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Abstract. This study makes esof time series of methane (@QHlata from the Halogen
OccultationExperiment (HALOE) to deteethether there were any statistigadignificant
changes of the Brewddobson @culation (BDC) within the ¢ratosphereluring 19922005.
TheHALOE CHqs profilesarein terms of mixing ratioversus pressualtitudeandare binned
into latitudezoneswithin the southern anthe northern hemispher&heir separate time series
arethenanalyzed using multiple linear regression (MLR) techniquése CH;trend terms for
the northern hemisphere are significant and positivide Nrom 50 HPa to 7 hPa andrger
than the troposphericHs trends of about $/decaddrom 20 hPa to 7 hPa A tthe Bedg N
are clearly negative from 20 hPazdPa. Their combinedrends indicateanacceleration of the
BDC in the middle stratospheofthe northern hemisphedeiring those yearsnostlikely due to
changes fronthe effects of wae activity. No similar significanBDC accelerations found for
thesouthern hemispherd&.rends from HALOEH-O are analyzedor consistency Theirmutud
trendswith CHs are anticorrelated qualitatively in the middénd uppestratosphere, whe@Hs
is chemicallyoxidizedto H.O. Converselythdr mutualtrends inthelower stratosphere are
dominated by thetrends uporentry to the tropical stratospte Time seriesesiduals folCH4
in the lower mesosphesdsoexhibit structure that areanti-correlatedn some instancesith
thoseof the tracedlike speciedHCl. Their accasional aperiodistructurea indicatethe effects of
transporfollowing episodic,wintertimewave activity It is concluded thabbservednulti-year,
zonaly-averagedistributions ofCHs can be used tdiagnosemajor instances of wavieduced

transport inthe middle atmospheand to detect changestime stratospheric BDC
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1 Background

Thedynamicallyforced, seasonairculation in the meridional plane dfd stratosphere is
balanced bylifferentialradiativeheating betweendtiator and Pole. It @ measure of the
diabaticcirculationand isoften termed the residual mearasscirculationor the Transformed
Eulerian Mean{TEM) circulation(e.g.,Dunkerton, 1978; Andrews et al., 1987). To a large
degree, that primary circulation is balancechatmiddle latitudes biwo-way exchanges or
mixing processeé Bi r n e nisclg 20d1; @afny etl., 2014; Ploeger et al., 2045
Together, both mechanisms constitute the tot&8rewerDobson circulatia (BDC), generally
having arupward component at low latitudes and a return, downward compattbe
extratropical latitdesof boththe northern anthe southern henspheres (e.gButchart, 2014
Plumb, 2007Haynes et al., 1991 The dissipation oplanetary (or Rosshywvavesand gravity
wave forcing tends to accelerate the BDC artd enhance mixing ithe winter hemisipere(e.g.,
Solomon et al., 198&Ilumb, 2007 Shepherd, 200 Okamoto et al., 2031 Thus, tis likely
that there isomeasymmetry for the BDC inthe northerrversus thesoutherrhemisphere
stratospherbecausevinter wave forcing and mixing processgemore pronounceend

frequentin the northern hemisphe(8hepherd, 2007)

A schematic of the BD@nd its relation to the distribution of ozonelie stratoghereis shown
in Fig. 1 for March, where thsolid blackcurves represent tteense of theirculation and the
vertical orangarrowrepresergthe approximataegionfor the propagation affavesfrom the
upper tropospherandup into the middle atmosphergseeShaw and Shepherd, 200&igure 1
indicates that the BD&ads to an accumulation otone in the extratropics of the northern
hemisphere by MarchTracer-like moleculessuch NO andCHjs, exhibit distributions thaare
well correlated angtary seasonally in sponse t@hanges in the BD@Plumb and Ko, 1992
Holton, 1986.
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Figure 2 is a exampleof the zonallyaveraged distribution d@Hasfor Januaryfrom a
NASA/Goddard two-dimensionathemistryand transport modseimulation(Fleming et al.,
1999) Thewhite arrows show theffects of thestratopheric BDG which is strongn the winer
hemispheréglonger arrowspand weak in the summer stratosghéefracer speciesuch as Ch
depictthe masscirculationqualitatively, i.e., bulging upward in the tropics and downward at
high latitudes (more so in the winter hemisphefayure 2showsthat the Januaryonatmean
circulation is in the correct sense tangraboutheaccumulation of ozone in the lower
stratosphere bylarch, asshown in Figl. In addition Manney et al. (19949mphasize¢hat the
character of thebserved winter hemisphe transport andescent differgor the upper versus
the lower stratsphere and depends whether th@olarvortex s undisturbed and centered on

the Pole or disturbed by Rosstwave activity.

A current issugs whethettheobservedseasonal BD@ changing in the presence of the steady
increasesinthesmal | ed A gr e ke @@ (e.g., Butcharts201st)&arly on,Rind et
al. (1990) conducted a series ahsiation studies of those effecend their reults indicated that
there willbe anaceleration of the BDCparticularly in the northern hemispheidan and Fu
(2013) analyzednore recentesults froma collection of chemistry/climate models (CCMhd
theyfound that the diabatic effects from changes in the ozon€&ndrelikely driving
observed changes in the meridional temperature gradients drelBDCof the lower
stratosphereBased orthe results of th€CM studies,ieydecomposethe BDC into a
transition (10070 hPa) branch, a shallow ¢80 hPa) branch, and a deep (3@ [@Rd higher)
branch Furtherthe CCM studies predictan acceleration of the BDBatwill affectthe rate of
recovery for thezone layein the lower stratosphere

Observational evidender the diagnosisf along-term acceleration dhe several braches of
theBDC and their associated mean agjeair (AoA) is somewhat ambiguofi®m time serie®f
stratospheritemperature(Butchart, 2014) However,recentlyDiallo et al. (2012, Fig. 13) and

MongeSanz et al. (201ZFig. 3 found a decrease of neAoA in the shallow branch and an
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increase of AoA in the deep branch of the BDC for the HRArim time period ofbout1989
2010. Alternatively,Garciaet al. (2011) recommerd obtaining AoAusng observecchemical
tracergshat are well sampledyavelinear(COy) or exponential (Sdf growth rats, and no
chemical loss in the stratosphef®o that engdRay et al(2014) Stiller et al. (2012)and Ploeger
et al. (2018) have successfully employed measured profiles of @@ Sk to diagnose trends
in the AoA or theBDC and toseparate the effects of the residual circulation from the effects of
mixing processes. Theanalyseapply to pressure altitudes jpotential temperatures tfe
lower stratosphere (16 to 30 kmjVhat about other chemical tracers@r example, ydrogen
fluoride (HP is astratospheric end product of the photochemical conversion from
chlorofluorocarbon(CFC) molecules buhas been increasing ndinearly, so it is not a good
candidate for such studiebl,O has shown lonterm increases of about 0.6%(f3cherer et al.,
2008), butH20 entering the stratosphdrem below is subject to seasonal amatasional
episodicchanges othe temperature at the tropical tropopaude.the other hand;Hs exhibits a
small, monotonic, and nearly linear, annualygagedtrendin the troposphergsee Sect. 5 for

more details)andCHs is umaffected duringts upward transport through the tropical tropopause.

