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Abstract. The zonal mean transport of ozone and carbonduced on both seasonal and sub-seasonal timescales, because
monoxide (CO) near the tropical tropopause is investigatedracer fluctuations are highly correlated with temperature (as
using the Whole-Atmosphere Community Climate Model a response to upwelling).

version 4 (WACCM4). The variability in temperature, ozone

and CO in the model shows good agreement with satellite

and balloon observations. Modeled temperature and tracers

exhibit large and closely coupled annual cycles in the tropi-1  Introduction

cal lower stratosphere, as in the observations. The thermody-

namic and tracer budgets in the model are analyzed basehhe tropical tropopause layer (TTL) acts as a boundary con-
on the Transformed Eulerian Mean (TEM) framework on dition for the chemical composition of the stratosphere, such
|0g_pressure coordinates and also using the isentropic forthat the temperature and tracer concentrations of the air jUSt
mulation. Results show that the coupled seasonal cycles ardbove the tropical tropopause affect the composition of the
mainly forced by tropical upwelling over altitudes with large entire stratosphere (e.g. Fueglistaler et al., 2009). In addi-
vertical tracer gradients, in agreement with previous observation. concentrations of radiatively active trace gases in the
tional studies. The model also allows explicit calculation of TTL and the tropical lower stratosphere have a particularly
eddy transport terms, which make an important contributionfarge impact on radiative forcing, influencing surface cli-
to ozone tendencies in the tropical lower stratosphere. Théate (Riese et al., 2012). Hence, it is crucial for chemistry-
character of the eddy fluxes changes with altitude. At higherclimate models to correctly represent tracer behavior in this
levels ¢~ 2 km above the cold point tropopause), isentropic region in order to simulate present and future climate (Get-
eddy transport occurs during winter and spring in each hemifélman et al., 2010). The spatial distribution and temporal
sphere in the sub-tropics, associated with transient Rossbyariability of constituents in the tropical lower stratosphere is
waves acting on strong background latitudinal gradients. Atmostly determined by transport processes, along with chem-
lower altitudes, close to the tropical tropopause, there is dcal sources and sinks. Some of the key issues regarding
maximum in horizontal eddy transport during boreal sum- tracer transport in this region remain poorly quantified, such
mer associated with the Asian monsoon anticyclone. Sub@s the relative importance of vertical advection by large-
seasonal variability in ozone and CO, tied to fluctuationsScale tropical upwelling and irreversible mass exchange be-
in temperature, is primarily driven by transient tropical up- fween the tropics and the extra-tropics. Observational and
welling. In isentropic coordinates, the overall tracer budgetsmodeling studies suggest that the tropical lower stratosphere
are similar to the log-pressure results, highlighting cross-above~ 20 km acts as a reservoir, in which chemical species
isentropic advection as the main term in the time-mean bal-&re in partial isolation from the extra-tropics (Plumb, 1996).

ance, with large seasonality above the tropopause. Howeve}Vithin this region, tracer transport is dominated by large-
in isentropic coordinates the tracer variability is largely re- Scale ascent associated with the Brewer—Dobson circulation

(Plumb, 2002; Shepherd, 2007). The barriers separating this
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Fig. 1. Vertical structure of annual mean temperat(ag ozone(b) and CO(c) in WACCM and in observations averaged over the tropics
(18° S-18 N for WACCM, 18.75 S-18.78 N for MLS and 20 S-20 N for GPS). Solid black line: WACCM, solid red: GPS (a) and
SHADOZ in (b), red dots: MLS, black dots ifc): WACCM with MLS CO averaging kernel. The vertical red bars indicate the width of the
MLS averaging layers. For reference, the location of annual mean isentropic levels in WACCM is indicated da)@artethe approximate
altitude on pane(c), calculated ag = —H In(P/ Pg), with Po =1000 hPa and/ =7 km. The ozone and CO scales are logarithmic in order
to better represent the sharp vertical gradients. Horizontal dashed lines in(gpimelicate the location of the annual mean cold point
tropopause in WACCM (black) and in GPS observations (red).

tropical upwelling region from the mid-latitudes, where isen- al., 2012). These contrasting viewpoints help to motivate the
tropic mixing dominates over slow poleward advection, arecurrent analysis.
not static but move seasonally towards the summer hemi- The recent study of Abalos et al. (2012) analyzed the ob-
sphere, extending the winter surf zone towards the equaserved budgets of temperature, ozone and CO in the trop-
tor (Haynes and Shuckburgh, 2000a). More rapid horizon-ical lower stratosphere based on the Transformed Eulerian
tal transport and exchange with the extra-tropics occurs inMean (TEM) formalism, using three derived estimates of
the region~ 15-20 km ¢ 360-450 K), as evidenced by wa- tropical upwelling. These results demonstrated the dominant
ter vapor (Rosenlof et al., 1997) and other tracers (Santee eble of tropical mean upwelling in forcing the observed co-
al., 2011). Thus, the composition of the tropical lower strato-herent seasonal cycles in temperature and tracers at levels
sphere is influenced by both the mean circulation and eddyvith large background vertical gradients. However, the eddy
transport effects. components of transport could not be estimated by Abalos
Observations of the seasonal cycle of ozone in the tropicakt al. (2012) because of the coarse resolution of the satel-
lower stratosphere show a large annual cycle with a sharplyite ozone and CO measurements; their ozone budget calcu-
peaked vertical structure, which is in phase with temperaturdations include a relatively large residual, which they argue
(Randel et al., 2007). Randel et al. (2007) proposed that thisnay be associated with unresolved eddy transport. Here we
behavior results primarily from vertical transport; seasonalperform a similar detailed budget analysis using the output
variations in the Brewer—Dobson circulation acting on the of a free-running chemistry-climate model (WACCM4), and
strong background vertical gradient in ozone can account foexplicitly evaluate the effects of mean advection, eddy trans-
the phase, amplitude and vertical structure of the ozone anport and chemical sources/sinks on ozone and CO in the trop-
nual cycle. Similar effects occur for other tracers with strongical lower stratosphere. We include TEM (on log-pressure
vertical gradients across the tropopause, including carbowertical coordinates) and isentropic calculations to contrast
monoxide (CO) (Randel et al., 2007) or tropospheric hydro-the results. Because the seasonal cycles in ozone and CO are
carbons such as ethanetds) (Park et al., 2013). On the strongly correlated with temperature (as a response to varia-
other hand, complementary modeling analyses using a Lations in upwelling, in turn resulting from variations in wave
grangian transport framework suggest that the large annuariving), the variability in tracers is smaller in isentropic co-
cycle in ozone mainly results from horizontal in-mixing, in ordinates (Konopka et al., 2009), and the two vertical coor-
particular due to transport associated with the Asian summedinates provide complementary perspectives.
monsoon anticyclone (Konopka et al., 2009, 2010; Ploeger et Our analyses first focus on evaluating the behavior of
temperature, ozone and CO in the model simulation, with

