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Abstract. Temporal variability of the upwelling near the flow in each hemisphere and subsidence at high latitudes
tropical tropopause on daily to annual timescales is inves{i.e. the so-called Brewer-Dobson circulation, Brewer, 1949;
tigated using three different estimates computed from theDobson, 1956). This wave-driven circulation strongly influ-
ERA-Interim reanalysis. These include upwelling archived ences the chemical composition and thermodynamic balance
by the reanalysis, plus estimates derived from thermody-of the global stratosphere (e.g. Andrews et al., 1987). Despite
namic and momentum balance calculations. Substantial varithe key role of tropical upwelling in the stratospheric circu-
ability in upwelling is observed on both seasonal and sub-ation, there are significant uncertainties regarding its inten-
seasonal timescales, and the three estimates show reasonablty and variability and the associated forcing mechanisms.
good agreement. Tropical upwelling should exert strong in-Due to its small magnitude~10~4ms™1) and the lack of
fluence on temperatures and on tracers with large verticatlirect measurements, lower stratospheric tropical upwelling
gradients in the lower stratosphere. We test this behaviois poorly constrained in current meteorological analysis sys-
by comparing the calculated upwelling estimates with ob-tems; for example, lwasaki et al. (2009) show substantial
served temperatures in the tropical lower stratosphere, andiscrepancies in upwelling among different reanalysis data
with measurements of ozone and carbon monoxide (CO}¥ets. Alternatively, the tropical upwelling has been estimated
from the Aura Microwave Limb Sounder (MLS) satellite in- indirectly using thermodynamic balance (Gille et al., 1987;
strument. Time series of temperature, ozone and CO are welRosenlof, 1995), momentum balance (Randel et al., 2002),
correlated in the tropical lower stratosphere, and we quantifyand via variations in tracer concentration such as water va-
the influence of tropical upwelling on this joint variability. por (e.g. Mote et al., 1996; Niwano et al., 2006; Schoeberl
Strong coherent annual cycles observed in each quantity aret al., 2008b). Observations show that fluctuations in tropi-
found to reflect the seasonal cycle in upwelling. Statisticallycal upwelling have an impact on the thermal and chemical
significant correlations between upwelling, temperatures andehavior of the tropical tropopause layer (TTL), a transition
tracers are also found for sub-seasonal timescales, demomegion characterized by strong dynamical and chemical ver-
strating the importance of upwelling in forcing transient vari- tical gradients (Fueglistaler et al., 2009a). For instance, the
ability in the lower tropical stratosphere. strong annual cycle in temperature observed above the trop-
ical tropopause is linked to the seasonality of the Brewer-
Dobson circulation (Reed and Vicek, 1969; Yulaeva et al.,
1 Introduction 1994). Randel et al. (2002) show that the vertical structure
of the amplitude of the temperature annual cycle (peaking
The mean circulation in the tropical lower stratosphere isnear 70 hPa) is consistent with the long radiative timescales
characterized by upwelling, which transports air massedn this region. They also highlight that sub-seasonal varia-
across the tropical tropopause into the lower stratosphergions in temperature and tropical upwelling are closely cou-
This constitutes the ascending branch of the global mearpled.
stratospheric circulation, which is completed by poleward
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High vertical resolution observations in the lower strato- logical data with satellite observations of tracer concentra-
sphere also reveal a large annual cycle in ozone confined tbons and examine correlated variability among temperature,
a narrow region above the tropical tropopause (Logan, 1999pzone and CO in terms of coherence with upwelling, focus-
Folkins et al., 2006; Randel et al., 2007). Folkins et al. (2006)ing separately on seasonal and sub-seasonal timescales.
reproduce quite successfully the observed annual cycle by
using a simple model including seasonal variations in tropi-
cal upwelling and in high altitude convective outflow. Using 2 Data and upwelling calculations
ozonesonde and satellite observations Randel et al. (2007)
show that the temporal phasing and vertical structure of the2,1  Satellite and meteorological data
ozone seasonal cycle can be explained by the seasonality in
tropical upwelling acting on the strong background ozoneObservations from the Microwave Limb Sounder (MLS) on-
vertical gradient. They also note that the seasonal cycle irboard the Aura satellite (Waters et al., 2006) cover now more
ozone is approximately in phase with the temperature cythan eight years (starting September 2004). We use zonal
cle, and both amplitudes show a very similar vertical struc-mean daily averaged measurements of ozone and CO for the
ture. Schoeberl et al. (2008a) observe that there is almogperiod September 2004 to December 2010 on al@tkude
no phase shift of the annual cycle in ozone with height ingrid, and analyze the time series averaged over the latitude
the lower tropical stratosphere, and this is consistent withband 18.75N-S. This band is representative of the width of
seasonal variations in upwelling driving annual variations inthe tropics in the lowermost stratosphere, based on the auto-
ozone. In addition, Folkins et al. (2006), Randel et al. (2007)correlations of temperature, upwelling and tracers near the
and Schoeberl et al. (2008a) analyze the annual cycle in carequator with other latitudes. There are three pressure levels
bon monoxide (CO) observed in this region, and concludewithin the tropical tropopause layer at which MLS measures
that the upwelling also has a dominant role in forcing this carbon monoxide (147, 100 and 68 hPa) and five for ozone
cycle (because of the strong background vertical gradien{147, 121, 100, 83 and 68 hPa). The vertical resolution of
above the tropopause). Furthermore, it has been suggestddLS ozone is approximately 3 km (Froidevaux et al., 2006),
that a comprehensive understanding of thermal behavior itwhile the resolution for CO is 4.5 km (Livesey et al., 2008).
this region must include a feedback of the ozone radiative ef-The present study focuses on the effect of tropical upwelling
fects on temperature (Chae and Sherwood, 2007; Fueglistalet and above the tropical tropopause, so only the levels of
et al., 2011). While there is general agreement on the ori-L00 hPa and above are considered. As a note, water vapor is
gin of the annual cycle in temperature above the tropicalnot included in this analysis because it is largely affected by
tropopause, there is still controversy on the primary forcingdehydration near the cold point tropopause, and is less influ-
mechanism(s) of the observed annual cycle in tracer concerenced by transport.
trations (ozone and CO). For instance, Konopka et al. (2010) Upwelling estimates are derived from temperature and
and Ploeger et al. (2012) suggest that in-mixing of air fromwind fields from the ERA-Interim reanalysis (Dee et al.,
the extra-tropics into the TTL makes a major contribution to 2011) generated at the European Centre for Medium-Range
the seasonal cycle in ozone concentration above the tropicalveather Forecasts (ECMWEF), with calculations described
tropopause. In particular, they propose that horizontal transbelow. In view of the results of Seviour et al. (2011), who
port associated with the upper-level circulation of the Asianshow large diurnal variability in ERA-Interim upwelling re-
monsoon plays a dominant role in building the ozone max-sults, we compute daily averages from 6-hourly data. The
imum observed in boreal summer. This result, based on trameteorological data is archived on 60 vertical levels, with a
jectory calculations using the Chemistry Lagrangian Trans-horizontal resolution of 15<1.5°. The ERA-Interim reanal-
port Model of the Stratosphere (CLaMS), is in contrast with ysis has been shown to provide an improved representation
the view that the seasonal cycle in ozone is mainly forcedof the stratospheric Brewer-Dobson circulation and age of
by tropical upwelling (e.g. Randel et al., 2007). In addi- air compared to the previous ECMWF reanalysis, ERA-40
tion to the seasonal cycle, high-temporal resolution satellite(Monge-Sanz et al., 2007; Fueglistaler et al., 2009b). Iwasaki
measurements of ozone and CO reveal variability on subetal. (2009) and Seviour et al. (2011) show that ERA-Interim
seasonal timescales in this region. The analysis of these fastgields less noisy vertical velocities compared to other reanal-
variations can provide complementary information on theyses. We choose pressure levels for this analysis of 100, 80
relative roles of the different forcing mechanisms. and 70 hPa, to nearly match the levels of constituent obser-