Generally, i is not possible to diagnog®A or an acceleration of the BDC solely franime
series of a&hemical tracelike CH4 becaus its mixing ratio 6(r,t), at a specific location r in the
stratospheres the integrabf theproductin expression (1) belofor all pasttimest 6 #r ad o
t, whereco( tithetime series for Chiin the tropospheres( r jsthésjratospheriage spectra
or transit time distributiofits first momentum being theean AoA, andL( r , ttsdo¥s i s
functionthatdepends on the path sp@cand the chemical sink distriloat for CHs in the
stratospher¢Vvolk et al., 199).

GG (r,to6) L (r,to) (@D

The sour cg tiégstimated to mye aérend of ab®d/decade from990 to 2003
as discussed later in Sect. Bhe loss function at a givestratospheric locatig.( r ,istredajed
to the decay of the tracalong the complete path spectrial pathways from the entrance

region, or tropical tropopause, to the specific location), and only tracers with constant
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tropospheric values and of a radioactive decayingwyiien the stratospére are truly path
independent (Hall and Plumb, 1994ven if thetime series fothe CH4 source gass

approximately linear, it shad be clear from Fig. 2thatlLr , t 6) i s spatially
both the vertical and meridional direction®ne canot eadly sort out the component$

changes in the mean Adfom change# the path spectigschoderl et al., 2000) However, to

first approximation, both the path and loss function L can be assumed stationary, such:that CH
in the stratosphere is afition (f) of the tropospheric Gknd where f is a function of
latitude/height and season (e.g.eBlistaler, 2012). Bviations from this scenario are

interpretedn the present studys being indicative of changes in the age spectra G, rather than L.
This approximation follows from the idea that the chemical effects of changes in stratospheric
composition for the methane oxidation rates are snidlétropospheric trends fahe CHa

source gasre smalland theannuallyaveragedchemical loss terrfor CHs in the stratosphere
should give rise tgpatialgradentsthat arevery nearly symmetric acroise two hemispheres.
Despite those considerations for hemispheric symmiieyanalyses of time seriesobserved
stratospheric CHshow that theitong-term trend differ between the northern and southern
hemispheres and indicate significant charfgas the effects of mixing othe BDC in the

middle stratospheref each hemisphere

2 Objectives

ThemodeledCHs distribution in Fig. 2 is very simakr to dservedvintertime distribution®f
CHafrom satellite datasets. GI$ decreasingvith pressurealtitude and vith latitudebecause
CHsis oxidized in a multstep proces® H20 inthemiddle andupper stratodpere €.g.,
Brasseur and Solomon, Z)0 In an early study using Cidata from the Stratospheric and
Mesospheric SoundéBAMS) on Nimbus 7 Stanford and Ziemke (1991) detened
empiricallythat the minimum lifetime for its chemical conversiorH® is of theorder of 3 to4
monthsatlow latitudesin the upper stratospheoe somewhatonger than the time corastts for
the meameridionaltransport. Holton and Choi (1988) arstanfad et al. (1993) used the three
years of SAMSCH; data as a tracer for the charaiztation of theverticaland meridional

components of theeasonal ndtansport. The present analysis stuthakes use dime series of
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CHasmixing ratiodata as a function of presstakitudefor 19922005from the Halogen
Occultation Experiment (HALOE) aboatide Upper Atmospére Research Satellitdd ARS).

As noted by Rosenlof (2002nd by Neu et al. (2003atmosphericsampling via the method of
solar occultations adequatéypically for obtainng the largescaleseasonavariations of CH.

The HALOEinstrumentobtained anrise(SR)and sunsefSS)profiles of CHsin the stratosphere
and lower mesospherand a number of researchers have made use@flitdata for studies of
middle atmosphergansport Ruth et al. (1997), Randel et al. (1998)ay and Russell (1999),
Randel et al. (1999and later Shu et al. (2013) useé multi-year distributions of the HALOE
CHasmixing ratioas a tracefor the effects othesemtannual oscillation§AO) and quasi
biennial oscillation (QBOjJorcings Youn et al. (2006analyzedime serieof CHa, H20, and

HF from HALOE for their trendsat 10 hPandin one latitude zonel0 to 45 @greesand they
founddifferencesn their trenddbetween the two hemisphereghey related the trendsat they
found forthe northern hemisphere &o intensification of stratospheric wave activity over that
14-yr time span.

The present study is an analysis of time series of the HALOHdCldnincreasingpositive)
trendin thetropicalascentandfor a correspondirly increasingnegativerendin the
extratropical descent in the same hemisphbtaltiple linear regression (MLR) techniques are
used for theanalyss andarediscussed in Section and theyfit the seasonal arttie
interannual-varyingforcingsalong withthe trend termsh time series ofCH; as a function of
latitude andpressurealtitude Preliminary MLR model results are also shown in Sect. 3, and
concerns about havinan adequate number of profile samples for each of the SR and SS
crossingof a latitude zonare addressed Bection 4.Final sets ofCHstime series i@ selected
as representative of thepicaland extratropical latitude zosef each hemispheras depicted
in the simpleschematic of Plumb (200¥%is Fig. 13). An estimate of the trends for the €H
source gs is present in Section 5 Then he coefficients of thestratospheri¢rendterms from

HALOE and their statistical significance agewenand compared with that of the source fgas
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eachlatitudezoneandas a function of pssurealtitude Trends fom thestudyherein are
comparedvith those reported by other groupgjichin some instanceserebased only on
HALOE data through the B®@s.

