd JJA) are shown in Figs.-Ba These patterns show
stronger EP flux divergence in the subtropics of the respective winter hemispheres, and inspection of the
EP flux vectors shows this occurs due to two distinct regions of wave aéiimt First, there is the
equatorwargropagation of extratropicalave activity, which is somewhat strgerin the winter as
compared to the summbeemispheresSecondthere is significant wave activity flux in the Tropics

between 15° Mg, which poits northward in DJF and southward in JJA; note that the EP flux vectors

12



show a clear distinction between the direction of tropical vs. extratropical wave activity flux. The
combination of the extratropicahd equatorialvave fluxes result in strong ERIX convergence over

~10-25° N in DJF and ~125° S in JJA. The seasonalarying tropical wave fluxes are associated with
equateial planetary waves forced by persistgnpical conection (Gill, 1980; Norton, 2006; Dima et al.,

2005 Dima and Wallace2007). Figure $hows spatial structure of the climatological tropical waves
(geopotential height and winds at 200 hfrain ERA40 data, togethevith outgoing longwave radiation

(OLR, a proxy for deep convection) for DJF and ;Jth&se are similar to relss using NCEP data shown

in Dima et al., 2005 The regions of strongest convection in the western P&bifilE) and within the

Asian summer monsoon system (J3#9§ associated with equatorial planetary waves, and part of the

wave structure includes wisgroducing southward (DJF) and northward (JJA) momentum fluxes (which
balance the Coriolis acceleration associated with the local Hadley circulation, as discussed in Dima et al.,
2005). The equatorial wave momentum faatterns change sign between 2dB JJA, in response to

the movement of convection to the respective summer hemisphere. These equatorial wave fluxes are an

important contribution to the subtropical EP flux convergesees in Figs. 88, and hencéo tropical

*

W .
One further aspect of note in Figsb is that the subtropical EP fluxes during DJF extend

somewhat highean altitudethan those during JJA. This £en more clearly in Fig. 1@&hich shows the

seasonal cyclef tropicalaverageu v (10° N-S). This clearly shows that the (southward) eddy fluxes
during DJF are stronger and extend to a higher altitude than the (northward) fluxes in JJA; in particular,
note that the DJF fluxes extend above 100 hPa. This igtampdecause it results in substantially larger
subtropical EP flux convergene¢ and above 100 hPand therefore a IargéxTvm , during DJF. We

speculate that the deeper extension of the tropical circulation during DJF is deeti@ngth of the

underlying tropical convectigmas discussed further below.
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Figure 11shows the climatological latitudmonth structure oftﬁ * cos (") (which is
proportional to the horizontal EP flux vector, Eq. 48100 hPaillustratingthe contribution of
extratropical and tropical wave forcing in the subtropithis figure is based on NCEP data, which has
somewhat stronger eddy momentum fluxes at 100 hPa compared to ERA40 data (as can be inferred from
Fig. 6), althoughhe overall patterns are very simildfigure 12shows a further decomposition of these
fluxes into stationary (monthly mean) and transient eddiethe extratropics there are poleward fluxes
in both hemisphesover ~ 2050°,associated primarily wittransient eddie&zonal waves %) in the

SH, and an approximately equal shsasEstationary and transient eddigsanetary scale zonal waves 1

3)in the NH. There is a relatively strong seasonal cycle to the extratropicah the NH (maximum in

winter, for both the stationary and transie@vwes), whereas there is wesdasonality in SH extratropical

uVv . The tropical waveldixes are distinctiven Figs. 1112, with maximumsouthward fluxes during ~

Novemberi March(andnorthwardfluxesduring ~ Mayi August, which do noguite extend to 100 hPa;

Fig. 10. The tropicalE are primarily associated with stationdpfanetaryscale) waves (Fig. B}, as
the fluxes occur mainly in the western Pacific region, linked with the strongest con(&go8. These
results showthat the maximum in 100 hPa subtropical EP flux convergence during NH winter (and
associated maximum in tropical upwelling seen m B) is due to the combined effects of enhanced NH
extratropical fluxes coupled with the tropical planetary waves (which extend above 100 hPa during this
season).

4. Summary and Discussion

Upwelling in the tropical lower stratosphere is a dynamically foptexhomenorgassociatedavith
waveinduced angular momentum forcing in the subtropics of both hemispheres. We have used ERA40
and NCEP reangsis datato calculate the climatological seasonal cycle of upwelling in the UTLS region

derived from momentum balee (downward contr@of Haynes et al., 1991Jhe resulting estimates of
W in the deep tropics (15°-N) derived from ERA40 and NCEP circulation statistes in
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reasonable agreement with (independent) thermodyrmsﬁinatesé\TVQ at100 hPa, and also with the

vertical velocity in ERA40 reanalysioverthe altitude range 1018 km. Theres less agreement for the
vertical velocityestimatedor the latitude ban@5° NS, because of substantififferencesover 1525° N

and S One possible reason for these differences could be wave forcing associated with gravity waves
that are unresolved in the largeale reanalysis data seasd in particular wave drag thaty occur on

top of the subtropical je(e.g McFarlane, 1987 We have used results from the NCAR WACCM model
to demonstratéhat such gravity wave drag ckead to enhanced subtropical upwelling (effectively

expanding the width of the stratdmpic upwelling region); the absence of such waverigrin large

scale reanalysds one probable cause of thederestimate ofwm for the latitude bands 135° N and

S (Figs. 23). For the deep tropidd5° NS) at 100 hPa, thewn upwelling estimateshow good

agreement for the amplitude and phase of the seasonal cycle in upwelling (FEo2altitudes above

100 hPaawn derived from the reanalysesthe deep tropicare smaller than the thermodynamic
estimateaTVQ (which isprobably more accurate).