Atmos. Chem. Phys., 13, 10591:0607 2013 www.atmos-chem-phys.net/13/10591/2013/



M. Abalos et al.: Quantifying tracer transport using WACCM 10593

emphasis on the coupled seasonal variations and the asso¢and used in our transport calculations) can lead to small un-
ated vertical structure. We then quantify the thermodynamiccertainties in our tracer budgets.

and tracer budgets in the model, for both the seasonal cycle

and sub-seasonal variability. 2.2 Observations

The temperature, ozone and CO in the tropical lower strato-
sphere from the model simulation are compared to observa-

2  Model and observational data tions to demonstrate the ability of the model to represent
their spatial structure and variability in a realistic manner.
21 WACCM data We compare WACCM temperatures with GPS radio occulta-

tion observations from the Constellation Observing System
In this study we use six years (2004—2009) of daily data fromfo" Meteorology lonosphere and Climate (COSMIC) satel-

a free-running simulation with the Whole-Atmosphere Com- lite mission (Anthes etal., 2003). Comparisons are based on
munity Climate Model, Version 4 (WACCM4). WACCM4 COSMIC daily data for the period January 2007 to Decem-

is the atmospheric component of the coupled climate sysPer 2010 averaged zonally and over tropical latitudes £20

tem model CESM1 (Community Earth System Model, Ver- 20° N). WACCM ozone is compared to tropical ozonesonde

sion 1), extended to cover the altitude range from the sur/measurements from the SHADOZ (Southern Hemisphere

face to the lower thermosphere. Itis a fully interactive model, APditional OZonesondes) network (Thompson et al., 2007,
wherein the radiatively active gases (£®,0, NO, CHy 2012), using a subset of 7 near-equatorial stations during the
CFCs, NO, Q) influence the radiative heating rates and period 1998-2006 (the same data described in Randel et al.,
therefore the dynamics. Processes and parameterizations thf07)- We also use both ozone and CO satellite measure-
are unique to WACCM4 are discussed in Garcia et al. (2007)Ments from the Microwave Limb Sounding (MLS) instru-
This simulation uses 66 vertical levels from the ground to MeNt on the Aura satellite (Livesey et al., 2008). In partic-
180 km, with a vertical resolution of 1.1-1.4km in the up- Ular we use daily zonal mean data averaged over 1&+5

per troposphere-lower stratosphere (UTLS). The horizontaf8-75 N for the period 2005-2010. The ozone data have a
resolution is 1.9 x 2.5 (latitudex longitude). The chemi- vertical resolution near 3 km, with data on vertical layers cen-

cal module of WACCM4 is based upon the 3-D chemical tered on the pressure levels of 100, 83, 68, 56 and 46 hPa; CO

transport Model of OZone and Related Tracers, Version 3has a lower vertical resolution of 4.5 km, with data fpr lev-
(MOZART-3) (Kinnison et al., 2007), incorporating a realis- els centered at 100, 68_and 46 hPa. Further details of these
tic representation of stratospheric and tropospheric chemistr!!LS data can be found in Abalos et al. (2012).
(in particular, for ozone and CO). The simulation used here is
a 50yr transient run from 1960 to 2010, similar to the REF- 5
B1 simulation used in CCMVal-2 (SPARC CCMVal, 2010,
Chapter 2). This simulation includes anthropogenic and nat3.1  Tropical UTLS temperature, ozone and CO
ural forcings from observations (such as trace gases emis-
sions, quasi-biennial oscillation (QBO) or sea surface tem-Taguchi (2009) demonstrated that WACCM produces a re-
peratures), mostly identical to those used by SPARC CCMA-alistic simulation of the tropical lower stratosphere, includ-
Val (2010) for REF-B1. ing an accurate annual cycle of temperature and circulation.
Tracer transport in WACCM is computed using a finite- Here we focus more explicitly on comparing the behavior of
volume dynamical core with a Lagrangian control-volume temperature, ozone and CO in the model with observations.
vertical discretization (Lin, 2004). In this technique, the ver- The vertical structure of tropical mean temperature, ozone
tical coordinates are material surfaces, which evolve follow-and CO, averaged over all the available years, is shown in
ing hydrostatic dynamics. The finite volumes bounded byFig. 1. The annual mean values agree very well with the ob-
two neighboring Lagrangian surfaces can therefore float, beservations, and the overall vertical structure is well captured
compressed or expanded. In particular, the presence of dby the model. In particular the model accurately simulates
abatic heating/cooling deforms the surfaces, which must béhe strong vertical gradients in ozone and CO, which are im-
frequently remapped to hydrostatic pressure coordinates. Thportant features of this region. One relevant difference is that
remapping process involves vertically redistributing tracerthe minimum temperature (i.e. the annual mean cold point
mixing ratios from the Lagrangian control volume to the tropopause) is found at a higher level in WACCM (86 hPa)
Eulerian framework. Therefore, the model does not explic-compared to GPS observations $5 hPa). Note that if GPS
itly solve vertical transport and the vertical velocity (omega) temperature data is sampled at the WACCM pressure levels
is indirectly derived from considering the pressure changethe cold point is located at 101 hPa, one level below the cold
implied by the remapping. The possible lack of precisepointin the model results.
correspondence between the vertical motion implicit in the
remapping process and the omega field output by the model

