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Abstract. Transport into the extratropical lowermost strato- of the vertical to meridional extent of the trajectories, the in-
sphere (LMS) can be divided into a slow part (time-scaletegrated mass flux along the residual circulation trajectories,
of several months to years) associated with the global-as well as the stratospheric entry latitude of the trajectories.
scale stratospheric residual circulation and a fast part (timeThe residual transit time distribution reproduces qualitatively
scale of days to a few months) associated with (mostlythe observed seasonal cycle of youngest air in the extratropi-
quasi-horizontal) mixing (i.e. two-way irreversible transport, cal LMS in fall and oldest air in spring.

including extratropical stratosphere-troposphere exchange)
The stratospheric residual circulation may be considered to

consist of two branches: a deep branch more strongly asso- )
ciated with planetary waves breaking in the middle to upper1 Introduction

stratosphere, and a shallow branch associated with synoptic

and planetary scale waves breaking in the subtropical IOWe;I'he stratospheric part of the residual mean meridional mass

stratosphere. In this study the contribution due to the Strato_circulation (stratospheric residual circulation for short here-

spheric residual circulation alone to transport into the LMS iSafter) transports air from the tropical tropopause to extrat-

quantified using residual circulation trajectories, i.e. trajecto-_mplcal latitudes. Here, the term residual circulation is to be
ries driven by the (time-dependent) residual mean meridiona

|nterpreted in its usual Transformed Eulerian Mean (TEM)

and vertical velocities. This contribution represents the ad-S€"S€ (Sée Sect. 2 for more details) which represents an ap-

vective part of the overall transport into the LMS and can proximatiqn of the djabgtic or L:?\grangian mean circula.tion.
be viewed as providing a background onto which the effectOveraII this circulation is des_crlbed by troplcal upwelling,
of mixing has to be added. Residual mean velocities ar oleward fiow, and extrgtro_p|cal _dovynwe_llmg (e:@hep—
obtained from a comprehensive chemistry-climate model a erd 200.7)' The bulk of this circulation is driven by breaking
well as from reanalysis data. Transit times of air traveling extratropical planetary waves — often referred to as the extra-

from the tropical tropopause to the LMS along the residualtrOplcal pump Kolton et al, 1993. In the lowermost strato-

circulation streamfunction are evaluated and compared to re§phere (LMS), synoptic-scale baroclinic eddies that break

cent mean age of air estimates. A time-scale separation Witl’é“'st abo_ve ﬁh? SUbtr?dp'Ca:jJi't a:?o (i%r;tr.lblglte to tzrgg wave
much smaller transit times into the mid-latitudinal LMS than GfV€N cireuiation tleld and Hoskins1985 Plumh 2

into polar LMS is found that is indicative of a separation of Shepherd2007. One may therefore distinguish two sep-

the shallow from the deep branch of the residual circulation 218t€ branches of the stratospheric residual circulation — a

This separation between the shallow and the deep c:irculatioge,ep btr)anch dri\{en bé’ p:anetary wavles and ; shagco)\év branch
branch is further manifested in a distinction in the aspect ratio riven by synoptic and planetary scale WE_WE (np ) 2-
In the present study we seek to derive objective ways

. to distinguish these two circulation branches and thereby
Correspondence toT. Birner ask whether the picture of two well separated circulation
m (thomas@atmos.colostate.edu) branches is sensible. This is done by studying residual
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circulation trajectories, i.e. trajectories along the (time- relation analysis bydegglin and Shepher@007). Further-
dependent) residual streamfunction. Characteristics of thesmore, they used simultaneous measurements 9a8& CQ
trajectories, such as their dominant pathways and associatdd calculate tracer transit times (resulting from residual cir-
transit times from the tropical tropopause to a given arrivalculation transport and two-way mixing) from the tropical up-
point prove useful as descriptors of the stratospheric residugber troposphere to the extratropical LMS. These tracer transit
circulation in addition to the traditional description by the times were found to be shortest for arrivals during summer
(seasonal-mean) residual streamfunction. As far as we arand fall and longest for arrivals during sprirgdnisch et al.
aware, this approach has been used firsRbgenlof(1995 (2009 speculated that these seasonal cycles maybe at least
and the derived residual circulation transit time has been usegartially explained by the seasonal cycle in both branches
as a proxy for age of air. The approach has received relativelyf the circulation, as opposed to by the effects of two-way
little attention since then, mostly due to the more accurate demixing alone. Whereas the deep circulation branch is most
scription of stratospheric transport by age of air and relatedactive during winter and spring and becomes almost inactive
concepts based on full three dimensional transport (see beduring summer, the shallow circulation branch is active dur-
low). Here, our goal iswot to derive a proxy of age of air ing all seasons with strongest wave forcing during winter and
based on residual circulation trajectories. Rather, our goakpring. One therefore expects age of air in the extratropical
is to use diagnostics derived from residual circulation tra-LMS to be more strongly influenced by the deep circulation
jectories to better understand structural characteristics of theranch during winter and spring whereas age of air should be
stratospheric residual circulation. predominantly influenced by the shallow circulation branch