Trends fromanalyses oHALOE H>O areshownin Section6and compared with those GH4
for consistencysinceH20 isthe primarychemical producbf CHs oxidation at tle upper
altitudes Section6 also relateshe time seriesf residuals fromanalyse of CHsin the lower
mesosphert de-seasonalizedariations in HCl anothemoleculethat contains information
about the BDC othe stratosphere amdesosphereln particular, itis shownthattheresiduals
from the separate MLRts to theCHsand HClserieshavesmall irregularvariationsof opposite
sign. It is positedthat he somewhatnomalouwariatiors in the multi-yeartime series of
HALOE HCI for the lower mesosphetbat have beereported by otheraredue toeffects fom
anomalousvaveforcings during19932002 Section 4s a summary of findings from the

present analyse

3 Analysis approach

Effects fromtheseasonal BD@re apparent froomonthly, zonalmean cross sections GHa, as
shown by Holton and Choi (1988) from the SAMS data and by Randel et al. @r898hu et
al. (2013)from the HALOE data Qualitatively, there is a net upward trangmbd CHs at the low
latitudes, a net poleward transport throughoustheosphergplus adescent ofCHs-poor air
within the polar vortexoeginning at upper altitudésf., Fig. 2). The monthlyCHadistributions
alsoexhibit a significantnegativemixing ratio gradienfrom thetropics to higher latitudes along
pressure surfaces themiddle andupper stratosphere. The exact latitude location of the
maximum gradientaries seasonallyccording to thetrengthof the meridional mixing othe
air mase®s that occurred ithe weeks beforeLatitude versus pressuadtitudecross sections of
the CHs from the HALOEWebsite(http://haloe.gatanc.com/homeé/for Octoberof successive
yeas revealthattheisolines of the tropicalHas distribution did not etend into the upper
stratospherduring 1991, 1993, 1993997, 1999, and 2004, while they were elevatet092,
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1994, 198, 2002, and 2003. GHariations for 1996, 2000, and 2001revéntermediatéo

those of thetheryears. Gray and Russell (1999hd Shuet al. (2013) shoed thathe apparent
interannuaktrergth or upward extent of the Gldue to the mean meridioneculationis

related to the phase of the QB®@d/or to the effects of theoBsbywave forcing. To first order,
the isolineof theCHain Fig. 2 and inthe HALOE dataalso indicate that there are distinct BDC

branchesn the nothern hemisphere and the southern hemisphere

Points forthe data time seried the present studyegenerated using the HALOE version 19,

Level 2CHqs profiles from occurences of the HALOE SR or Sfhservations within a latitude

zone for 19922005 as inRemsberg (2008 The SR and SS profilesesbinned into 14

overl apping | at i t udaadatd?presssraltitudas,mivitg: ¢otal ot168 6 5 e N
separate time series for analysisitially, the width of each latitude bin wastgo 20 degrees,

ensuring aelativelylarge number of saples Example time series for the southend

northern extratropicare shown irFig. 3 at 10 hPa (near 3dm). Each data poinh Fig. 3is an
approximate snapshot of thenally-averaged CHfor thelatitude zon€cf., Fig. 2). The

oscillating curvs in Fig.3 arethe MLR fitsto the data pointBom mid-1992 onwardandbased

on the terms indicated at the lower leftloéfigure. The near horizontal line is the sum of the

constant antinear trend termsf the MLR model.

Results of similaMLR andyses of tine series of HALOE data wereported for ozone
(Remsberg, 2008), temperatuRefmsberg2009), and mesospheric water vapor (Remsberg,
2010). Details of the formulation of the terms for MiieR modek can be found in Remsberg
(2008)and are sumarized here Initially, only semiannua(SAO) and annuaf{AO) terms are
considered forite model. A Fourier analysisthen applied to the residual or difference of the
model values from the points in the time seriarder to identify significantgriodic
interannual terms that remaiithree interannual termsealmost always present and are
included in the modelan838dy (27.5mo) or QBA term;a small amplitude, 718y (23.5

mo) biennialor QBO2term;anda 690-dy (22.6mo) subbiennial(SB)term, whose period arises
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from thedifference interaction between QBO and annual terms. The relative amplitudes of these
three interannual terms vary with latitude and altit(s#® also Baldwin and Dunkerton, 1998)
The 22.6mo term agrees closely withe antisymmetric empirical orthogonal function (EOF)
identified by DunkertonZ001, his Eq. (5.2)for the subtropicdatitudes from a shorteseries of
HALOE CHs data The primary purpose adlentifying and including interannutdrms in the

MLR modd is so that their significant structurean beaccounted for. Ainear trend term is
alsopart of the final modsl Lag-1 autocorrelation (AR1) effects are a significant part thie

MLR modek for zonallyaveraged stratospheric dafBhe accountingdr AR-1 effects corrects

for minor, but importanbiases between the MLR model and @té4 points thabftenoccur
alongshort segments of thaata seriesCorrections for ARL effects follow the twestep

approach of Tiao et al1990, their Appendix A and those corrections have a significant impact
on the analyzed trend terms.

Data in the firsyear following the MtPinatubo eruption adune 1991 often appet@arhave been
perturbed so that time span ot consideed for the MLR fittings.In Fig. 3 (bottom) one can
see that there mlsoa weak, decadalcalevariation in thedata series, whoserplitude is
characterized by difference interaction betwed¢he QBQ and SBterms(or near to thel0.6-yr
periodfound by Baldwin and Dunkerton (1998 However, a separate term with that period is
not part of the MLR models of the present stuttyaddition,Nedoluha et al. (1998) reported
thatsolar cycle (SC) effects ddHs arevery smalleven near the stratopagieus, no 11yr or
SGCproxy term § includedin the MLR models. Howeverhére §a moling of the middle
atmosphereuringthis 14-yr time span,due to the increasing atmospheric COhereforethe
analyses ee conducted for time series thie CHs mixing ratio atpressurealtitudes ratherthan
geometric aitudes. In this waythe added effects frothe contraction of a pressure surface
with altitude and timeare avoided.It is further assumed that the age spectrum G is invariant in
pressure space if the dynamical forcing is invariapréessure spacelo first order then, the
variationsof CHswith time at a pressure leve¢presenthe effects of the diabatic transport

vertically within a zoneandany horizontal mixingo/from adjacent latitude regien
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Figure3 depictsthe CHs time seriesfor 10 hPaan@t5 5e¢ | ati tude for the t we
Figure 4 shows the associated, annual mean distributiGhigthat is based on the constant

terms from the MLR models, and the meaming ratios for 10 hPa amearly the same or 0.77

ppmv at 55eN a5nedFh®and@itddespfphen8AOand the AGrmsin Fig. 3

are more distinct in theoutherrthan in the northerhemisphergdespite the fact théhe

seasonal cycle fahemeanmeridional circulatiorof each hemisphere is mainly just a

consequence aimilar variations in the dynamical forcifgetween Equator and PolEigure 3

(bottom) shows that theeasonal mamum occurs in late autumn to early wintarthe northern
extratropicsandits minimum isin late summerlt may be thathe SAO and AOcydesat5 5 ¢ N

are influenedand theannual mean mixing ratieeduced slightly, due tmeridional mixing of

the airduringlatewinter tospringOn t he ot her hand, fimgmdat8 (t op)
valuesof 0.5to 0.6ppmvfor some yearand most often itatewinter, andtheyare not fit well

by theMLR model. Thatcircumstance ibecause thse perturbations the CHs dataoccurfor

only a short time (few weeks) in late winter/gaspring, or athe time of the final warmig in

the southern hemisphetépserapid variatiols arenot resolved by the terms of the MLR model.