Comparison of WACCM with observations
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Fig. 2. Time series of zonal mean 68 hPa ozone and CO from MLS observations (red lines) and from WACCM (calculated using MLS
averaging kernels, black lines). Results are averaged 098483 N for WACCM and 18.78 S—18.75 N for MLS.
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Fig. 3. Time series of zonal mean temperature, ozone and CO from WACCM at 62, 73 and 86 hPa averageti®ve® N8 Standardized
anomalies are shown for each level, and the anomalies of CO are inverted to highlight correlated behavior.

Time series of ozone and CO from WACCM are compared Randel et al. (2007) pointed out that the annual cycles in
to five years of MLS observations at 68 hPa (first level abovetemperature, ozone and CO are characterized by a sharply
the tropopause where both ozone and CO MLS observationpeaked vertical structure above the tropical tropopause. Fig-
are available) in Fig. 2, with MLS averaging kernels applied ure 4 shows that this important feature is reproduced in
to the model results. These time series show the key featurd/ACCM with realistic amplitudes, although the relative
of large annual cycles in ozone and CO, which are approximaxima are shifted to slightly higher altitudes in the model
imately out of phase. There is good agreement in the mageompared to observations for temperature and ozone. The
nitude and phase of the seasonal cycles between the modkiwer resolution of the CO measurements does not allow
and the observations for both tracers. Abalos et al. (2012pa similar detailed comparison (note that CO model results
highlighted the correlated variability between temperature weighted with MLS averaging kernels are also shown in
ozone and CO across the tropical tropopause from observerig. 4). This vertical shift may be related to the higher al-
tions. Similar coherent behavior is seen in WACCM, both titude of the cold point in WACCM compared to obser-
for the seasonal cycles and the sub-seasonal variability (i.evations (Fig. 1a). Despite this difference, WACCM is able
timescales shorter than the seasonal cycle), as shown in Fig.t® reproduce the characteristic vertical structure of the sea-
(compare to Fig. 1 in Abalos et al.,, 2012). Note that the sonal cycles; however one should be aware that, in terms
model realistically produces a semi-annual cycle in CO con-of temperature structure and tracer variability near the tropi-
centrations near the tropopause (86 hPa), linked to surfaceal tropopause, a given vertical level in the model does not
emissions (see Abalos et al., 2012). correspond exactly to the same level in the observations.

Atmos. Chem. Phys., 13, 10591:0607 2013 www.atmos-chem-phys.net/13/10591/2013/



M. Abalos et al.: Quantifying tracer transport using WACCM 10595

T 0, co

- "~ [—waAccMm
e WACCM AK |24
o MLS

600

30 300

1560

1520

50 50

1480

T 60" - ¥ T 60} 2
L g & L 19 &
S 70 14200 o o g™
80f 1400 80f

17

100 liad 100 16

{15

1360 |1a

woff @ oLttt . @Of,

o 1 2 3 4 5 10 20 30
K %

Fig. 4. As in Fig. 1 but for the vertical structure of annual cycle amplitude in temperé&)y@zone(b) and CO(c) in the tropics. The
amplitude for the tracers is shown relative to the annual mean concentration.
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Fig. 5. Mean seasonal cycles of ozone (ppmv, upper panels) and CO (ppbv, lower panels) in MLS (left) and WACCM (right) at 68 hPa. MLS
averaging kernels have been applied to WACCM data.

Note that the MLS ozone annual amplitude agrees reasoneompared with MLS observations and does not show the
ably well with the ozonesonde measurements, except at thdeep minimum in October—November in the SH tropics seen
83 hPa level, where the MLS value is too small. in MLS, but the overall structure is quite realistic.

Figure 5 shows the latitudinal structure of the seasonal In general, WACCM reproduces the key spatial features
variation in ozone and CO at 68hPa in WACCM (with and temporal variability in temperature, ozone and CO and
MLS averaging kernels applied) and in MLS. There is goodhence we conclude that the model is a useful tool for the
agreement between the model and the observations, amahalysis of tracer transport in the tropical UTLS.