The term stratospheric residual circulation in this study isduring summer and fall. This speculation will be studied
distinguished from the Brewer-Dobson circulatiddréwer, in more detail in the present study. It will be shown that
1949 Dobson et a].1929 which refers to the chemical trans- transit times into the mid-latitudinal LMS along the resid-
port circulation of the stratosphere. The Brewer-Dobson cir-ual circulation are indeed longest during spring and shortest
culation includes mean mass transpart two-way mixing, during fall, in qualitative agreement with the observations in
only the former is related to the residual circulation (see e.gBonisch et al(2009.
the glossary irBhepherd2002. Two-way mixing by defini- The paper is organized as follows. Section 2 describes the
tion does not lead to net mass exchange but may lead to nefata sets and methods used, Sect. 3 presents the results, and
tracer exchange if the tracer exhibits a background gradientSect. 4 summarizes and concludes the paper.
That said, we do not intend to advocate different notional
Brewer-Dobson circulations for different chemical tracers,
but rather to underline the crucial distinction between the ne
transport of mass and chemical tracers.

Stratospheric transport is often described through the con

£ Data and methodology

Most results in this study are based on a three-year in-
tegration with the Canadian Middle Atmosphere Model

cept of (mean) age of ailaugh and Hal2002). .Th|s con- éCMAM) after spin-up (sea-surface temperatures are annu-
cept takes advantage of the fact that most air entering th : . N
ally repeating, interannual variability is therefore small).

stratosphere does so through the tropical tropopause, T.hjlahis integration is identical to the one describedBiinner

mean age of (stratospheric) air at a given position and time I?ZOlQ CMAM represents a comprehensive chemistry cli-
then given by the mean transit time of air traveling from the mate hodel Beagley et al. 1997 Scinocca et al.2009

tropical tropppause to th_at position. Itis important to nOte’The configuration used here corresponds to T47 spectral
that age of a|r|nheren_t Iylncl_udes the transport gffects of bo.thhorizontal resolution and 71 vertical levels that extend up
the residual (mass) circulation and two-way mixing. Domi- to around 100 km altitude. For comparison, data from the

nant transport pathways have been studied numerous timelfCMWF reanalysis product ERA4Qppala et al. 2005

within the age of air framework (e.dfall, 200Q Douglass ; ; -
et al, 2008 Reithmeier et a.2008. In the present study we 3225“ Japanese reanalysis JRAQBdi et al, 2007) —are

will focus on the conceptually simpler framework of (hypo- The residual circulation is defined in the Transformed Eu-

t_he'ucal) transpO(t by the resu_jual C|rculat|on alone. Dlagnos—Ierian Mean (TEM) senseddrews et al. 1987. That is,
tics related to this residual circulation transport are concep-, . L . .
. . ) the residual (mass) streamfunction in pressure coordinates is
tually distinct from diagnostics related to the full transport — | .
. : : e defined through
residual circulation transit times should therefore not be con-
fused with age of air.

A recent study byBonisch et al(2009 found a seasonal
cycle with oldest mean age of air during spring and youngest
mean age of air during fall in the upper part of the mid- where formally¥ = ag~1cosp T’;Avdp’ is the conventional
latitudinal LMS (~ 360K) derived from in-situ S&mea-  (mass) streamfunction in pressure coordinates (TOA denotes
surements (cf. similar results from the trajectory studies bytop of the atmosphere), and overbars denote zonal averages.