The aim of the present study is to investigate the relation-vations (broad layers centered at 100, 83 and 68 hPa).
ships between tropical upwelling variability and the fluctu- Time series of tropical zonal mean temperatures in the
ations in temperature and the concentrations of ozone antbwer stratosphere from the ERA-Interim data are shown in
CO just above the tropical tropopause across a broad rangeig. 1 (averaged over 28-S), together with ozone and CO
of timescales. We seek to understand and quantify uncertaineoncentrations from MLS as described above. Each of the
ties in tropical upwelling by calculating three different esti- time series in Fig. 1 is standardized to unit variance, and CO
mates from reanalysis data. We then combine the meteords plotted on an inverted scale. The results in Fig. 1 show
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Fig. 1. Time series of standardized anomalies of daily temperatures from ERA-Interim and ozone and CO mixing ratio measurements from
MLS averaged over T8\-S at three pressure levels across the tropical tropopause (70, 80 and 100 hPa from top to bottom; levels shown
for MLS are 68, 83 and 100 hPa). 3-days running means are applied to the daily series. CO concentrations are plotted on a reversed scale i
order to highlight the common fluctuations.

coherence among the time series of reanalysis temperaturesid R = 287 n?s 2K 1, and the rest of the notation is the
and the completely independent satellite constituent obsersame as in Andrews et al. (1987). In the tropics thg’
vations. The common variability is especially evident in the term in Eq. (1) is small, so that™ primarily depends on
large annual cycles, which are approximately in phase ovethe reanalysis zonal mean vertical velocity)( Although

the three pressure levels (with the -inverted- minimum in COone of the major improvements in this third-generation re-
having a time lag of~2 months compared to the maxima analysis compared to its predecessor ERA-40 is the weaker
in temperature and ozone at 70 hPa). There is an additionand hence more realistic stratospheric circulation (Dee et al.,
semi-annual component evident for CO at 100 hPa, relate@011), there are still large uncertainties in this magnitude,
to seasonally dependent tropospheric sources and convectiwspecially near the tropical tropopause.

transport, as discussed further in Sect. 3. There is also evi- The second estimate is calculated from the momentum bal-
dence for correlated sub-seasonal variability in Fig. 1, sug-ance using the expression (11) in Randel et al. (2002), ob-
gesting that these variations share a common forcing. In thigained combining the TEM momentum and continuity equa-
study we examine the role of the tropical upwelling variabil- tions:

ity in forcing these joint fluctuations of temperature, ozone (@) (2) = )
and CO. 4o
. . —e/H Ooe_Z//H Ccosp ’ / /
2.2 Upwelling calculations ™ ——— [DF(¢.2) — (9. 2) ] dz
[ acospde | f(@,2) o

Three different estimates of zonal average tropical upwelling—g,

are obtained using the temperature and wind fields fromHere DF is the scaled Eliassen-Palm flux divergende

ERA-Interim, including direct upwelling from the reanaly- _ . T
sis, and estimates calculated from thermodynamic and moF]:i ;Sé ;l (;?ig)gg/tﬂ?z(gﬁgmé;\;h;ig Iljvit:de tgr?gg::i pfill'his
mentum balances. The details of these latter calculations can : ! Y-

be found in Randel et al. (2002); here we focus on highIight-Eﬁ%ﬁesﬁéogvggeseéhsvg?g'f:tlitzgivxz:“Qg atf‘r;lv%?c?] [i):?r?sure
ing the main uncertainties associated with each estimate. Th 9

. . : e ; Balance with the circulation and eddy forcing calculated from
first, which will be referred to a®*, is the vertical compo- . o . : .