WACCM realistically represents the latitudinal swing of the
tropical concentrations towards the summer hemisphere and-2 Thermodynamic balance

the meridional gradients, stronger during winter in each ) o
hemisphere for both tracers. There is an asymmetry pefrs @ background to understanding the seasonality in the

tween the hemispheres in the 0zone seasonality, with highdfacer budgets, we include the analysis of the model thermo-
ozone concentrations during NH summer in the northerndynamic balance in the tropics, based on the TEM formalism

part of the tropics compared to the southern part, which istAndrews etal., 1987):
more pronounced in the model than in the observations. For
CO, WACCM slightly overestimates the latitudinal gradients

www.atmos-chem-phys.net/13/10591/2013/ Atmos. Chem. Phys., 13, 1039607 2013
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Fig. 6. Mean seasonal cycle (monthly means) of all the terms in the thermodynamic balance (Eg. 1) in WACCM computed at three pressure
levels and averaged over18-18 N.

lead to the large seasonal cycle in WACCM temperature in
this region are consistent with the observations, linked pri-

Ty=—0*Ty —w*S+Q marily to the seasonal cycle in upwelling. This is an impor-
T tant test for the model, and indicates a realistic simulation of
— e/ e/ U/T’?} +w'T’ (1)  dynamical and thermal processes in the tropical lower strato-
z sphere.

In this equation and in the rest of the manuscript over-
bars indicate zonal means, primes are deviations from it4 Tracer transport

and subscripts denote partial derivatives.is the diabatic

heating,(v*, w*) are the components of the residual circu- 4.1 Time average tracer budgets

lation, S = H - N2/R with H =7km, R=287nfs?K~1

and N2 is the Brunt-Vaisala frequency. Figure 6 shows the The TEM continuity equation for zonal mean tracer concen-
monthly mean budget terms in Eq. (1), evaluated at modefration gives the local change in tracer concentration as a re-
levels 86, 73 and 62 hPa averaged over3818 N. The last ~ sult of transport processes and chemical sources and sinks
term on the right-hand side of Eq. (1) is labeled “eddy” in (Andrews et al., 1987, Eq. 9.4.13):

Fig. 6, and there is a small residual term, which is the dif- _ v
ference between the actual tendengy énd that computed Xt = —V Xy
from Eq. (1) (this definition of residual is valid elsewhere

. . . ) . In this equation, transport of the zonal mean tracer concen-
in the manuscript). The thermodynamic balance in the tropi-, __. _ : . : ) :
tration () occurs via advection by the residual circulation

cal Iower straltgsphere is prl_marlly b_etvx{een cooling by mean(l_)*’ ) and eddy effectsef/# v-M), andP—L is the chem-

upwelling (—w*S) and radiative heatingX), and these show . . . .

annual cycles which follow the stronger upwelling during bo- ical production minus loss rate. The eddy transport term is
formulated as the divergence of the eddy transport vector,

real winter. The temperature tendency closely mimics the UpM with components defined as in Eq. 9A.3 of Andrews et
welling. The WACCM thermodynamic balance is similar to FI (1987):

quasi-observational estimates based on ERA-Interim reanal-
ysis data by Abalos et al. (201_2). Atthe c_old po_int tropopause M. — —o—i/H ( oy @X )
level (86 hPa), the eddy term in Eq. (1) is a fairly large term y= R
in the balance. This eddy term is mainly associated with the| M, = —e=%/# (w/x/ + %Xy)
vertical eddy heat fluxyw’T’, which is relatively important

only over a narrow vertical layer just around the tropical Figure 7 illustrates the effects of residual mean advection and
tropopause. This result from the model shows similar magni-eddy transport on ozone and CO concentrations in the annual
tude and seasonality as the ERA-Interim calculation in Aba-mean. Given the sharp vertical gradients in this region, it is
los et al. (2012). Figure 6 shows that the mechanisms thatonvenient to represent changes in ozone and CO relative to

—w* g, + eIV M+ P —L, 2)

®)
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Fig. 7. Annual mean of residual advection (upper panels) and eddy transport (lower panels) for ozone (left) and CO (right) in WACCM,
formulated in local percentage tendencies, as in Eq. (4). In upper panels, shaifitigty )y —w*In(x), arrows:(ﬁ*, w*), black contours:

vertical tracer gradient (dashed: negative, solid: positive). In lower panels, shaiffge-M/x, arrows:(—My, —Mz), black contours:
meridional tracer gradient. Units of tracer tendency (shading) are (O/oldayith respect to the annual mean concentration. Green contours
show annual mean zonal wind (contour spacing: 5#) sA few annual mean isentropes are shown in gray and labeled. The annual mean
lapse rate tropopause is indicated by the thick gray line.

the time mean concentration at each location; thus, the termsacer tendencies are largest where the background vertical
in Fig. 7 are expressed as local percentage values. This igradients are enhanced (indicated by the black contours). On
equivalent to re-writing Eq. (2) in terms of the logarithm of the other hand, eddy transport acts to increase ozone (de-
tracer concentration: crease CO) concentrations on the equatorward upper flanks
_ I - H _ of the subtropical jets, and decrease ozone (increase CO) in
INGO)r = —5*In()y — w*IN(i); + eV -M/x @ the extra-tropics. The largest eddy transport coincides with
+(P—=L)/x the regions of large meridional gradients (black contours),

and representing the time-mean of this equation. The arrow§€ar the upper flanks of the subtropical jets.
in Fig. 7 illustrate the components of the mean residual circu-4 5 s nal cvel
lation (v*, w*) in the upper panels (corresponding to advec- ™ easonal cycles

tive transport), and the components of the vedlowith the \yjje the previous section focused on separating mean ad-