Berthet et al(2007); Hoor et al.(2010 and the @-N2O cor- The procedure for computings here followsJuckeq2001),

. 1 Ve
)\ E\IJ—ag COS/J—_,
9,0
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see alsdwasaki(1989, i.e. the vertically integrated merid- which shows these transit times corresponding to the frozen-
ional mass flux above a given model leyek first obtained in seasonal mean residual streamfunction shown in the top
by caIcuIatinng’c’)AUB,,p dn’. This quantity is then interpo- part of that figure. Transit times corresponding to the shal-
lated onto pressure surfaces and the zonal average is takenliow branch of the circulation are typically less than one year
these pressure coordinates, which when scaletgzbycosp whereas they are on the order of a few years along the deep

givesVy. branch of the circulation. In general, transit times seem to

The resulting meridional and vertical residual velocities in largely depend on the minimum pressure visited by a given
pressure coordinates are trajectory.

For transit times longer than a few months frozen-in sea-

v* =g(acosp) 19,¥* and @*=—g(acosp) ', ¥*. sonal mean residual velocities are clearly not appropriate, at

most for conceptual purposes. Fig@shows similarly ob-
Note that the way the residual velocity components are comtained transit times, but along time-dependent, annually re-
puted here differs slightly fromAndrews et al(1987 mainly  peating residual streamlines. In this case, backward trajecto-
in thatw does not enter the computation. Instead,is  ries were started at latitudes poleward of & 15 January
obtained through mass balance fr@th For reference, the and 15 July and at a pressure correspondin@o+ 30 K
middle-atmospheric seasonal mean residual stream functiofyhich roughly corresponds to the top of the EXTL (e.g.
W is shown in Fig1 (top) for boreal winter (DJF) and boreal Hoor et al, 2004 Hegglin et al, 2009, i.e. it corresponds
summer (JJA) from CMAM. to the lowest level above the extratropical tropopause which

In this study trajectory calculations are carried out in theis not heavily influenced by local, i.e. extratropical, STE.
latitude-altitude plane driven by andw™ as defined above. Again, transit times corresponding to the shallow branch of
In order to have smoothly varying velocity fields in time, the residual circulation are on the order of one year or less
monthly averages af* andw™ are used. Daily velocity fields  whereas they are on the order of a few years along the deep
are then obtained from the monthly averaged fields througtbranch of the residual circulation.
linear interpolation. A test with daily residual velocity fields
resulted in very small sensitivity of the results to this higher 3.1  Annual mean transit times
temporal resolution of the velocity fields.

Transit times along the residual circulation trajectories re-In order to evaluate the overall distribution of transit times
fer to the time elapsed since air has entered the stratosphete various places in the global latitude-altitude plane, back-
through the tropical tropopause. These transit times are obward trajectories have been run along the time-dependent,
tained by running backward trajectories from a given lati- annually repeating residual streamfunction, starting at many
tude and pressure until the trajectory crosses the tropopaustifferent pressure levels above the local tropopause at all
(here defined as the thermal tropopause). The location wherktitudes and at 5 day intervals throughout the year. Fig-
the backward trajectory crosses the tropopause defines thére 3 (left) shows the resulting annual mean distribution of
stratospheric entry point in a forward sense (which will be lo- the residual circulation transit time and the strength of its
cated in the tropics in almost all cases, see below). Differenimeridional gradient for CMAM. Transit times of about one
diagnostics to describe these backward residual circulatioryear or less are found in the tropical stratosphere and in the
trajectories will be used, such as the transit time, minimumlower mid-latitudinal stratosphere equatorward of about 60
pressure encountered (alternatively, the maximum altitude)ln contrast, transit times are much higher, on the order of
minimum and maximum latitudes encountered, stratospheriseveral years, throughout the high-latitude stratosphere, with
entry latitudes, etc. Some of these diagnostics have beethe highest transit times of 4-5 years in the lowest strato-
used byRosenlof(1995 and similar diagnostics have been sphere above the poles. A strong meridional gradient be-
applied to full 3-d transport calculations by etggll (2000); tween~ 60— 70°and below~ 50 hPa exists that supports the
Reithmeier et al(2008. notion of two well separated branches of the residual circu-

lation. Note that age of air shows the opposite behaviour

with very weak meridional gradients in the lowest strato-
3 Results sphere and larger meridional gradients higher in the strato-