. . S .__the reanalysis. To simplify the calculations, the integrand is
nent of the residual circulation in the Transformed Eulerian

S . computed on constant latitudes instead of along isolines of
Mean (TEM) formulation in log-pressure coordinates as de- . .
. . ; constant zonal mean angular momentum, since at the latitu-
fined in Andrews et al. (1987):

dinal boundaries we use (x1Bthese isolines are approx-

d VT’ imately vertical. The divergence of the Eliassen-Palm flux

acosp dg cose S (@) includes eddy fluxes calculated from the three-dimensional
temperature and wind fields from the reanalysis, such that a

where S is the static stability parametes,= HN?/R, a key uncertainty in the calculation @}, is associated with

function of the Brunt-\Aisala frequency §), with H = 7 km the unresolved waves that are not taken into account in these

wr=w+
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fluxes. As a note, the model simulations in Garcia and Ran-
del (2008) and Calvo and Garcia (2009) suggest that, for the 04 —w
range of latitude/altitude considered here, resolved waves exg | V74 N ——w," global

plain most of the upwelling. E _04/w \\/\ """"" Wg' 405-45N

*

| 70 hPa w

*

The third estimate of upwelling is derived by iteratively
solving the TEM thermodynamic equation (Eq. (4) below)

80 hPa

neglecting the eddy transport term (last term on the right 04
hand side in Eq. (4)) and the TEM continuity equation: b e
a. (4) y eq E 0 /M 8
19, HO (o _H 0.4 ;

— (v*cosp) + €° —(weZ ):0 3) .
acosp ¢ 9z 08 ‘ ' | |
following the procedures described in Rosenlof (1995). In " 0'4, 100 hPa A——\
this calculation one relevant source of uncertainty is associ-g '

ated with the heating rateg®)] in the thermodynamic equa- 0 \%
tion. For levels at and above 100hPa, radiative heating is 04
the primary diabatic forcing, and henafef“Q can be esti- 90 60 30 O 30 60 9
mated using an accurate radiative heating code. We use the . . )
heating rates from the National Center for Atmospheric Re—.F'g.' 2. Latitudinal structure of the three upwelling estimates at the
- . indicated pressure levels (70, 80 and 100 hPa from top to bottom).
search Columr.l Rgdlatlon Mgdel (NCAR'_CRM’ Gettelman Green: residual circulationuz(*) blue: momentum balance estimate
et al., 2004) with input of daily ERA-Interim temperatures (@), and red: thermodynamic estimat@’(). Two red lines are
and MLS ozone. The annual mean heating rates provided b¥nown: the solid line is the thermodynamic upwelling estimate com-
this model agree reasonably well with other estimates neaputed with the global adjustment and the dashed line adjusting only
the tropical tropopause in terms of the magnitude and thawithin the range 45N-S (see text for details) (mnT$).
vertical structure (Gettelman et al., 2004). Also the seasonal-
ity in our calculations is consistent with that shown in Yang
et al. (2008), with highest values in DJF and lowest in JJA.of w*, at 70 hPa, but larger variations are found at lower lev-
Our results are-0.1 K day ! higher in the annual mean com- els, where the adjustment focused over low latitudes provides
pared to Yang et al. (2008), but this difference is within the smaller values of upwelling. This could be related to the
range of uncertainty defined by the spread of a set of five dif{arger contribution of the eddy term in the thermodynamic
ferent estimates shown in Gettelman et al. (2004). A morepalance (Eq. 4) at these lower levels, which is confined to
relevant difference is that our calculations do not result injow latitudes (results based on analysis of ERA-Interim data,
near-zero heating rates during NH summer acreg9 to  not shown here). The eddy term is neglected in our calcula-
50hPa, as shown in Yang et al. (2008). As a consequenceions ofw*,, and this is a source of bias for this estimate (par-
the amplitude of the seasonal cycle in our heating rates oveticularly at 80 hPa, where this term is largest), as further dis-
these levels+0.1K day ™) is approximately half of theirs. cussed in Sect. 3.1. By adjusting, only in the range 45N-
Nevertheless, the interpretation of the near-zero heating rates we partly account for these larger biases at low latitudes,
in Yang et al. (2008) is not clear to us, as they imply near-and this is thery, used throughout the rest of this work. On
zero downward net mass flux outside the tropics in order tothe other hand, the vertical velocity can be obtained from
satisfy mass continuity. Finally, we note that our calculationsmomentum balance everywhere except in the deep tropics,
do not include the effects of clouds on the radiative balancewhere f — 0, and hence Eq. (2) yields a constant value for
However, according to Yang et al. (2010), the net effect of* throughout the width of the tropics (18I-S), as shown
clouds on the zonal mean heating rates in the tropics is relin Fig. 2.
atively small & —0.05Kday 1) at and above the tropical
tropopause. 2.3 Comparisons of upwelling estimates
One aspect of thE’g2 calculations is that the computed
vertical velocities may not satisfy the constraint of zero netThe time average comparisons in Fig. 2 show overall agree-
mass flux across a pressure surface (Rosenlof, 1995). Henceent in the magnitude and latitudinal structure of all the
the calculated vertical velocities require some adjustment taestimates, with the upwelling from reanalysis;, showing
enforce this constraint, although the method of making thissomewhat stronger tropical upwelling compareditf) and
adjustment is arbitrary. Figure 2 shows a comparison of thew®,, especially at 100 hPa. Note that the magnitud@Bf
latitudinal profile of the three estimates of upwelling, for the is?’kely overestimated at 80 hPa in the tropics, as discussed
annual mean of the entire period. Two different calculationsin Sect. 3.1. Time series of each of the upwelling estimates
of w*Q are also included, based on making a constant adjustaveraged over Fa-S are shown in Fig. 3 for pressure lev-
ment independent of latitude or only adjusting values overels 100, 80 and 70 hPa. This figure also shows corresponding
45° N-S. The different adjustments yield very similar values mean seasonal cycles, calculated as monthly averages over