sign revz:jsecd—My, _MZ)_'n the Iowher panﬁls ((f:orrgsphond— vection and eddy transport effects, we use a slightly differ-
Ing to eddy trgnsport). Flgure 7 shows that, or both trac-g ¢ analysis in the rest of the work, based on separating the
ers, transport in the tropical lower stratosphere is dominateqe ica| and horizontal components of tracer transport. This
by the advective component, which is mainly due to vertical i s iieq the interpretation of the results and is motivated by
advection by tropical upwelling (plus a smaller contribution y,e 40t that, in the tropical lower stratosphere, mean advec-

fror_n mleri.diorllall advecI:tion byh the shhallow branch of the tion is mainly vertical and eddy transport effects are mainly
residual circulation below 70 Ra). The ed.dy componenF horizontal (cf. Fig. 7). To separate vertical and horizontal
of transport occurs mostly along isentropes in the SUb'trOp'Cstransport we simply rearrange Eq. (2):

and middle latitudes. Advection by the residual circulation
leads to decrease in 0zone (increase in CO) concentrations in
the tropics and increase (decrease) in the extra-tropics, and

www.atmos-chem-phys.net/13/10591/2013/ Atmos. Chem. Phys., 13, 1039607 2013
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it = [—a*;‘(y + ¢ (cosp) ™t (M, COS(/))y] Xt = {—ﬁ*xy —6‘1[(01))’)(’] }
y
[0 + e/ (M) |+ P L. (5)

+{-0% -t wory] |+ P -1+ ©
' The complete ozone and CO budgets showing all a@vecwhere the variables with a star:
tive and eddy transport terms separately can be found in the -
Appendix (Figs. Al and A2). -, (04) %

The use of isentropic coordinates is common in tracerA o
transport studies, since for negligible diabatic heating rates represent mass-weighted variables, defining the “density”
tracers tend to move on constant potential temperature suggp, isentropes as
faces. Although this is not the case in the tropical lower
stratosphere, where diabatic heating is a dominant term (seg = — — 22 (8)

Fig. 6), it is enlightening to complement our analyses with g 90

analogous calculations on isentropes. In this coordinate sys- Note that we have omitted the transient term:
tem the continuity equation for the tracers is (EqQ. 9.4.21 of _5-1(57y7), in Eq. (6), which is negligible for ozone
Andrews et al., 1987): and CO budgets in our region of interest (not shown).
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Fig. 9. Mean seasonal cycle (monthly means) of ozone relative ten- -0.08
dency due to isentropic transport at 440K and 400K as a function 80
of latitude. Tendencies are divided by the local annual mean con- 20 o >0 -0.1
centration. Horizontal black lines indicate the location of $8and phase speed (m/s)

18° N latitudes. Units: (% day?).
Fig. 10. Latitude versus phase-speed representation of the ozone
eddy flux co-spectrum at 440K for the winter-spring season (De-

Figure 8a shows the terms in the WACCM ozone budgethb/er /th_rough April). The spectrum of the eddy covariance

(Eq. 5) on the same pressure levels shown in Fig. 6. There i%"”) Og’) is multiplied by the cosine of latitude to emphasize the
. ehavior in low latitudes. Red contours represent the meridional

a large seasonal cycle in ozone at the upper level (62 hPa), ] . .
which follows closely the seasonality in vertical transport cOvergence of the eddy flux (tereo [("v) O3 L in Eq. 6);
(mainly tied to advection by tropical upwelling, see Fig. Al). solid contours indicate convergence of the eddy flux, associated
There is a small semi-annual cycle in the chemical net pro_with positive ozone tendencies. The solid black line shows the zonal
duction rates, linked to the sun transit over the equator in thénean zonal wind. A 9-point running mefn inl-phase speed is applied
equinox seasons. Note that the horizontal transport is a reld € contours. (Shading units: kgths™ K~ ppmv, contour lev-
. - . .~ “els spacing is 0.2 ppbv day).
tively small positive term and shows little seasonal variation
at this level. There is also a small near-constant residual in
these calculations, which might be related to uncertainties in
the numerical calculations. At lower levels the amplitude of ozone is largely reduced, so that the ozone tendency is rel-
the ozone annual cycle decreases, as does the seasonalitydtively small at every level compared to the other terms in
the vertical transport term. On the other hand, at the low-the balance. This decrease in seasonal cycle amplitude is
est level (86 hPa, near the model tropopause) the seasonalitjue to the annual cycle in potential temperature, which is
in the horizontal transport term shows a maximum duringalmost in phase with ozone, as previously pointed out by
NH summer, which approximately coincides with the posi- Konopka et al. (2009). The relative amplitude of the annual
tive ozone tendency. Figure Al shows that horizontal eddycycle in ozone is reduced by >50 % on isentropes compared
transport makes the largest contribution to this summer maxto the amplitude on pressure levels, and its vertical struc-
imum at tropopause level. Overall, the balances in Fig. 8a aréure changes as well: the relative maximum amplitude on
consistent with the observationally derived ozone balances ifisentropic coordinates is found at lower levels, close to the
Abalos et al. (2012), especially taking into account the differ- tropopause+ 380-400 K) (result not shown). The isentropic
ences in vertical levels discussed above. The WACCM resultsransport (mainly due to the eddies, see Fig. Al) is similar to
support their hypothesis that the residual in the observationathe horizontal transport observed on pressure levels, showing
calculations is mainly associated with eddy transport effectsa boreal summer maximum near the tropopause (e.g. 400 K)