sphere (due to the polar vortex edge acting as a mixing bar-
The structure of the residual streamfunction in Higtop) rier, e.0.Waugh and Hall2002 Reithmeier et a).2008.
suggests that the residual circulation is composed of two ma- The structure of the corresponding minimum pressure vis-
jor branches: one branch extending deep into the middle atited by the trajectories further supports the notion of two
mosphere and a shallower branch in the lowest part of thevell separated circulation branches (F8j.right). Shorter
stratosphere. Given that vertical velocities are much smalletransit times correspond to higher minimum pressures, con-
than meridional velocities one expects transit times along thesistent with the shallow branch of the circulation. Longer
residual streamfunction to be much longer for the deep thartransit times correspond to lower minimum pressures, con-
for the shallow branch. This is confirmed in Fig(bottom) sistent with the deep branch of the circulation. In general,
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Fig. 1. (Top) Seasonal mean residual streamfunction (divided,dp 107 kg/m/s, negative values dashed) for CMAM. Note irregularly
spaced contours. (bottom) Trajectories along fixed residual streamlines and their associated transit times (colour coding, years). Only
trajectories arriving poleward of 3Care plotted. Left panels: boreal winter, right panels: boreal summer. Thick gray lines mark average
tropopause pressure in all panels.
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Fig. 2. Trajectories along time-dependent annually repeating residual streamlines and their associated transit times (colour coding, years)
for CMAM. Trajectories were run backward starting at arrival latitudes poleward ©b80L5 January (left) and 15 July (right) and were
terminated when they crossed the tropopause. Arrival pressure is set to corres@gpé 8D K (roughly the top of the ExTL). Thick gray

lines mark average tropopause pressure for given date.

trajectories arriving equatorward of about°adid not visit ~ orological analyses are known to be biased toward low age of
pressures lower than about 70 hPa. A strong meridional graair due to enhanced dispersion by the data assimilation pro-
dient can again be identified in the lowest stratosphere beeess Mlonge-Sanz et 3l2007). Figure4 confirms this expec-
tween~ 60—70. These results are qualitatively consistent tation, somewhat more so for ERA40 than for JRA25. Tran-
with earlier results byRosenlof(1995 based on trajectories sit times along the residual streamlines are generally smaller
driven by zonal mean diabatic heating rates from meteorofor ERA40 and JRA25 that for CMAM, especially in the po-
logical analyses. lar regions. It is important to note that transit times here do

Figure4 shows corresponding results for JRA25 (top) and "0t include the effect of two-way mixing. It can be concluded
ERA40 (bottom) for the period 1979-2001. As for CMAM that the residual circulation in the reanalyses is biased fast
monthly climatologies fob* and@* have been used to com- CoMPared to CMAM.
pute backward trajectories along residual streamlines. Mete-
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Fig. 3. Black contours: annual mean transit time (left, in years) and minimum pressure visited (right, in hPa) of trajectories along time-

dependent annually repeating residual streamlines from CMAM. The background color shading quantifies the absolute value of the merid-
ional gradient of the displayed fields (in arbitrary units, darker shading for larger gradients, blue for largest gradients). Thick dashed lines
mark average position of the tropopause.
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Fig. 4. As Fig. 3 but for JRA25 (top) and ERA40 (bottom) for 1979-2001 (same units for color shading).

The minimum pressure visited by the trajectories agreesnum pressures and transit times along residual circulation
well between JRA25 (Figd, top right) and CMAM (Fig.3, trajectories that are in remarkable agreement with those from
right), ERA40 (Fig4, bottom right) also agrees qualitatively CMAM.
in this measure. Strong meridional gradients in the tran-
sit times and minimum pressures betweef0-70are also 3.2 Distinguishing shallow from deep circulation
found for JRA25. ERA40 does not show these gradients as branch
clearly.

Preliminary results using the more recently compiled ERA The results thus far indicate a distinction between two sep-
interim reanalysis produc{mmons et a)2007), whichem-  arate stratospheric circulation branches: a shallow branch
ploys 4dVar data assimilation as opposed to the older 3dVacharacterized by comparably fast turnover time-scales (small
system employed in ERA40, show much improved mini- transit times) and a deep branch characterized by comparably

www.atmos-chem-phys.net/11/817/2011/ Atmos. Chem. Phys., 1188772011
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Fig. 5. Annual mean stratospheric entry latitude (left, in degrees, southern latitudes dashed, zero contour omitted) and scaled transit time
(right, in years) of residual circulation trajectories from CMAM. The scaling used on the right is giver? piyw96- ¢, |, wherea ande refer

to arrival and entry latitudes, respectively. In the tropigs= ¢., which results in exceedingly large values — the region equatorward’of 15

is therefore omitted on the right. Thick dashed lines mark average position of the tropopause.