0
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Fig. 3. Time series and mean seasonal cycles of the three upwelling estimates averaged b3 4870, 80 and 100 hPa (top to bottom
panels). Green: residual circulation®), blue: momentum balance estimate:(), and red: thermodynamic estima‘tﬁ*é). 11-days running

means are applied to the time series. The annual cycles are calculated as monthly means over 2005-2040 (mm's

' ] agreement among these estimates reflects a reasonably good
understanding of the seasonal and sub-seasonal variability in
tropical upwelling.

30t w.*
m

3 Co-variations of upwelling, temperatures and tracers
50t
A simple explanation for the strong correlations between
temperatures and tracers in the tropical lower stratosphere
(Fig. 1) is that they result primarily from forcing by tropical
upwelling. The origin of this coupling can be appreciated by
examining the zonal mean thermodynamic and tracer mixing
ratio continuity equations in the TEM formalism (Andrews
etal., 1987):

P (hPa)

701

100+

03 04 05 06 07 08 09 1 oT 13T ., . —
correlation — =V -—-wS+0 4)
ot a dp

Fig. 4. Linear correlations among the time series of the three up- 1 0| .y aT /3¢
welling estimates as a function of pressure. = a_z e % U/T/a— +w'T’

alz—v*ia—x—w*a—XJrv.MJrP—L (5)
the entire data record. Figure 3 shows overall good agree-9! a d¢ 9z
ment among the time series and the mean seasonal variatidn the continuity Eq. (5)x represents the zonal mean mix-

of the three upwelling estimates, especially betwegnand ing ratio of the tracery - M is the eddy transport term (as
E*Q. Inspection of the variability in the time series reveals in Andrews et al., 1987, Eq. 9.4.13) ad— L is the chem-
strong similarities among the three estimates, showing nuical production minus loss rate. Averaging over the tropics
merous common fluctuations on a wide range of timescalesand for a given pressure level, these equations state that the
Note that the good agreement betwagh andw*Q suggests changes in tropical mean temperature or tracer concentra-
that w}, may be accurately calculated from resolved eddytion arise from the combined effects of meridional and verti-
fluxes alone. Correlations between the different estimates areal advection by the residual mean circulation (that is, mean
shown in Fig. 4. The correlations among, w,, andwy,, in meridional transport to/from the extra-tropics and upwelling
the tropical lower stratosphere are around 0.64—0.76. Thesacting on the background vertical gradient), eddy transport
fairly high correlations between the estimates are encouragand diabatic heating in the case of temperature or chemical
ing, given the uncertainties described above and the very difsources/sinks for tracers. Equations (4) and (5) form the ba-

ferent approaches followed to compute them. The degree o$is for our analysis of temperature and tracer coupling with
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Fig. 5. Mean seasonal cycle (monthly means for the period 2005-2010) of the terms in the thermodynamic equation (Eq. 4) averaged over

18° N-S for the three pressure levels indicated. The residual is defined as the difference between the tendency and the sum of all the explicitly
evaluated terms (K day').

mean tropical upwelling, and we focus separately on the seatical velocity anomalies. The overall balances are similar if

sonal cycle and sub-seasonal variations seen in Figs. 1 and 3z, or w* are used instead (im**Q, although larger residuals
are derived when using™ (especially at 100 hPa). The in-

3.1 Seasonal cycles terpretation of thevy, S ~ Q balance is that upwelling forces

tropical temperatures below radiative equilibriuﬁ@, and

In order to evaluate the relative contribution of the differ- the atmosphere responds locally by longwave radiative heat-
ent forcings to the seasonal cycles of temperature, ozone anglg. This radiative heating is due primarily to the effects
CO, we analyze the monthly means for the entire periodof longwave forcing by ozone and GQe.g. Thuburn and
(2005-2010) of all the terms in Egs. (4) and (5). Figure 5Craig, 2000; Gettelman et al., 2004), agd can be rea-
shows the seasonal average thermodynamic balance, after ayonably approximated in this region by Newtonian cooling:
eraging Eqg. (4) over a latitudinal band of"I18-S, usingthe 0 ~ —aaq(T — Teq), Wherearag is an inverse radiative re-
estimate ofvy, for mean upwellingQ is calculated fromthe  |3xation timescale an@eq is a background radiative equi-
radiative heating code as described in Sect. 2.2. librium temperature. The seasonal variations in upwelling