For the latitude band 15°8, the momentum balae avm  and ERA40verticalvelocity aﬁ

(Fig. 5) both show continuous upwelling from-20 km (decreasing withltitude up to the lower

stratosphere). This suggests that, in a zonal mean sense, there is continual upward transport across the
tropical tropopause | ayer (TTL). This structure
the TTL regionwith a zero radiative heating level ~ 15 km separating stratospheric upwelling and upper
tropospheric dwnwelling (Folkins et al., 199%ettelman and Forster, 2002). These very different

vertical structures can be recdediby a large upward mass fluxthe upper troposphevéthin cloudy

regions (which cover only ~ 120% of the deep tropics), which is in the aggregate larger than the slow

clear sky downwelling (so that the zonal mean is upwards at all altitutles) behavior is consistent
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with theanalyses of Dima and Wallace (20@@e their Fig. b although the detailed thermodynamic and

radiative balances in the TTL upwelling regions above deep convection remaiy yoietstood

The overall realistic behavior @ivm allows analysiof the detailed forcingnechanisms for

tropical upwelling, specifically the terne®ntributingto subtropical EP flux divergence maxima. The

results show that horizontatldymomentum flux convergences are the main contributicimte at 100

hPa (Fig6), and primarily force the large seasonal cydide dominant rolef the horizontal momentum
flux (horizontal EP flux) in subtropics for tropical upwellilgsomewhat different from the concept that
the vertical EP flux in extratropics primarily drives the Breabson circulation (Yulaeva et al., 1994;
Holton et al, 1995), although the subtropicadl @&xtratropical wave forcing actearly linked. Inspedion
of EP flux diagrams (Figs.-8) show that there are two main sources of subtropical momentum flux
conveagence, namely midlatitude eddy fluxasd equatorial planetary waves associated with
climatological deep convectiorAt 100 hPa, the extratropical @gfluxes in the NH are associated with
both stationary and transient planetacale eddies (zonal waves3), while in the SH fluxes ammainly
due to transient mediwscale waves (zonal wavesb4associated with baroclinic eddie)here is a
seasonamaximum to the 100 hPa eatropical NH forcing in winterbut weaker extratropita
seasonality in the SH (Fig. 1.2

A further comment regards the altitude at which the driving of the tropical upwelling takes place.
As seen in Figs.-8, the subtropideEP flux divergence maxima peak in the upper troposphere and
decrease with height in the lower stratosphere. This fact, combined with the density weighting for the
downward control calculation (Eqg. 2), shows that the upwelling near and above the tegpisfauced

near that level. This result can be quantified by limiting the upper level for the integrationsac2)

*

calculations show that for the 100 hPa upwelling over 45 (Rig. 2a), 87% of the annual avera@&m
resultsfor the forcing integrated to 50 hPa (compared to the vertical integral to 1 hPa, using ERA40 data).
Thus the main driving of the tropical upwelling (and the seasonal cycle) occurs in the UTLS region itself,

and there is not an appreciable component ti@her altitudes.
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The equatorial planetary waeeldymomentum fluxes have a distinctive sp#ioge signature, as
they are confined primarily to latitudes ~ 159\Nand exhibit a seasonaligversing polarity (southward
fluxes during NH winter and northwéhin SH winter). This seasonality is a response to latitudinal
movement of tropical convéee forcing, and these eddiyixes are an integral part of the momentum
balance witlthe seasonal Hadley circulati¢es discussed by Dima et al., 2005). We no&t the
importance of equatorial waves fomwer stratosphere upwelling has been discussed byrBaeld Lee
(2003),Kerr-Munslow and Norton (2006nd Norton (2006), although the details are somewhat different
in our analysesA keyfeature of the equatiat planetary waves is that the associaddymomentum
fluxes appear to extend to somewhat higher altitudes (above 100 hPa) during NHRignted, in
particular the circulationeaches across 100 hPa in NH winter but not NH sumittezse low latitde
momentum fluxes are in balance with the reguatorial mean meridional floassociated with the
Hadley circulation (Dima et al., 2005), so that the convectifamiged Hadley circulation appears to
extend to higher altitude (across 100 hPa) during Niten This seasonalycle, combined with the
seasonal maximuwi the NH extratropical fluxes, contribst® the maximum in subtropical wave
driving and associated tropical upwelling across 100 hPa during NH winter.