slow turnover time-scales (large transit times). This distinc- Vertical and horizontal extents of the trajectories can also
tion is now further quantified. be combined to form an aspect ratio. The shallow circulation
Transit times along the (time-dependent) residual streambranch should have a much smaller aspect ratio of vertical to
lines are one way to characterize the circulation. Otherhorizontal extent of the trajectories than the deep circulation
characteristics include the vertical and latitudinal extent ofbranch. This aspect ratio is defined here as:
a given trajectory. The vertical extent is strongly related A Hin(
to the minimum pressure visited by the trajectories whichy = 20 M,
has already been discussed above. The latitudinal extent is Ay a(Prax— Pmin)
strongly related to the stratospheric entry latitude (at the tropwhere subscripts max and min refer to the maximum and
ical tropopause) at a given arrival latitude. Annual mean val-minimum pressure or latitude encountered along the trajec-
ues of this stratospheric entry latitude are shown in Big. tory, H =6 km is the scale height, ardis the radius of the
(left), obtained from the same backward trajectories as usegarth. Given the shallowness of the earth’s atmosphere we
in the previous section for CMAM. Evidently, trajectories expect this aspect ratio to be roughly of orderd0
within the deep circulation branch enter the stratosphere al- Figure6 (top, left) shows the annual mean aspect ratio
most exclusively within 5of the equator. On the other hand, as a function of arrival latitude and pressure. A distinction
trajectories within the shallow circulation branch enter the between the shallow and the deep circulation branches is ev-
stratosphere closer to the poleward flanks of the tropics.  jdent with small aspect ratios o< 1 x 10~2 for the shallow
The distinction between the two stratospheric circulationpranch and much larger aspect ratios for the deep branch (a
branches in terms of the stratospheric entry latitudes can bector of 3 or more larger than for the shallow branch — note
used to define a scaled residual circulation transit time withthe logarithmic color scale in the figure). In the tropics the
a scale factor inversely proportional to the latitudinal extent.predominant upward motion shows up in increasingith
We choose a scale factor of 90, — .|, where subscripts  altitude. Similar results are obtained for JRA25 and ERA40

a ande refer to arrival and entry latitudes, respectively. The with these reanalyses somewhat underestimating the higher
denominator of this scale factor represents a proxy for theaspect ratios of the deep branch.

latitudinal extent of the trajectories, whereas the numerator Another way to distinguish the shallow from the deep
(90°) represents a proxy for the maximum possible latitudi- branch of the circulation is to quantify the integrated mass

nal extent. flux along the residual streamlines:
Figure5 (right) shows annual mean values of the resulting

scaled transit time. Note that, ~ ¢, in the tropics, which _ /(‘”“’p”) 5. ds

results in exceedingly large scaled transit time values — the (Ges pe) p '

region equatorward of 5 therefore omitted. The verti- : e B

cal and meridional distribution of this scaled transit time is WNerep is density,v* = (v, w™), ds = (dy,dz), and sub-
indicative of two distinct regimes corresponding to the two SCTiPtS e and a refer to entry and arrival points, respec-
distinct circulation branches: one in the subtropics and mid-UVely- As beforez is approximated as a log-pressure height,
latitudes below~ 30-50 hPa with scaled transit times gen- -6 42 =—HdInp, and thereforer” = —(H/p)a™* andp =

erally less than 2yr, and one poleward and upward of thisp/(gH)' i
region with scaled transit times between 4-5 yr. Figure6 (bottom, Ieft)_ shows the annL_JaI mean integrated
mass fluxM as a function of arrival latitude and pressure

Atmos. Chem. Phys., 11, 81827, 2011 www.atmos-chem-phys.net/11/817/2011/
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Fig. 6. Trajectory vertical to horizontal aspect ratigkm per 1000 km, top) and integrated mass flux along trajectories fikdgitn/s,

bottom) for CMAM. Left: annual means as a function of arrival pressure and latitude (color shading, note logarithmic scale). Stratospheric
entry latitudes (contours, in degrees, southern latitudes dashed, zero contour omitted) and the eohtod0—3 (white) are overplotted

in the top. Annual mean trajectory aspect rati@ontours, in km per 1000 km, note irregular contour spacing) are overplotted in the bottom.
Right: as a function of arrival latitude with arrival pressure set to correspofdde- 30 K (roughly the top of the ExTL). Note stretched
abscissa, which is proportional to ¢o$o highlight extratropical areas (tropical values, equatorward 6f 86 omitted). Green: boreal

spring, brown: boreal autumn, black: annual mean.