The primary thermodynamic balance in the tropical lower 5re echoed in approximately mirror image variationsgin
stratosphere in Fig. 5 is between upwelling (adiabatic cool-at 70 and 80hPa in Fig. 5: weaker NH summer upwelling
ing) and diabatic heating (i.@,$ ~ Q). The temperature  resylts in warmer temperatures and weaker radiative heating,
tendency is a relatively small component of the balancegnd there is a slight delay i@ compared tas* because of
and the meridional advection term is negligible. We havethe ~1-2 month radiative relaxation timescale in the lower
included the eddy term in Fig. 5 (derived from the ERA- stratosphere. The longer relaxation timescales (smakigy
Interim eddy fields), even though it is not used to computeg|sg result in relatively larger temperature variations for these
w)), as explained in Sect. 2.2. This term shows a maximumpressuyre levels (cf. Randel et al., 2002). Although the sea-
in the tropics near 80 hPa, which is mainly associated withsona| variation in upwelling at 100 hPa is around a factor
the vertical convergence of the vertical eddy heat flus() of 2-2.5 (Fig. 3), the upwelling transport term in Fig. 5 at
inEQ. (4). There are small residuals in Fig. 5 at 70 hPa (whergpis |evel varies only~1.5. This is because there is a sea-
the eddy term is almost zero) and 100 hPa, indicating that thgona cycle in static stability at 100 hPa (with NH summer
magnitude and seasonality of the computed estimigf@re  yajues~1.5 times larger than winter), so that the quantity
consistent with the total thermodynamic balance at these levg ¢ varies much less tham, alone. This partial compen-

el_s. On the othe_r hand, at 80 hP".i the residual ap|o_ro_><|mz?1tel¥ation results in smaller seasonal variation®ianda7 /9t
mirrors the relatively large negative eddy term. This implies at 100 hPa compared to higher levels

Lh:r:;ic?se au;?isolalt genr?geﬁﬂﬂgeth; g}idf;r:nl:g% ttl;le\;/rzmtri]y- Figure 6 shows the analogous calculations for the zonal av-
9 ' 9 P P gerage ozone continuity equation (Eq. (5)), where the explic-

IS ove:estlmateﬂ at 8,{?} hIPa (b:/ ibo?g'és rl:mg N th% th itly evaluated terms include the tendency of the ozone mixing
annual mean). Nevertheless, it should be borne in min a}atio, the meridional advection, and the upwelling forcing.

. s e .
the vertical eddy heat fluxu(_ ") in .F'g' 5 15 likely S.UbleCt We have also included an ozone photochemical production
to large uncertainties associated with the reanalysis eddy ver-
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Fig. 6. Mean seasonal cycle for the period 2005-2010 of the terms in the continuity equation for ozone concentration (Eq. 5) averaged over
18° N-S at the indicated levels (ppbv dab).

minus loss termP — L in Eq. (5)), obtained from a long-term 70 hPa
simulation using the WACCM (Whole Atmosphere Commu- ——eem 04—
nity Climate Model) chemistry-climate model (Doug Kinni- -V "dCO/dy

son 2011, personal communication). The photochemical pro- —-wy*dCOrz | 03 |
duction in Fig. 6 shows a weak semi-annual cycle, following oM o2 ]
the solar declination in the tropics. Figure 6 also shows the

residual of the calculated balance, which is a relatively large
positive term at each leveM4—5 ppbv day?! at 70 hPa), and
represents eddy transport terms (not explicitly computed in
these calculations due to the coarse horizontal resolution of
the tracer observations) plus uncertainties in the rest of the
terms. The presence of a significant residual in these calcula-

54
=

=

ppbv/day
o
{

tions is consistent with the importance of eddy transport into 02

the tropics for the ozone budget, as suggested previously by 03 |

Konopka et al. (2010) using a three-dimensional Lagrangian

transport model. We note that the residuals in Fig. 6 do not VA T T T ASOND

show large annual variations and, particularly at 70 hPa, the

seasonality in the upwelling term is dominant. Fig. 7. Mean seasonal cycle (2005-2010) of the terms in the CO

The overall seasonal behavior of the 0zone budget (Fig. 6§ontinuity equation at 70 hPa averaged ovet i8S (ppbv day ).
highlights tropical upwelling as a primary forcing term, with
the ozone tendency closely following the upwelling term.
There is strong similarity to the seasonal thermodynamic balcal gradient in background CO is largest, and so it is antici-
ance (F|g 5), and the dominant role of upwe”ing in both pated that the vertical transport has a Iarge influence on ob-
balances suggests that the in-phase annual cycles in ozog€rved variability. In these budget calculations we have also
and temperature seen in Fig. 1 are linked as a response igcluded a chemical production minus loss term in Eq. (5)
the seasonal variation in upwelling. As in the case of tem-for CO; the loss is approximated t§+CO, with g an in-
perature, the upwelling forcing on ozone has a smaller seaverse chemical damping timescale of 100 days (estimated
sonal cycle at 100 hPa compared to the higher levels due t§fom WACCM data), and a small chemical production term
the partial cancellation between the annual cycles of tropicalS also obtained from WACCM. The time average budget in
upwe“ing (|argest during NH Winter) and ozone vertical gra- Fig. 7 reflects a balance between CO increase due to ver-
dient (smallest during NH winter; result not shown). In fact, tical transport and decrease due to photochemical loss. A
the latter is very similar to the seasonal cycle of the staticseasonal variation of approximately a factor of 2 is found
stability at this level. for the contribution of upwelling to the CO budget in Fig. 7