The deeper extension of the tropicknetary waveand Hadley circulatioduring NH winter
has not been noted previously, although it is evident in the results of Dima et al (2005). We hypothesize
that it may be related to the intensity of underlying deep cdiovecear the equatdand asociated
convective heat releaseFigure 13hows a longitudenonth climatology of OLR over 0N-S, as a
proxy forthe intensity ofdeep convectionOver the western Pacific region there is a substantial seasonal
cycle in the deepest convection (low OLR), wittekative maximum during ~Novemb&tarch. During
NH summer the climatological convectiasiightly weakeyandit is alsosituated furtheaway from the
equator (over 1820° N, as in Fig. 8). Although the details of couplirgmongdeep convectigratent
heat releasandvertical structure ofhe Hadley circulation (including equatorial plaargtwaves
spanning the tropi¢$ave not beeaxplored, thaleeper extension of the circulation during the season of

most intense convection may seggestive of a causal link/e note thathe vast majority (99%) of
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tropical deep convection reaches altitudes of at me4#lidn (Gettelman et a2002 ; Liu and
Zipser, 2005), well belowoththe tropical tropopause (~17 kiawd the range ddltitudes with
largest temperature seasonal cycle (20km). Hencgt does not seem likely that there is a
strong influence from tropopause temperature on deep convaostead, it appeatbat
convection is the primary driver of this coupliftgrough the excitation and dissipation of

planetary waves)
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Figure Captions

Figure 1. Latitudenonth diagrams of climatologicabnal meamesidual vertical velocity at 100 hPa,

based on (a) thermodynamic calculati(;n:s, and (b) derived from ERA40 reanaly% .

Contour intervals 0.25 mm/sec, with positive (upward) values shaded.

Figure 2. Seasonal cycle zdnal meamupwelling at 100 hPdased o ERA40 reanalysis,
thermodynamic and momentum balance, as noted. Results are shown for aaxaatpiudes
15° N-S (a) and 25N-S (b).

Figure 3. Latitudinal structure of zonal mean residual vertical velocity at 100 hPa, based on ERA40
reanalysis, thermodynamic and marhen balance disnates Panel (a) shows results for the
annual mean, and seasonal estimates for DJF and J3Aacava in (b)(c), respectively.

Figure 4. Latitudinal structure @nnual averag&00 hPazonal meamesidual vetical velocity derived
from WACCM modeloutput (black lines, identical in (a) and (pmpared with momentum
balance estimates (red line$flomentum balance derived from the resolved eddies is shown in
(a), and results including parameterized gravity wave drag is shown in (b).

Figure 5 Vertical structure of the annual mean zonal mean vertical velocity averaged bMeB15
based on ERA@reanalysis, thermodynamic and momentum balance estimates, as noted. The
thermodynamic estimate is only calculated at and above 100 hPa.

Figure 6. Seasonal cycle of momentum balance upwelling o¥ét-$5at 100 hPa (heavy solid lines),

together with the individual terms contributing to the forcing from Eq. 2. The separate lines

- O - a T
correspond to:iu Vv (black short dashed),E (vT)(red), ﬁ(u w) (green),iae—uvT
puf Hz Hz Wem

(black long dashed), anﬁ (blue). Results are shown based on (a) ERA40 and (b) NCEP data.

Figure 7 Annual average EP flux diagragerived from ERA40 dataContours show wave driving DF,

with contour interval of 0.5 m/s/day (zero contours omitted)e [atitude axis is proportional to
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sin (latitude) in order to accentuate tropical latitudes. The heavy dashed linesdbedime

averaged tropopause, ame tvertical lines at PAN-S denote the limits foawm calculations.

Figure 8. Seasonal average EP flux diagrams calculated from ERA40 data, with results for DJF (a) and
JJA (b). Details are the same as in Fig. 7.

Figure 9 200 hRa geopotential height (contours) and vector winds in the tropics, derived from
climatological ERA40 data for (a) DJF and (b) JJA. The colored contours indicate climatological

OLR as a proxy for deep convection

Figure 10 Heighttime sectiorof climatologcal zonal meamorthwardeddymomentum flux u v

averaged over 1048, based on NCEP dat&ontour interval is 5 A,

Figure 11 Latitudetime section of climatologicall v * cos(latitude (proportional tahe horizontal EP
flux vector, Eq. 4aat 100 hPa, based on NCEP datrows denote the diction of the

associated EP fluxContour interval is 4n%/s>.

Figure 12 Latitudetime sections of climatological v * cos(latitudg at 100 hPa (as in Fig. §,but
separated according to (a) stationary and (b) transient e@dietur interval in both panels is 4
/<.

Figure 13 Longitudetime section of climatological OLR data averaged ov8MES, used as a proxy
for tropical deep convection. Contour interval is 10 W/mnd shaded regions denote the

strongest convectiofiowest OLR)
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Figure 1. Latitudenonth diagrams of climatological zonal mean residual vertical velocity at 100 hPa,

based on (a) thermodynamic calculati(v_v*@, and (b) derived from ERA40 reanalysf_lé .

Contour interval is 0.25 mm/sec, with positive (upward) values shaded.
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