for CMAM. The shallow circulation branch (regions of small sphere. Another plateau-like region exists close the poles
aspect ratio’) is associated with much higher values far  with r ~3x 1072 andM < 1 x 10° kg/m/s.

than the deep circulation branch (regions of large aspectratio |n the extratropics the aspect ratio undergoes a seasonal
r). Itis important to note that both the average strength ofcycle with smallest values during fall and largest values
the mass flux along the residual streamlines and the lengt@uring spring (somewhat more pronounced in the Northern
of the residual transport pathway contributeo The mass  Hemisphere, consistent with the stronger seasonality of the
flux contribution is larger for the shallow circulation branch subtropical jet there). The integrated mass flux undergoes
whereas the path-length contribution is larger for the deep seasonal cycle with largest values during fall and small-
circulation branch. Apparently, the mass flux contribution est values during spring. These seasonal cyclesawfd M
dominates over the path length contribution to mak&arger  suggest smaller transit times predominantly along the shal-
for the shallow circulation branch. low branch for trajectories arriving in the extratropics during

The right panels of Fige show the aspect ratio (top) fall and larger transjt timgs with_ a str_onger influencg of the
and integrated mass flux (bottom) as a function of ar- _deep b_ranch for trajectories arriving in the extratropics dur-
rival latitude for trajectories arriving 30K above the local iNd SPring. These characteristics of the annual cycle will now
tropopause (at the top of the EXTL). Two seasons — northP€ discussed in more detail.
ern spring and northern fall — are contrasted with the annual
mean (these seasons strictly refer to the arrival latitudes, tra3.3 Seasonal cycle of transit times
jectories arriving at those latitudes still underwent seasonal
changes). The overall characteristics of smalhd largeM Figures7 and 8 show the annual cycle of the relative per-
for the shallow circulation branch and largeand smaller centage deviations of transit times (left) and aspect ratios
M for the deep circulation branch are again evident. Inter-(right) from their annual mean as a function of arrival lati-
estingly, the shallow circulation branch signature shows uptude for the northern and southern hemispheric extratropics,
as a plateau-like region in mid-latitudes with~ 1 x 103 respectively. Relative deviations are displayed as opposed
and M > 2 x 10°kg/m/s, especially in the Northern Hemi- to absolute deviations in order to not obscure the picture by

www.atmos-chem-phys.net/11/817/2011/ Atmos. Chem. Phys., 1188772011
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Fig. 7. Annual cycles of residual circulation transit times (left) and of trajectory vertical to horizontal aspect (atiht) for northern
hemispheric extratropics as a function of arrival latitude for CMAM (plotted are percentage deviations from annual mean). Arrival pressure
is set to correspond 1©-+ 30 K. Annual mean curves are shown in the small right-hand panels (dotted lines mark integer values).
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Fig. 8. Same as Figr but for southern hemispheric extratropics.

the strong latitudinal gradients in the annual mean values. Tropical control with transit times-1-2 months reaches
Note that these annual cycles strictly refer to the arrival loca-out to around 30-35latitude in each hemisphere (Fif,
tions whereas the trajectories along the residual streamlineleft). Transit times reach minimum values during north-
are still allowed to undergo seasonal changes. ern winter in the southern tropics and during southern win-
The strongest annual cycle in transit times exists in midlat-ter in the northern tropics (note the hemispheric asymmetry
itudes ¢~ 40-45), with maximum relative deviations from in annual mean transit times). These annual variations are
the annual mean exceeding 50%. Transit times are largestonsistent with maximum tropical upwelling shifted into the
during late winter and spring and smallest during late sum-respective summer hemisphere (e6Bgitchart et al. 2006.
mer and fall there. Further poleward this annual cycle propa-Transit times reach a maximum relative deviation~040%
gates toward later seasons with maximum transit times reachabove their annual mean value roughly over the equator dur-
ing early summer and minimum transit times reaching earlying southern spring, consistent with the hemispheric asym-
winter around 60. The latitude range of large seasonal rela- metry in wave driving and the corresponding annual cycle in
tive deviations in transit times from the annual mean roughlymaximum tropical upwellingYulaeva et al.1994).
coincides with the latitude range of large seasonal relative The aspect ratio shows exceedingly large values over the
deviations in the aspect ratiofrom the annual mean. This latitudes and times of maximum tropical upwelling (F8j.
suggests that it is in particular the shallow circulation branchright), consistent with an almost vanishing horizontal tra-
that causes these strong seasonal variations. The behavifactory component there. The general correspondence of
poleward of~ 60° confirms this picture: transit times and smaller aspect ratios with shorter transit times and larger as-
trajectory aspect ratio in high latitudes are mainly controlledpect ratios with longer transit times is also confirmed in the
by the deep circulation branch with a much weaker annuatropics.
cycle (in terms of relative deviations — absolute deviations
are largest in high latitudes due to the large annual mean val-
ues there), and large annual mean transit times and trajectory
aspect ratio.