The amplitudes of the several interannual terms are also significant in the extratropics at 10 hPa.
Finally, the tend coefficierd from thedataof Fig. 3areslightly positive in he south but

negative inte north; that difference discussedurtherin Sect.5.

CorrespondingCHatime seriesat 7 hPa are showfor the two subtropical zonés Fig. 5.
Periodic vaiations in Fig. 5top) for the southern hemisphere are primanityni the anmal and
QBO cyclesijts averageCHasis about 1.1 ppmvEffects from the SAO term daotemerge
clearlyuntil the upper stratosphere (not showmhe data fothe northern subtropics in Fi§.
(bottom)indicate a seasonaycle that isnore vaiable and somewhateaker than in theosith;
interannual effects (QBO and p&epresenbut are weakerttoo. In general, there is less
periodic structure in th€Hs of the northern subtropics at this levegjainmost likely because of
the mixing effect fromthe dissipation of Rossby waves andwjty waves. Nking of air from
the middle latitudes may explaits occasional, low wintertime data valu@sg.,Ploeger et al.,

201%). The tend coefficierg arepositive forthe subtropics dbothhemispleres. At this point

10
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it is also noted thathangsin the BDCbased orthe CHs variations in the southern subics
canalso be affectelly the strongergxtratropical wave forcings dfie nortlern hemisphere (see

also Sect. b

Estimates of the trendsrfCHs in terms oflatitude versus pressugdtitudeare shown in Figb.
The HALOECH;4 profiles for this plotare averagedor each of thel2 pressuraltitudes from 0.4
hPa to 50 hPa anaithin 14 overlapping20ewi de | ati tude bins centered
Trend contours are drawniatervals of 4 %/decadéhe solid contours are positive, while the
dashed contours are negativrRositive trendeccur attow to middlelatitudesandare interpreted
as indicaing anupward acceleratiofor the tropical brancbf the BDCplusan acceleration
poleward The negativérends or dashed contowasthe high latitudes indicate the downward
acceleration of thpolar branch of th8DC within each hemispherdark shadig in Fig. 6is
where the trend terfnom the MLRmodelis present with greater than 90% confidence; lighter
shading denotes where that confidence is between 70% and@@%rend profiles at most
latitudesfrom 50 hPa to about 5 hReesignificantanddisplaya coherentharacter for an
acceleration of agquatorto-Pole or BDCcirculationwithin each hemisphere, at least during
the period of the HALOE measuremenihe trendsrom 50hPa to about 10 hRaealso

clearly asymmetric gpositivein the rorthernhemispherdo near zero ithe uthern

hemisphere However, the trends in the tropics ardtworderof 3 %/decade or equivalent to

that expected from the tropospheric source(ges also Sect)5

4 Data samplingand data bias concerns

Figure 6 showsthat there areather sharp meridional gradis in theCHstrendsof the upper
stratosphebet amnoldb5iddelatBusiesadtewhere Thareis aften a strong
negativemeridionalgradientin the isolines of CH(c.f., Fig. 2, bu theMLR modek hereindo
not have a term to account for a variation with latituResenlof (2002, her Fig. 4ljd not find
a similar strong gradiem the trendd$rom her analysesf HALOE profiles but then she only
analyzed datéor 19922001. A maeimportant difference is thahe averaged the HALOE

11
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profiles within latitude bins of widthés, r a t h eArnartoweahirwidthOisclearly
preferred buttherecan bea problemwith having ewer profiles for théatitudebin. This
concerns exploredas follows. HKst, it is noted thatmajor advantageof solar occultation
measurementg@the high signato-noise for their limb transmission profiles and their
inherently good vertical resolutioeach retrievetHALOE CHa profile is quite accuratand has
a vertical resolution of about 4 kfRark et al., 1996) Sill, for the lower latitdes HALOE
typically maddts measuremenigcross aiven latitude birover justa few daysdueto the
alternating nature of thigme sequence ats SR and S®ccultationdrom the UARS satellite

Rosenlof (2002) combingtie SR and SS measurementswithi 5e¢ bi ns and cal cul

monthly averagesHowever, in the present stuthe SR and SS profileseaaveraged separately.
In addition,the exact latitude cresing times for their averageeaetained, in order to yield
better fitsfor the AO and epecially the SAO terms dhe MLR model. Zonal variations foCHa
occur normally at low wavenumber and with small amplitudes compared with its zonal mean
value. Thus, aninimum of5 profiles s requiredor the separate SR or SS bin averagjest

numberis judged agepresentative of the telzonal mean, whethe separation between profiles

from successi ve or bAstasheck & was found that regiengd ongi t ude

minimum of 7 profiles gave time series having slightly fewer data points, but their analyzed
trends were essentially unchanged from befdue.exception is at highatitudes during
dynamically active winters, but those occurrences are ralieet andnfrequent across the i
time series of the HALOE measurements.

To haveseparate SR and SS samyilest are representative odnal mearCH,, abin width of

1 0 gconsidered insteafr thedata points of théme seriesandnewMLR analyses are carried

out Tablelcompares the resulting trend profiles
selected latitudes of the northern herhise. Therend terms thadre highly significanare in

bold, i.e.,having a confidence interval (Cl) of being present in the time series that is greater than
or equal to 95% Where thecorrespondingrends are significarat a given latitudethey are not
changedy much usinghenarrower bins.However, br the upper stratospheséTable 1 at

3 5 ethetrendsare smaller now compared with those found in Figsifg the wider bis

12
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Though not highly significant, those changes are the result of inclutkagured profiles that

are more nearly represent atThepeeviausly largk positvex a c t
trends inthe upper stratospheire Fig. 6may imply that the location of a given isoline of £H
movespoleward due to changes in the wave activity mindng. No similar change is evident

for the middle latitudes of tr@outern hemisphere. An analysis of trends in the transport from

an assimilation modesirequired to really interprétose changest 3 5e¢ | usdtiet ude
present results froHALOE CHas are truly due tdhe combined effects of tistratospheric age
spectra, G, and the loss function, L. The remainder of the fiapeseson trendresults obtained

from profiles inselectedbins of1 Oigwidth.