Figure 8b shows the terms in the ozone continuity equa-and less seasonality at higher levels.
tion onisentropic levels (Eq. 6), combining isentropic (quasi- The change in the seasonality of isentropic transport with
horizontal) and cross-isentropic (quasi-vertical) terms, as irheight is shown more clearly in the latitude-month sections
the analysis on pressure levels. Overall, the ozone budgets Fig. 9; the results are very similar for horizontal transport
are similar in pressure (Fig. 8a) and isentropic (Fig. 8b) co-on nearby pressure levels. At the upper levels (e.g. 440K)
ordinates, and in particular the cross-isentropic transport isnaximum tendencies occur in the sub-tropics during win-
a dominant term in the budget at each level. However, onter and spring in each hemisphere (larger in the NH). This
isentropic coordinates the amplitude of the annual cycle inis mainly due to enhanced isentropic eddy transport just
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relative annual cycle amplitude summer is qualitatively similar to Fig. 7 in Konopka et al.,
‘ ‘ S — 2010). This result is consistent with the works of Konopka
_doéldt 1 et al. (2010) and Ploeger et al. (2012). The present WACCM
sol _Cg;ﬁ;’:ta' 151 calculations (e.g. Fig. 9) highlight the finding that the sum-
—pPL mer monsoon maximum in horizontal transport is primarily
_ —residual | 120 a feature found close to the tropopause, while very different
§ %0 g seasonal behavior is observed at higher altitudes. This change
o - 19N with altitude in the seasonality of the ozone transport terms
s is evidenced in Fig. 11, which shows the vertical structure
80} : of the relative annual amplitude of each term in the TEM
117 budget. The sharp peak in the seasonality of the ozone ten-
/]/ dency in the lower stratosphere (arourd@0 hPa) is clearly
02 5 o4 o5 o8 o7 associated with that in vertical transport (thus in tropical up-
C %lday welling), while the seasonality in horizontal transport is im-

portant at lower levels, near the tropopause. Note that al-
though Fig. 11 shows the amplitude but not the phasing of the

eraged over 18S-18& N. Relative amplitudes are obtained divid- annual cycles, Fig. 8a shows clear in-phase behav'.or between
ing by the annual mean concentration. The approximate altitude iéhe observed ozone tendency ar!d the '_arQESt forcing at each
calculated as for Fig. 1. The dashed horizontal line indicates thd®Vel- We also note that the vertical shift in the tropopause
location of the annual mean cold point tropopause in WACCM.  height and the maximum ozone amplitude in WACCM as
compared to observations (Fig. 4b) can influence the struc-
ture in Fig. 11. In particular, it is not trivial to guess how the

above the sub-tropical jets during these seasons, acting on tffifferent transport terms would change if these biases were

strong background meridional gradients in ozone (see Fig. 7)f€moved from the model. . _
This eddy transport is further characterized in Fig. 10, which Figure 12 shows the balance of the terms in the CO conti-
shows the ozone eddy ﬂum) at 440K for north- nuity equation in WACCM. The primary balance is between

ern winter and spring (DJFMA) as a function of latitude and the increase due to mean upwelling and decrease by pho-

: L chemical loss, and there is a strong annual cycle in the
phase speed of the eddies. This is calculated based on tf .
space-time co-spectrum of the ozone eddy fluxes, interpo-go tendency (at 62 and 73 hPa) that follows the upwelling.

lated from frequency to phase-speed space following Rande'lzor CO the horizontal transport is relatively smaller than for

and Held (1991). The results show a broad region of negativé)zo(;'_e’ ?nq trg?)'s due t? ;hi sr;laller bactkglrouzr:)dlgne;cth?nal
(i.e. equatorward) ozone eddy flux in the NH associated with3r2di€nts I (as noted by Ploeger et al., ). At lev-

eastward traveling (Rossby) waves, and there is convergenc Is c_lose. to the-tropopause_ (36 hP_a) a semi-annual cycle in
i i [ O is evident, linked to variations in CO sources and near-
of the eddy flux in the sub-tropics (termo [(av) O3 ]
y

equatorial deep convection (e.g. Liu et al., 2013; Park et al.,
in Eq. 6), associated with the positive ozone tendencies seeP013). In isentropic coordinates the annual cycle amplitude
in Fig. 9 (upper panel). This flux convergence in the sub-of CO is reduced by~ 30 % with respect to that on pressure
tropics is mainly due to medium-scale eddies with wavenum-evels, but the vertical structure is not significantly changed
bers between- 4-10 (not shown) and phase speeds-&— in this case (not shown). The cross-isentropic (quasi-vertical)
20ms 1. Itis interesting to note that the patterns of subtrop- transport term is the largest term in the isentropic balance,
ical eddy flux convergence approximately follow the zonal with a seasonal cycle that is delayed—2 months compared
mean winds &) at this level, which is suggestive of critical to the cycle in pressure coordinates.
layer interactions (where the wave phase spei&dclose to
). This behavior is consistent with eddy flux convergences4.3 Sub-seasonal variability
associated with Rossby wave breaking near critical levels as
discussed, for example, in Homeyer and Bowman (2013). The time series of WACCM temperature and tracers in Fig. 3
At levels closer to the tropopause (such as 400K) theshow correlated variability at timescales shorter than the sea-
amplitude of the ozone winter eddies is much smaller, andsonal cycle. Similar coherent sub-seasonal variability is seen
isentropic (eddy) transport shows a single maximum dur-in observations, and Abalos et al. (2012) showed that these
ing NH summer (Fig. 9, lower panel). This enhanced sum-were linked to transient variations in tropical upwelling. Us-
mer horizontal transport of ozone into the tropics is linked ing WACCM output we are able to evaluate the contribution
to the anticyclonic circulation associated to the Asian (andfrom all the transport terms to the sub-seasonal variability
North American) monsoons, which carry middle-latitude in the tracers. We do this by first filtering the time series to
air masses with high ozone concentrations into the tropicdsolate sub-seasonal variations (retaining periods <1 yr), and
(WACCM ozone and horizontal wind climatology for boreal then examining correlations among the different terms in the