Atmos. Chem. Phys., 11, 81827, 2011 www.atmos-chem-phys.net/11/817/2011/



T. Birner and H. Bnisch: Residual circulation trajectories 825

Transit Time, Tropics

"!;"

arrival latitude
arrival latitude

J FMAMJJ A S OND 42 5
month days month r

Fig. 9. Same as Figr but for the tropics. Note annual mean transit times are given in days here. Contours and color shading are limited to
less than 100% in the case of the aspect ratio (right). Latitudes and times of exceedingly large aspect ratio mark maximum tropical upwelling
there (i.e. corresponding trajectories have an almost vanishing horizontal range).
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Fig. 10. Left: annual cycles of residual circulation transit time (full line, years) and trajectory aspect (dtished line, km per 1000 km)
averaged over [40N, 8C° N] for CMAM. Arrival pressure is set to correspond &+ 30 K. Right: annual cycle of S§~deduced mean
age of air from SPURT averaged over equivalent latitude$ [ B0° N] and [®,+ 25 K,©+ 35 K] (data identical to that used Bdnisch
et al, 2009.

4 Summary and conclusions entry latitudes closer to the poleward flanks of the tropics,

and (4) large integrated mass flux. Given the meridional ex-
The stratospheric part of the residual mean meridional masient of the residual circulation trajectoriesy) is essentially
circulation was studied using trajectories along the (time-constrained by the radius of the earth the aspect ratio of the
dependent) residual circulation streamfunction. These residtrajectories is more strongly sensitive to their vertical extent
ual circulation trajectories were described primarily through (A2). In this sense it is reasonable to speak of shallow and
associated transit imes from their stratospheric entry point afleep circulation branches.

the tropical tropopause to a given arrival location and time of - The residual circulation is a direct consequence of break-
the year, as well as through the range in altitude and Iat|tUdQng waves and the associated (pseudo_) momentum deposi_
visited by the trajectories (including the trajectory aspect ra-tion, In the TEM formalism in steady state this momen-
tio r = Az/Ay). A scaled transit time was defined using a tum forcing is balanced by the Coriolis torque associated
scale factor of 9%/|g, —¢.|, wherep, andy, are the arrival  with residual meridional flow. A distinction between dif-
and entry latitudes, respectively. ferent branches of the residual circulation therefore requires
A separation was found between a shallow and a deeplistinct regions of wave breaking. In this sense the shal-
branch of the stratospheric residual circulation. The deegdow circulation branch as found in this study is consistent
branch is characterized by: (1) a tall aspect ratio, (2) tran-with (Rossby) wave breaking just above the subtropical jet.
sit times of several years (scaled transit times of 4-5yr),Planetary and synoptic-scale waves (and gravity waves in the
(3) stratospheric entry latitudes close to the equator, and (4Northern Hemisphere, e.@kamoto et a].2011) contribute
small integrated mass flux. The shallow branch is characterto this wave breaking regionMcLandress and Shepherd
ized by: (1) a small aspect ratio, (2) transit times of about one2009. On the other hand, the deep circulation branch as
year or less (scaled transit times of 1-2 yr), (3) stratospheridound in this study is consistent with planetary-scale waves

www.atmos-chem-phys.net/11/817/2011/ Atmos. Chem. Phys., 1188772011



826 T. Birner and H. Bnisch: Residual circulation trajectories
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