The seasonal balance for zonal average CO at 70 hPa igvhich simply follows the annual cycle in upwelling), and

shown in Fig. 7. This is the level where the relative verti- the observed CO tendency closely follows this seasonality.
The photochemical loss approximately mirrors the upwelling
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tendency, with a time lag of several months. The calculated 70 hPa
residual is a relatively small component of the CO balance ’ ‘ ‘
for most months, suggesting a relatively simple balance for

CO in the tropical lower stratosphere. There is a larger resid-

ual during November—January in Fig. 7, which may be due

to unresolved eddy transport effects or to uncertainties in cal-
culations for the resolved terms. The seasonal CO budget a

100 hPa (not shown) is dominated by the semi-annual cycleX® ¢ o1l
in CO concentrations seen in Fig. 1, and is somewhat more £
complicated than the 70 hPa results in Fig. 7. The charac-
teristic double peak in CO in the tropical upper troposphere
(seen for 100 hPa data in Fig. 1) is associated with emissions
from biomass burning before the rain seasons, coupled with
the semi-annual cycle in near-equatorial convection (Folkins  0.0001}
etal., 2006; Schoeberl et al. 2006; Liu et al, 2007). The over-
all smaller residuals obtained in the CO balance compared
to ozone, suggest that eddy mixing makes a more modest
contribution to the CO tropical budget. Reduced horizontalFig. 8. Power spectra of the three upwelling estimates at 70 hPa as
eddy transport for CO is consistent with the relatively smallera function of log-frequency. An 11-point running mean was applied
meridional gradients in this tracer compared to ozone (ado the spectra (mfs~2).

pointed out in Ploeger et al., 2012).

365 180 90 30 12 6 4 2
period (days)

3.2 Sub-seasonal variability constant, given that the tracer vertical gradients and the static

. N o stability are nearly stationary on sub-seasonal timescales. We
The time series in Fig. 1 reveal correlated variations between,qia that the strong relationships with upwelling are most

temperatures and tracers at timescales shorter than the a“”Ll'i%ly to occur in the region of largest background vertical
cycle. Sub-seasonal variations in upwelling (as seenin Fig. 3bradients (i.e., near 70 hPa for ozone and CO).

are one likely source for such correlated variability, and here™ |, ne following analyses we focus on sub-seasonal vari-

we investigate the links between upwelling and tracer vari-5ions associated with timescales shorter than one year and

ations on sub-seasonal timescales. In these analyses we fR)'nger than 6 days, isolated by harmonic analysis of the
cus on comparing time tendencies of temperature and tracerl%spective time seri,es. The 6-day frequency cutoff is in-

(i.e.97/91, 903/9r and9dCOM1) with the various estimates  onge to remove the day-to-day variability in the different
of upwelling, following the expected relationships based ONypwelling estimates, which shows large differences among
Egs.(4)and (5). _ __the different calculations and little coherence with tempera-
Assuming the idealized case where for transient variationsyres or tracers. In fact, the correlations in Fig. 4 increase by
the vertical velocity terms dominate the thermodynamic andypq,¢-.0.1 if these high frequencies are filtered out. Figure 8
continuity equations (l.e. neglecyng me_r|d|onal advection, ¢hows the power spectra of the three upwelling estimates at
eddy transport, ra}dlatlve or chemical forcing terms), EGs. (4)70 hpa to illustrate the very different spectral behavior of the
and (5) reduce to: data at the highest frequencies, motivating the high frequency

5T (6-day) cutoff. Our detailed results are not sensitive to the ex-
i —w*S (6)  act choice of high frequency cutoff.
0% Figure 9 shows standardized anomalies of the tempera-
i W'Y, (7) ture, ozone and CO tendencies at 70 hPa, together with cor-

responding time series of upwelling for a period of one year
with ', = 9% /9z. These simplified equations directly relate (2010), in order to focus on detailed sub-seasonal behav-
the tendencies t@*, and imply that for these idealized con- jor. Visual inspection of Fig. 9 shows coherent variations
ditions (wherew™ dominates the transport) the temperature betweend7 /3r anddOs/dr at 70 hPa, and somewhat lower

and tracer tendencies are closely linked: agreement 0dCO/dr with the other two series. Time series
_ of the upwelling estimates show highly coherent variations,
ox aT i i
9x ) _ . / S ~ constant ®) which often show g_ood correspondence with the temperature
ot ot ' and tracer tendencies.

The correlations between sub-seasonal variations in up-
(and similarly, the ratio of tendencies for different tracers arewelling and tendencies of temperature and tracers are shown
related by the ratios of their respective background verticalin Fig. 10 (calculated from data over all years 2005-2010),
gradients). The ratiqr, /S can be considered approximately for altitude levels over 100-30 hPa; these include results for
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70 hPa 2010
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Fig. 9. Top curves show time series for the year 2010 of standardized anomalies of temperature (black), ozone (purple) and CO (light blue)
tendencies. Bottom curves show the three estimates of upweliihggreen),w;, (blue) andw*Q (red) at 70 hPa. Temperature and ozone
tendencies are plotted on a reversed scale. All series are filtered to remove timestgteend< 6 days.