Fig. 11.Vertical structure of the annual cycle amplitude of the terms
in the TEM continuity equation for ozone concentration (Eq. 5) av-
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Fig. 12. Mean seasonal cycle (monthly means) of the terms in the CO continuity equation averaged°&&et@8! on pressure levels
(Eq. 5,a) and isentropic levels (Eq. 6).

thermodynamic and tracer continuity equations (Egs. 1 and £omponents are also shown in Fig. 13b and c. Note that for
respectively). Figure 13a shows the correlation between temcO at lower levels a large fraction of the correlations with
perature tendencyd{"/9r) and vertical advection by trop- vertical transport are not explained by upwelling, because of
ical upwelling, revealing high correlations~(Q.8) at and  an important contribution from vertical eddy transport. This
above 73 hPa. At lower levels, near and below the tropopauseertical eddy transport in the model is linked to regional pos-
(86 hPa), the correlations 6f' /3¢ with upwelling decrease itive CO anomalies (originating from localized emissions),
and diabatic heatingd) gradually becomes the main driver which coincide with enhanced vertical velocity anomalies.

of sub-seasonal variability in temperature. Figure 13b and ¢ As with the seasonal cycle, the variability of tracers on
show the correlations of the ozone and CO tendencies witlsub-seasonal timescales is reduced in isentropic compared to
vertical and horizontal transport terms. In both cases sublog-pressure coordinates, because transient upwelling forces
seasonal tracer fluctuations are most strongly correlated witlzorrelated variations in temperature and tracers. The fraction
the vertical transport. There is also a contribution from hori- of sub-seasonal variability on isentropes compared to that on
zontal transport, particularly at lower levels, which is some-nearby pressure levels decreases froib % near 86 hPa to
what more important for ozone than for CO. Tropical up- ~ 30 % near 62 hPa for ozone and CO. The vertical structure
welling and the eddy term make the primary contributionsis the mirror image of the correlations between each of the
to the vertical transport and the horizontal transport, respectracers and temperature, i.e., the fraction is low where the
tively, and the correlations of the tracer tendencies with theseracer-temperature correlations are high. This is consistent
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Fig. 13.Correlations between tendencies and forcings for tropical sub-seasonal variability in WA rrelations between sub-seasonal
temperature tendency{/dr) and vertical advection by tropical upwelling (solid black line). The red line shows correlatidri/éf with

the diabatic heating rateg). (b) and(c) Correlations of vertical (black) and horizontal (red) components of transport with gbdaad

CO (c) tendencies. Lines in the washed colors indicate correlations of the tendency with the component that makes the largest contribution
to each transport term (tropical upwelling for vertical transport and eddy term for horizontal transport). All series are filtered to isolate sub-
seasonal timescales (that is, periods < 1 yr) before computing the correlations. For reference, the location of annual mean isentropic levels ir
WACCM is indicated on(a) and the approximate altitude @a), estimated as described in Fig. 1. The dashed horizontal lines indicate the
location of the annual mean cold point tropopause in WACCM.

with the fact that on isentropes the fraction of tracer vari- height practically disappears when the vertical resolution is
ability that is common with temperature (forced mainly by increased. In addition, the shift in the altitude of maximum
upwelling) is removed. Because the (relatively large) com-annual amplitude is largely reduced, especially for ozone.
ponent of variability tied to the adiabatic component of up- This comparison (not shown) proves that the model is able to
welling is removed in isentropic coordinates, the remainingcapture the altitude of the tropopause more realistically than
tracer variability is best correlated with isentropic (quasi- it appears when using the usual (coarser) resolution. Further-
horizontal) eddy transport (results not shown). The contri-more, it suggests that increasing the vertical resolution in the
bution of isentropic transport is relatively less important for model could help improve the representation of tracer trans-
CO than for ozone (consistent with smaller meridional gra-port processes near the tropical tropopause.
dients in CO) and the correlations with cross- and isentropic Despite the described shift, the overall vertical structure
transport are comparable. and annual cycle of the temperature and tracer variability is
realistically captured, and the model constitutes a valuable
tool for tracer transport studies. We use WACCM results to
5 Summary and discussion quantify all the terms in the tracer budgets and analyze the
] ] . ) _different transport mechanisms determining the mean struc-
A free-running simulation from WACCM (version 4) is re and variability on seasonal and sub-seasonal timescales.
shown to represent the most relevant aspects of temperaturg¢pe time-mean picture shows that the budget of ozone in the
ozone and CO spatial structure and temporal variability neaggpical lower stratosphere is a balance of mean vertical ad-
the tropical tropopause. One caveat is that the tropopause igction with photochemical ozone production plus signifi-
slightly higher in the model and the pressure levels do noteant positive tendencies from eddy transport from the sub-
correspond to exactly the same levels in the atmosphere ifgpics. These results support the observational analysis of
terms of temperature and tracer variability. ~ Abalos et al. (2012), demonstrating that the residuals in their
The shift in the tropopause height is likely associatedyacer budgets are largely associated with unresolved eddy
with the limited vertical resolution of the model (e.g. Get- transport terms.
telman et al., 2010). We have compared the vertical struc- gqqy transport is important for tropical ozone in the lower
ture of temperature and tracer mean values and annual amyratosphere, and has an interesting vertical structure in the
plitudes (Figs. 1 and 4) with results from a high-vertical res- yogel. At higher levels+ 440 K) eddy transport occurs in
olution (~ 300 m) simulation with WACCM version 3, simi-  {he sub-tropics during winter and spring in each hemisphere,