Changes in the HALOE instment have beeavaluated in terms of any potentators forthe
trends in thalata over its 14r time seris (Gordley et al., 2009). They found that there was a
change in the ClHgas c# concentration, leadmto afalse trend irits CHs mixing ratio of-
1.9+0.7( 1 ¥o/decadehat is constant with pressuadtitude A first ordercorrection for that
false trend would bt add 1.9 %/decade to the jizad trend, although thatorrection is not
applied to thdinal results hereimecausdt is not obtained strictly througihe MLR fit process

A separateoncerrrelates to the pessurgrofiles associated with the HALOE Level 2 GH
transmissiorsignals Specifically, a initial registationfor the retrievalsesthe temperature
versus pressure or T(p) valuss31.5 km altituddrom operational datdnatwere supplied to the
UARS Project in near real timey theNOAA Climate Prediction CentdCPC)(Thompson and
Gordley,2009) The Level 2retrieval algorihm for T(p)alsousestransmission measurements
from the HALOE CQ channel thaare accurate fahe upper stratosphea@d mesosphere
Thereis a weighted merger of th¢ALOE retrieved T(p) withthe CPC profile®ver thealtitude
range of 31.5 td5 km,such that the findlevel 2T(p) profiles are principally those frothe
measurements of HALO#&own toabout the hPa level Remsberg and Deaw (2005, their

Fig. 4)founda discontinuitynearMay 2001in the HALOE T(p) times seriemt 1 G &M a't
(near 36 km)ut not at 3 hPa, and that sh#ttraceable to a change in the operational

temperatureat that time.However, the retrieved CHnixing ratio versus pressure profiles are
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in hydrostatic balance. d\similar discontinuity isindicatedin the time series ahe HALOE
CHs at 10 hPa (Fig3), at 7 hPa (Fig. 5), or #te otheranalyzed levelgnot shown).

5 Trendsin CHafrom the troposphere andin the stratosphere

It is important to have a good estimate of the trends értls 0 u r @, o0 thakitreffiects can

be separated from the product of expression (1), at least to first order. Because there is about a

1-yr delay for the surface methane source gas to reach the tropical middle straicsjpnere

frame of 19912004 is consideredor thetime series of theourcegas Methane from remote

boundary layer sites was globalyeraged by Dlugokencky et a2001;2009). They showed

that the deseasonalized CHnixing ratios continued to grow during this period, altHoag)

rates that were slower from 1992 to 1999 (3.0 %/decade) and from 1999 to 2005 (near zero) than

from 1983 to 1992 (4.7 %/decade). Excepgiorge the episodic increasasthe surfacen 1991

and 1998 that were followed leguallysharpdecreases year later. An overall trend £3.0£0.7

%/decade igbtained ly consideing theendpoint valueat 1991 and 200#om their globaly-

averaged datame series At the high lattudes theoverall trend maye slighty larger because

the AoAis older there.Globally-averaged,&I uncert ainties from t he

order of 0.6 ppbv/yr, giving the-2 value of 0.7 %/decader theoverall trend estimate

A separate indicatioaf trends from th€€Hs source term to the stratosphere is obtafoethe

tropics fromthe MLR analyss of the HALOE data Specifically, Fig. Bhows CH time series
at 50 hPabdgMrt tba&tS ama parRg.6oTheil heefhrendendsuht
uncertainties are 2.8+2.8 and 3.3+£3.4 %/decade, respectively, or essentisdijnthealues as

from the tropospheric time series, although the tropospheric data have a much smaller

uncertainty. The tweropical time series in Fig. fave anaximum in late 1992 and a somewhat

nonlinear (quadratic) character thereafter witteaondmaximum in 1999. Both maximums

follow the observedepisodic increases in the troposphere by about a yéeraverage HALOE

trencsa n d values are 1.7+2.1 and 3.1+2.1 %/decaid®0 hPd o r

14
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however, tle data time seriest 30 hPaexhibit very littleto nononlinear character (not shown)

and that is also the case at the other presatitedes

The retreved HALOECHs mixing ratiosin Fig. 7 are only of order 1gpmvin early 1992
Such low valuesnay indicatea slight bias erroat 50 hPadue to a reduced accuracy for the
measured and retrievé&Hsin the pesence of the aerosol layer followitige euption of Mt.
Pinatubo. However, Thomason (201@ported thaHALOE CHsdoes not appear to ladfected
by contamination fromtber minor or trace species withtis retrieval algorithm, at least after
that early volcanic period. The present study cansidata pats from mid1992 and onward
for the MLR analyses at dltitudes andpressurealtitudes, primarily to avoidcontaminating
effects in the lower stratosphere and/or anomalous net transport effects at higher &ititudes
some month$ollowing the eruption There is also amall, butclear SR/SS bias in the data of
Fig. 7 that is not considered real. Most likely, that bias comes about bet#usdéemperature
pressureheightdatafrom the NOAA CPQhat areused to register the HALOE Levehaxing
ratio profiles in the middlstratosphereThose provisioal data ee for 12Z they do not reflect
the effects of the diurnal tiden height and pressure, whiehesignificant n the tropics. No
correction § applied to the separate SR and SS fares befar they ae combined and

analyzed, however.

Time series 0CHy, like those inFig3and5,a e anal yzed at 60eS,
60eN, and their latitudéins have a widtlo f . TTdblke 2contains theneanCH4 mixing ratio
profiles from the constant ternmaf the MLR modeldor each of the sijatitude zones. Téterm
coefficientsshow very good symmetrpetweerthe two hemispheres in ti®picsand at the
high latitudes.In the middle to lower stratosphere there is slightly n@ein the southern than
in thenorthern high latitudesndicatingthat the netvintertimedescent igrolonged and/oa bit
stronger inthe north At 50 hPa the mixingatiosare very nearly identical between the two
hemispherefor the tropics (1.5ppmv), middle latitudes (1.34 ppmv), and at high latitudes
(2.22 ppmv) indicating thathetroposphericCH4 that enteredhe lowest part athetropical
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stratospherés beingtransportegolewardand mixed about equallyith the higher latitude air
There is also a monotonic decrease ofGhi with altitude in each latitude zone, due to the
chemical oxidatn of CHsto H.O. The mearCHs mixing ratio profilesn Table 2represent
qualitativelythe effects of theeasonaBDC transport withineach hemisphere.