each of the three different upwelling estimates. Taking intoure 11a shows a scatter diagram aif/d: versusdOz/dt
account the appropriate degrees of freedom for these datdor the 70hPa data (as shown in Fig. 9 but for the entire
correlations above 0.12 are significant at the 99 % level. period), showing a significantly correlated distribution=
Temperature tendencies (Fig. 10a) show highly significant0.63) with a linear slope of 204 1.9 ppbv K1 (estimated
correlations with each of the upwelling estimates, with smallusing least squares linear regression, including a 2-sigma
variations with altitude. Very high correlations-Q.8) are  uncertainty level). This observed slope compares quite well
found forw*Q, and this is expected aTs*Q is calculated using  with the theoretical valug /S = 23.4 ppbv K'! at 70 hPa, in-
thermodynamic balance with observed@/a:. Correlations  dicating that the observed variations are not too far from the
of 9T/t with w* andw™* are somewhat lower but still highly ~case of variability controlled by upwelling via Egs. (6)—(8).
significant (-0.7), and this enhances confidence in these esFigure 11b shows a similar diagram @i /9: versusi CO/oz
timates. statistics at 70 hPa. In this case there is a larger dispersion of
Correlations between ozone tendencies and upwellinghe scattered points and the correlation is lowe#(—0.47).
(Fig. 10b) show overall significant values, with similar re- This could be atleast partly related to the coarser vertical res-
sults for the different upwelling estimates. The largest cor-olution of CO observations discussed above. The slope given
relations are found at 70 hPa and above, and this is reasofy EQ. (8) for this tracer is-0.90 ppbv K™, and the linear
able as the background vertical gradient of ozone is largefegression gives a similar slope efL.140.16 ppbv K .
at these levels. For CO tendencies (Fig. 10c), the correlaOverall the observed slopes for both ozone and CO in Fig. 11
tions are somewhat lower compared to ozone, with a differ-aré reasonably similar to calculations based on the highly
ent vertical structure that shows largest correlations at 10ddealized situation where upwelling is the dominant forcing
and 70 hPa and almost zero at 50 hPa. It is important to not&echanism for sub-seasonal variability (although the theo-
that due to the~4.5 km vertical resolution of MLS CO ob- retical slopes lie outside of the 2-sigma (95 %) bounds of the
servations, particular caution should be taken when drawingegression slopes in both cases, which could result from data
conclusions based upon the detailed vertical structure of councertainties or additional forcing mechanisms). These re-
Also, near 50 hPa the absolute values of CO mixing ratio areSults are consistent with the coherent fluctuations observed
very small (~10-20 ppbv) and hence it is likely that mea- Petween upwelling and tracer tendencies in Figs. 9 and 10.
surements at these upper levels are subject to larger relative It is worth noting that the lines in Fig. 11 have a smaller
uncertainties. Note that MLS measurements currently constislope than what a visual examination of the scattered data
tute the only available observational dataset of CO with dailyPoints suggests. A simple analysis with synthetic data was
temporal resolution in this region. made to understand this discrepancy. We constructed two
Further confirmation that sub-seasonal variations in up-inearly related variables (v mx) and added some noise
welling make an important contribution to sub-seasonal vari-(normally distributed random variations) to each variable in-
ability in the tracer fields is provided by comparing the dependently. Inspection of the scatter diagrams for different
observed ratios of tracer versus temperature tendencies f@Rise levels revealed that the actual slope (=m by construc-
the theoretical estimate (i.e. time-meg@f/s, Eq. 8). Fig-  tion) coincides with the visual slope only if the amount of
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Fig. 10.Linear correlations as a function of pressure between the upwelling estimates and temfeyatuome(b) and CO(c) tendencies.
Results are shown for the three estimaie$ ih greenw;;, in blue andw?, in red). The correlations are calculated between the sub-seasonal
time series (6 days periods< 1 yr) as shown in Fig. 10 but for the 6-yr?ong (2005-2010) time series. The 99 % significance tevedit2.
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Fig. 11. Scatter diagrams &) ozone andb) CO tendency versus temperature tendency at 70 hPa. The dots correspond to sub-seasonal
filtered data as in Figs. 9 and 10. The black line is the least squares linear fitting of the data and the red line is the estimated slope using the

simplified relation §, /S) from Eq. (8).

noise in both variables is comparable; the actual slope isanism of sub-seasonal tracer variability. Instead, the results
smaller (larger) than the visual slope if the noise is largershould be interpreted as a statistical proof that the suggested
(smaller) in y than in x. Accordingly, the discrepancy in physical mechanism accounts for a significant fraction of
Fig. 11 can be understood if there are larger uncertainthe observed tracer variability. Overall, the observed statisti-
ties in MLS tracer tendencies (y axis) than in ERA-Interim cally significant correlations of tropical upwelling with tem-
temperature tendencies (x-axis). Furthermore, this exercisperature and tracer tendencies, together with the reasonable
proved that, under this assumption, the slope given by theagreement between the slope of the tracer versus tempera-
least squares regression®f/dr onto dT /3¢ (as shown in  ture tendencies and predictions from the idealized balance in
Fig. 11) is an accurate estimate of the actual slope of the datdgs. (6)—(8), are strong evidence that sub-seasonal variations
Note that less than 50% of variance in the tendencies isn upwelling make an important contribution to correspond-
explained by upwelling for both tracers, so that it is not pos-ing variability in temperature, ozone and CO in the tropical