lar to that used in the last CCMVal report (SPARC CCMVal, o, the upper flanks of the subtropical jets. On the other hand,
2010). The bias in the annual mean cold point tropopause
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at levels closer to the tropopause 400 K) horizontal trans- The choice of isentropic versus log-pressure vertical coor-

port of ozone is dominated by the Asian monsoon anticy-dinates influences the detailed budget results, and by using

clonic circulation in NH summer. The vertical advection by both coordinate systems in this work we are able to quan-

tropical upwelling shows a large annual cycle at the highertify these complementary perspectives. As first discussed by

levels (around~ 70 hPa, coinciding with stronger vertical Konopka et al. (2009), the amplitude of the seasonal cycle

gradients), and mainly drives the ozone seasonality at thesm ozone in isentropic coordinates is reduced by more than

altitudes. Close to the tropopause, the seasonality in verticabO % compared to the amplitude on pressure levels. On isen-

advection is smaller and instead there is a larger annual cycl&opes, the largest (relative) annual cycle for ozone is found

in horizontal transport (Fig. 11). For CO, vertical transport at levels close to the tropopause, where the Asian monsoon

dominates the seasonal cycle and effects of horizontal transnakes a major contribution to the summer maximum via

port are less important than for ozone. A semi-annual cycleeddy transport. At higher altitudes, where the largest annual

is observed at the tropopause level, linked to seasonally andycles in temperature and ozone occur, approximately 2/3 of

spatially dependent CO emissions. the ozone seasonal variation is removed in isentropic coor-
A number of modeling studies have examined the verti-dinates, and the tendency is a relatively small term in the

cal structure and seasonality of quasi-horizontal eddy transbalance (Fig. 8b). In the case of CO, the seasonal amplitude

port between the tropics and extra-tropics in the lower stratois also reduced on isentropes but to a smaller degree, the ver-

sphere (Chen et al., 1994; Volk et al., 1996; Waugh, 1996)tical structure is unchanged and the overall balance remains

One common conclusion of these studies is that the largestimilar (Fig. 12).

exchange occurs near the tropopause during boreal sum- Because upwelling forces a large seasonal cycle in tem-

mer, mainly associated with wave activity linked to mon- perature at the same altitudes where the cycles in tracers

soonal circulations. Observational studies have also identiare largest, the log-pressure coordinates allow simple under-

fied the near-tropopause transport associated with the Asiastanding of the coupled seasonal cycles in tracers and tem-

monsoon (e.g. Trepte et al.,, 1993). Large boreal summeperature. The use of these two different vertical coordinates

ozone in-mixing rates derived from trajectory calculations in accounts for part of the existing discrepancy regarding the

Ploeger et al. (2012) are observed in the laye&d70-420K.  origin of the ozone seasonality. However, it remains an open

At higher levels the tropics are more isolated and transporguestion how to reconcile the Eulerian-based results in this

events are associated with breaking Rossby waves duringtudy with the Lagrangian transport calculations of Konopka

the winter season (Waugh, 1996). Haynes and Shuckburgbt al. (2009, 2010) and Ploeger et al. (2012).

(20004, b) presented a detailed analysis of the seasonality and Finally, the model simulation also reveals variability on

spatial structure of mixing throughout the upper tropospheresub-seasonal timescales in tropical lower stratosphere trac-

and the stratosphere, and their results show enhanced mixingrs, which are strongly correlated with temperature for ozone

in the summer northern tropics below400K. The verti-  and anti-correlated for CO. These coupled variations mainly

cal confinement of the horizontal mixing effect of the sum- result from the corresponding transient fluctuations in up-

mer monsoon anticyclones to levels close to the tropopauseelling (Fig. 13). At levels close to the tropopause, there is

obtained with WACCM calculations is in agreement with also animportant contribution from horizontal eddy transport

these previous works. On the other hand, at higher level§or ozone and from vertical eddy transport for CO. The vari-

(~ 450 K) Haynes and Shuckburgh (2000a, b) observed a latability linked to adiabatic tropical upwelling is removed on

itudinal displacement of the tropical reservoir (identified asisentropic coordinates, and the (considerably smaller) sub-

the region with near-zero mixing) towards the summer hemi-seasonal fluctuations in the tracers are mostly due to eddy

sphere, slightly more pronounced in boreal summer. Theyquasi-horizontal (isentropic) transport events, especially for

argued that this marked seasonality in the location of theozone.

subtropical transport barriers is a key issue for understand-

ing spatial and temporal distribution of mixing in the trop-

ical lower stratosphere. A similar seasonal latitudinal dis-

placement of the tropical reservoir (i.e., the region with near-

zero eddy transport) can also be identified in our results (see

the upper panel of Fig. 9). The picture of tracer transport

that arises from the present model analysis is also consistent

with the climatology of Rossby wave breaking in the sub-

tropics from the ERA-Interim reanalysis derived by Homeyer

and Bowman (2013). Their results show enhanced transport

into the tropics during northern summer (associated with the

Asian monsoon) limited to levels below 420K, and more

modest seasonality with slightly more frequent wave break-

ing during winter and spring above that level.
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Fig. Al. Mean seasonal cycle (monthly means) of the terms in the ozone continuity equation averaged 8v&i81R on pressure levels
(Eq. 2,a) and isentropic levels (Eq. 6).
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(Eq. 2,a) and isentropic levels (Eq. 6).
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