The conceptual ideaf Plumb (2007 his Figs. 13 and 155 employed for theletecton of an
acceleation of thehemispheric BDQisinga species like CkH whose mixing ratio decreases
with altitude as in Figs. 2 and 4. Trends frim@HALOE CHstime series are interpreted as
indicatinga change in the strength of the BD&hen theyarepositive and sigficantly larger
than 3.0+0.7 %/decade the tropics or significantly smaller or even negative at the high
latitudes Thus an acceleration of the BDIEads to higher CH values in the tropics anlbwer

valuesin the extratropics or a steepening of itaietorto-Pole gradientvith timefor a given

pressurealtitude. On the other hand, the effects of meridional mixing can transport extratropical

air back to the subtropi@nd cause a net recirculatiandfurtheragingof the CHs (Garny et al.,
2014). tis not possible to quantify tise separate effects basedloa CH; observationslone
The analyzed trentdrms (%/decade) and the accompanying confidence inteovds (in %)
for their presence the time series are givem Table 3 Thesigns ofthetrend termsndicate
thatthere is an acceleratioof the overall BDQvithin the middle stratospher@lote that he
highly significant tends are shown by boldface typtheyhave a Ckequal to ogreater than 9%
of being present in the time serie§hetrend wefficients arénighly significantand different
from the trend ir& in both the tropics anextratropics from 20 to 7 hPaftie northern
hemisphere but only fahe tropics from 10 to 5 hPaihesouthern hemispherdt is noted that
some of herelatively large trend®r the CHstime series at high latitudes of thpper
stratospheralso carry fairly smallincertaintiesrom theMLR analyss, but thosdrends are not
consideredignificantbecauseltere isnon-periodic structure in theéme series of theresiduas

that hashot been accoued for.
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Figure 8is aplot of the trend profilesn %/decade fronTable 3for 10e &nd6 0 @rSvithin the
tropical pipe region othe lower stratosphere and near the edgbepolar vortex region,
respectivelyPalazzietal., 2011)T hei r 2 (0 arashosvn ds harizontal barstae

tropical levels, where the results arghty significant Those trends are 17.4 (3.8) at 5 hPa, 13.3
(3.6) at 7 hPa, 6.9 (3.1) at 10 hPa, and 1.8 (3.6) at 20THiavertical dashetine represents the
trendof 3.0 (0.7) %/decade, which the estimate of that fahetroposphericCHs. Theanalyzed
trend at 5 hPa imrge andoositved 1 0e S an d Spse g kgt their eppasing sig3 e
are consistent with the expectation &or a&celeration of th&DC. The trendsat 20 and 10 hPa
are pogive at bothlatitudes, although they areless gni f i ¢ ©mthe othdr haBddégeS .
is no evidence for a change beshallow branct{70 to 30 hPapf the BDCfrom these results

The CHstrendtermsnear the stratopauseealso irsignificant

Figure 9isa plot ofthetrend profiledrom Table 3t 1 0 ¢ N . Eha lighly Sgdidant,
northerntropical trends and the# (uncertainties ar&2.2 (3.4) at 7 hPa, 9.8 (3.2) at 10 hPa,
10.0 (3.2) at 20 hPa, 3.8 (3 & 30 HPa, and 3.3 (3)(at 50 hPa.The sgnificanttrendd or 6 0 e N
are-6.3 (20.4) at 5 hPal1.3 (14.4) at 7 hPal9.5 (9.0 at 10 hPa, aneB.4 (7.6) at B hPa

Note that the foregoing trendse still significant after maikg the first order correction of 1.9
%/decade for a change in the HALOE Q#4s cell. Trends at 50 hPa and 30 hiray from3.3

to 3.8 %/decdeat 1 0 e N 0.8toU8%fdecadm t Gbditehdy carry the same sigmd
thusdisagreewith the picture of an accelerationtbie hemispheriDC. Yet, they are
consistent wittanaveragerend of 30 %/decaddor thetropospheri€CHs, indicatingthat the

t r e n d datitedéare@n@rely reflecting a net transport of tropical air to the higher latitudes
The CHatrends from 20 hPa tol#Pa ardarger and positiven thetropics and hecorresponding
extratrofical trendsare increasing negativey up to 10 hPa and remaingaiveevenat 5hPa
Thus, the gins of tke trends fromhosetwo northernzonesmply that there waan acceleration
of the BDCin the middle stratosphedeiring 1992 to 2005In other wordsan acceleratiors
indicatedfor thelower part of thedeep branclof the BDC.
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Youn et al. (2006) obtained a positive linear trend at 10 hP&of @ ec ade admot2. 5¢ S

notrendat 42. 5¢eN. pufposeslineartraqdsane calsubatechere forl0 hPaandfor
thesamenarrowl at i t ude z oineach lemisphedeO Those treAds gre%.(6.0) in
the southern andt.6% (10.0)in the northern hemispher®ossiblereasos for the differing
reaulltsmay bethatthe MLR modé of the present study incorporatelayernumber ofperiodic
terms plughe effects of autocorrelatiamong thoséerms Coincidentally though hie trends
shown in Fig. 6usingthe 20ewide latitude birsare 9.26(3.0)at 4mw@.&( 9. 2) at
which are almost exactly the same valuegorted by Youn et al. (2006)

Change for the BDCin the upper stratospheagedifficult to detectbecausehe photochemical
lifetime for theconversion of Cklto H.O is comparable to the time constanttfoetotal
transport The trend in Fig8 at 2 hPa is 5% (3.2)f o r  The geBdin Fig. 9at the same
levelis smalkerand not significant o r 1 0 &o0KB.90 Thesd findihgs are abddswith the
rather largedecreasing trends for Gldtthelower latitudesin the upper stratosphere that were
reportedearlierby Nedoluha et al. (199 their Fig. ) for the time span of 1991997, by Randel
et al. (1999, their Fig. 4) for 199999, and even by Rosenlof (2002) for 192001 An

analysis of the HALOE data icarried ouforthel at i t ude z one forfthedntire S

time period of 1992005; he MLR fit to that particular time series ghown in Fig. 10
Qualitatively, the structure in th@me serieslatacompares well with that of Nedoluha et al.
(1998) from late 291 through earl{t997, and separatmalysesonductedchere for that early
periodalso givelarge negative trenddNeverthelessthose trend at 2 hPalid not continugFig.
10); they arewe&ly positive or 3.1 %/decade amibt significantly different fom zerofor the
complete time seriesCoincidentally thoughthatsmall trends consistent with what is estimated

fromthe tropospheric CHsource gas data.