sible to state that upwelling is the dominant control mech-
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lower stratosphere, in particular at the levels where verticalon analysis of Lagrangian trajectories on isentropic levels,
gradients are larger. suggest that the seasonal cycle of ozone in the tropical lower
stratosphere is primarily a response to horizontal transport
(in-mixing), rather than upwelling. Our results, based on
4 Summary and discussion TEM budget calculations on altitude (log-pressure) surfaces
(Fig. 6), clearly highlight the dominance of vertical transport
Tropical upwelling is a key aspect of the global stratosphericfor the ozone seasonal cycle. Understanding the very differ-
circulation, but fundamental aspects such as forcing mechaent results from these distinct calculations will require further
nisms and temporal variability are poorly understood. In thisanalysis, and here we just briefly discuss some of the possible
study we evaluated the variability and quality of zonal aver-reasons for this discrepancy. One relevant difference between
age tropical upwelling estimates derived from different tech-KP and the present work is the choice of the vertical coordi-
niques ©*, w}, andwy,)). Overall there is good agreement nate. Konopka et al. (2009) show that the amplitude of the
among the three (independent) estimates, although the mageasonal cycle in ozone is reduced by more than 50 % when
nitude ofw™ from ERA-Interim is somewhat larger than the analyzed on isentropic levels. This is because of the strong
other estimates, especially at 100 hPa. This consistency, pacorrelation between temperature and ozone (see Fig. 1), so
ticularly betweerw?, andw¥,, reflected in Figs. 3 and 4, is that the annual cycle in potential temperature in this region
the primary evidence of the accuracy of the estimates. Furis almost in phase with ozone. However, it is precisely this
thermore, sub-seasonal variations are correlated with botikommon variability between tracers and temperature that we
temperatures and tracer concentrations in the tropical loweare interested in, which we argue arises mainly from the ef-
stratosphere. This result implies that sub-seasonal variationfect of tropical upwelling. Because the seasonal variation in
in the upwelling estimates reflect - at least to the extent quanthe isentropes is a response to upwelling (combined with cor-
tified by the correlations in Figs. 4 and 10 - actual fluctua- responding diabatic forcing), understanding the movement of
tions in the atmosphere, and hence gives further confidencthe isentropes is an integral part of the coupled problem. An-
in the variability of the indirect upwelling estimates on fast other fundamental difference between KP and our analyses
timescales. For instance, the reasonable agreememf, of is the Lagrangian versus TEM approach. In the present work
with the other estimates suggests the possibility of analyzinghe TEM framework is used to investigate the origin of the
the terms in the momentum balance to understand dynamiseasonality in ozone as revealed by (Eulerian) observations.
cal forcing mechanisms of tropical upwelling at sub-seasonalOn the other hand, Lagrangian calculations provide values
timescales. of ozone concentrations from material derivatives integrated
Time series for 2005-2010 in Fig. 1 show coherencealong parcel trajectories. It is possible that the results are
among temperature, ozone and CO in the tropical loweronly apparently contrasting because of the different perspec-
stratosphere, for both seasonal and sub-seasonal timescaléige (e.g. high-ozone air in-mixed at lower levels and then
Because ozone, CO and (potential) temperature all exhibitransported upward by tropical upwelling will be considered
enhanced vertical gradients in the tropical lower strato-horizontal transport in the Lagrangian view and vertical ad-
sphere, the observed relationships suggest that upwellingection in the TEM calculations). Ploeger et al. (2012) point
plays a central role in producing this coherent behavior. Weout that because of these differences the comparison is not
have evaluated explicitly the zonal mean thermodynamic andstraight-forward, and we remark here the importance of bear-
tracer continuity equations to quantify the influence of up-ing in mind the characteristics of each analysis when inter-
welling, focusing separately on seasonal and sub-seasonaketing the results. Indeed, these constitute very interesting
timescales. The seasonal calculations (based on monthly avssues to be explored in future studies in order to improve our
eraged data) show that upwelling is a dominant term in allunderstanding of tracer variability and transport processes in
cases (Figs. 5, 6 and 7), so that the seasonal cycle in uphe tropical lower stratosphere.
welling (maximum during NH winter) is a simple mecha-  Finally, sub-seasonal variations in upwelling show statisti-
nism responsible for the coupled seasonal variations in temeally significant correlations with temperature and tracer ten-
perature, ozone and CO. This summary statement is mogiencies. In addition, the slopes of the observed ratios of tem-
applicable for altitudes where the background gradients argerature versus ozone and CO tendencies (Fig. 11) are rel-
strongest (i.e. near 70 hPa for ozone and CO). atively close to the idealized situation where variability is
An important caveat is that the seasonal ozone and CQprimarily controlled by fluctuations in upwelling (Eqs. 6—
budgets in our calculations (Figs. 6 and 7) have significant8). This proves that variability in upwelling explains a sig-
residuals, which are likely due to eddy transport not resolvedhificant fraction of the transient fluctuations in ozone and
in our analyses plus uncertainties in the resolved terms. Th€O at levels with large vertical gradients above the trop-
importance of eddy transport for ozone in the tropical lowerical tropopause. These results for sub-seasonal timescales
stratosphere has been suggested by Konopka et al. (200@re also consistent with our findings for the respective sea-
2010) and Ploeger et al. (2012), hereafter KP. The resultsonal cycles, and highlight the important role of tropical
of KP deserve further discussion. Their calculations, based
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upwelling in forcing tracer variability across a broad range Dobson, G. M. B.: Origin and distribution of the polyatomic
of timescales. molecules in the atmosphere, Proc. R. Soc. A, 236, 187-193,
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