To put the analyzed trends frafiHs into contextfor 19922005 they are interpreted as follows.
First, for the tropicsite small positive trends iFigs. 8 and 9 for thewer stratosphere (50 and

30 hPa) are equivalent to the average trend of 3.0 %/decade for tropospheric nmet tizamel
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in the BDC is ndicated in that region. Note, howevegtthcorrection for the estimated trend in
the longterm performance of the HALOE Glgas cell wouldadd about 1.9%/decade to the
MLR diagnosed trendserein or somewhat larger than theerage tropospheric trené

positive trend for Chlin this regionmplies a decreasing (or younger) AoA, which is generally
consistent withhe AoA estimates dDiallo et al. (2012, Fig. 13) and Monganz et al. (2012
Fig. 3 fromtheiranalyzedvinds and heating ratdésr the period of about 199201Q Trends in
thetropical HALOE CH4 mixing ratio are increasing from 30 to 5 hddad imply that AoA is
decreasing in that regiptoo. In other words, the regionhere the analyzed GHrends are
greater than about 4.9 %/decade correspomadvhere AoA estimates oughtliedecreasing.
Thisfinding differs fromthe AoA trendsf Diallo et al. and Mong&anzet al., although it is in
reasonablagreement withhe findingsof Ploeger et al. (2015 Fig. 9 based ortheir analyses

of AOA trendsfor 19902013 An increase inthe CH; of the mid to uppetropical stratosphere
may have occurred in 1992 due to the effects of the Pinatubo aerosols (Considine et al., 2001,
Al-Saadi et al., 2001). Thatitial acceleration othe BDCwas likelyfollowed by an extended
period of negtive CH4 trends, aseported by Rosenlof (2002) and Nedoluha et al. (1998)
Randel et al. (1999%Isoreportel on a rather episodic rebound the CH; of the lower
mesosphera 1997-1998 However, Fig. 10 indicates thtte upward extensioonf CHs atthe

2-hPalevel at that time may have been merely due to interactions with the QBO

For the middle latitudes the resultsHigure6 indicatelikely contributiors from the effects of
bothhorizontal transport and mixinglhe trendsgree broadly withhie early findings of
Rosenlof (B02) that were based &ALOE CHs from just 19922001. Positive CH; trends in
the middle stratephere may implgweakenimg of the subtropical barrigto transporiout of the
tropicsandtowardmiddlelatitudes This assmptionagrees with the aeeasing AoA reported
by Ploeger et al. (2015 Fig. 2 for the ®uthern hemisphereHowever, it is at odds with their
findings for the northern hemisphere, where they foarsignificant increase in AoA for the
period 2002012 It is tentatively concluded that there wadexadachange in th€Hs and the
AO0A trendsandin the BDC for thenorthern middt latitudedor 1992-2005 versu20022012,

related to changes for bate meanmeridionalcirculation and thenixing.

19



© 00 N oo o B~ W DN

e
w N B O

14

15

16
17
18
19
20
21
22
23
24
25
26
27
28

For thehigh latitudes Fig. 6 showsegative CHtrends at thaorthern latitudes near 10 hPa that
extend equatorward to 50°N, indicating an exchange of vortex air to lower latitudes. No
equivalent net equatorward tisport is apparent at 10 hPale southerrhemisphere Finally,
there are Bmispheric differences in the GHendsof Fig. 6 forthe lower stratosphere, too. In
partiaular, the positive trends atiddle latitudes of the northern hemisphere indicate a net
poleward transpo of younger, tropicaliathat is consistent with @ecrease in the transit time
forthe shallowbrach of t he BDC (B°nisch et thelpolay 2011) .
vortexseems to haveemained largelyntact at higher altitudesAn acceleratedescent of the
airpoleward of 68 S imeavgextendedo below the20-hPa level bringingolderair to the

lower stratosphererhere it wasmixed efficiently with the air at middle latitudes. Thus, the
results in Fig. goint to distinct differences itne forcing mech@smsand for the shallow

versus the deep branches of Bi2C within the two hemigheres

6 Related trendsfor H>O and HCI

Supporting evidencesisought from the caarrent trends in HALOHO because CHis
oxidized chemically t¢120 in the upper stratosphetéeir trends ought to be amtnrrelated due
to that relationshigBrasseuand Solomon, 20Q03Rosenlof, 200R The nean mixing ratio
profilesfor H20 are nearly symmetrifor correspondinggatitude zons of the two hemispheres
(not shown) H20 values for the subtropics increase from aboupprv at 50 hPa to about 6.3
ppmvat 0.5hPa. H>O also increases slightfyom the subtropics to the extratropinghe upper
stratospheredue mostly to the oxidation @Hato H-O and taits subsequertransportpoleward.
Seasonabnd interannudf-varying, entrylevel valies are foud inthe HALOE HO time series
of the tropical lower stratosphere. There is also an episodic decre¢agsdarentrylevel values

in 20062001 (Randel et al., 20Q6-ueglistaler, 2012 although that changs nearly
imperceptibleat 10 hPa in the time 8es ofthe middle latitudesFor the lower mesosphere it is
presumed thathangesre smalfor theremainingpartof theH2O that isdue tothevariations of

H20 as itentersthe stratosphere through the tropical tropopanisehere the air hagnavemlge
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H2>0 mixing ratio of abou8.5 ppmv. Slightly less than half of the #D in the lower mesosphere

is from the oxidation of methane

Trend profiles ee obtained from HALOHO using the same terms thatre@pplied in the
MLR models forCHs, and tle results ae shown and compared f86e & Fig.11andfor3 5 ¢ N
in Fig. 12 In order to get a bettédea about their mutual changéseir trend profiles arplotted
in terms of ppmv/decadezstimates of uncertainty are shown by the horizontal bars where the
trends are highly significanfThe rend terms foH-O in Fig. 11arehighly significantin the
lower stratosphere and also at 0.3.hPeendsfor H-O andCHa are of the same magnitude and
weakly positive in the upper stratosphere, but they are not highly significaate are
indicationsof ananti-correlation in theimutualtrendsin Fig. 12for the upper stratosphere of
the northern hemisphetieat are more in keeping withat expected frorthe chemicaloxidation
of CHs to H2O. Thar respective trerglalschave opposing signa the lower stratosphere tife
northern hemispherdutthat finding is attributed to the trends tbose two gases ther

tropical source regionln that regard, it is notdtiat he trend profiles for kO in Figs. 11 and

12 qualtatively supportthe modeled trend estimates$ stratospheri¢i2O for the longer time
spanof 198620100f Hegglin et al(2014, their Fig. 5). Themodeledestimates also
consideredbserved trends in tropospheric Oblusachemical conversion toJa.

Figure 13s the MLR model fit to theCHstime series datat 0.7 hPa of the northern extratropics
and subtropicsTheminimumin the extratropiceccurs in late summer, due to the nearly
complete oxidation of the CHit that time. Conversely, there is a maximum in therepics in
late summer dut theupwarddiabatic circulation that ia dynamicalesponséo thevery warm
temperatures dhe polar summer stratopaygadrews et al., 1987)Upon closer inspection,
one can readily see thatede predominant, annual dg variations in the datf the extratropics
are different for some years; those variatiarssunderestimated blyd MLR malel terms in

1992 and from 2002005 and overestimated from 192®01 In the subtropicsie late summer

maximum is overestimatday themodel in 1996 and in 2062001. The modeklearly
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underestimates treubtropicaldata in the winter of 19998, too. Occasionglseasonal
amplitude anomalies are also present in the &talyss forthe southern subtropitat are
nearly absennithe southern extratropics (not showtt)is likely that themore pronounced
variatiorsin the northern hemispheage relatedo the varyingplanetary wave activitgnd its
effects on the mean meridional transport and mixing of the &dndel et al(2000) reported
that there was a minimum the stratospheric wave forcing for the years 199®7, followed by
an increase in 1998999. Pawson and Naujokat (1998ls0 noted that there wenme midwinter
warming events for the northenemisphere in thmiddle 1990s.Manney et al. (2005) shed

thatwarming events wenmore prevalenthereafter

The seasonal terms ofettMLR model simply providan average fit to the data across all the
years. Thus, the time series of HALOEH of the northern hemis$greindicatethat there must
be a connection teffectsfrom aperiodicdynamical forcings For example, e qualitatve effect
during and just following a warming event is to enhance meridional transport of a tracer (like
CHa) in the upper stratospherecamesosphereHitchman and Leovy (198@&)lsofoundthat

there weresecondary residual circulans in the subtropicassociatedavith the descent of the

SAO thatalso responet to stratospheric warming event§he MLR models do not account for

the effecs of such irregular forcings, and those unmodeled effects can affect the analyzed trends.

Thus, it may be that éhsubtropical trerglare merely reflecting the effectsatfanges in
stratospheric wintertime warming activity during 198205, rather tharepresenting any
longertem trend for a changef the deep branch of the BDAE those upper leveldt ought to
be possible twerify thoseinstances of MLR/data mismatch with the aid of a model studs
CHza-like tracerthat istranspated with the usef assimilated temperature and ozone geld

A number of investigators ke analyzed time series HfCl in the lower mesosphere to verify
concurrent changeinthe effects of reactive chlorine on ozdeey., Froidevaux et al., 2006)
HCl is the primaryproduct of the chemical conversia free chlorine fom methyl chloride and

from CFC molecules the upper stratosphere (Brasseur and Solomon, 20@5)this reason
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HCI may also be considered agracerlike species for studying transport and -ageir,
particularly for the uppermost stratosphere and lower mesospiede! studieshowpeak
values ofHCI occurringin the lower mesospheire 1999 while the HCI time seriedrom

HALOE at 0.46 hPa and up to 20Ditlicatethatthe observed maximuwccured a year of two
earlieror in 1997(e.g., Waugh et al., 2001However, he compéte time series of HALOE HCI
shows two maximunds one in 1997 and another from 202Q202(WMO, 2007, Fig.1-12). It
may be that there wesggnificant variationsn the oberved HCI due talynamical forcings at
those altitudesndthatthe chemicalfransport modeldo not represnt them savell. Whenthe
time series of HALOE HCI are referenced to surfaces of constanttie is better agreement
with themodeled trends fdHCl in terms otthe knownchanges in its primary surfaseurce
gases othe CFCs(JamesRussell lll and John AndersoHampton Universityprivate
communication, 2002)Thus, it appears that HALOE Gliepresents a vesffective tacerin

the lower meosphere, even though its mixing rattere issmall.

Spatial gradients fo€Hsand HClin the lower mesosphere are opposite in bigih vertically

and in the meridional déction such that any anomalies in their respective residuals should have
opposimg features that would tend to confirm effects from dynamical forcings. TherbfbRe,
analyses are apgied to time series of botlCHs andHCI in the lower mesospherés shownin

Fig. 13 CH4 hasseasonal and QB{ike forcingsthatare resolved and accoted forreasonably

well with the MLR modelsthe same terms aepplied to the HALOE HCI time series\

guadratic termsalsoaddal to the linear term for it¥LR model because HCI variesn

lineay from 19922005. At 5 5 N 1 @7ehRa (mear &2 knthe mixing ratio of HCI

increases from 2.6 ppbv in 1992 to a maximum of 3.6 ppbv in 200thandeclines to an

average o0B.1ppbvin 2005 CHs at 0.7 hPas morenearly constant dd.21 ppmvover thattime

span

Figure 14 (top)showsthetime sries of the residuafso r H C| andai(.7 hBabTéneN

residuals (or data minus MLR model curve values) are obtained in this case by settinglthe AR
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coefficient to zero, ging a better idea of anomalies the modeledeasults In generalthe HCI
residualgndicate a good fit to the datgaryingbetweent0.2 ppbv or within 6% of the mean for
the data. Note though that the residuals are mostly negative in 1998%hdnd mostly
positive in19951996 and ir2001-2002 Figure 14(bottom)shows the corresponding residuals
for CHsthat are of the order of +0.@®mv or abouR9% of its mean value; thosesiduals
indicatelittle to no biaswith the modefrom 1992 to midl999, but theshowa clear negative
bias in 200Gand 2001pr opposite to that from HCIThus, there isgeriodic structure remaining
in the residuals for both HCI and GHind their opposing sigriiring some yeaisdicate that
net transporimay have been inducdy the effects of wavéorcingsduring those winters having
significant stratospheriwarming activity Recently though, Damiani et al. (2014) reported that
there can also be a chemicalpartitioning of HCI to CIONQin responséo alower
mesospheric cooling followingtratospheric warmgevents. The absence of any clear-anti
correlation between the HCI and €isduals of Fig. 14 for 1998999indicates that HCI s not
stricly a passive traceat that timebut may belepleted slightly by thehemical repartitioning

That prospect nghtalso explain the small, but anomalous decrease in the HALOE HCI trends of

19981999 that were reported in WMO (2007).

7 Conclusions

Time serieglataof the traceilike moleculeCHs obtained vith the UARS HALOE experiment
are analyzed using MLRethniques fotheir periodic and trend terms during 199Q05. The
swnset and sunrise profile dateedinned according to tropical and high latitude zondwtif

the southern and northernrhispheres.The ime series i@ generated and analyzed fromHta

to 04hPa. Based on an examination of the data time sdmah seasonal and interannual terms
are included in the MLR models, in additionadinear trend term. The tretelms ae

examined to see whether taesany change in the BD{or the saithern or northern
hemispheres during 1922005 in accadance with the simple concept of Plumb (2007 )for
hemispheric BDC The adoption of that approach indicathata changef the BDCcan be
detectedvherethe CHatrends are positive by more thafo/decale in thetropicsand less than

thator negative at the high latitudeBurther, since the analysa® @onducted at pressure levels
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rather than at geometric altitudes, it is presurhatlany significant trends must deemainly

to changedrom the effects of wave forcings on the distribution<Cais.

The primay findings of this study are as follow3he CH;trend terms for the northern
hemisphere are sificant andpositivefrom50H a t o 7 hndlargeatihan thed e N
troposphericCHa trends of about 3o/decadé r om 20 h Pa t the t@dshaf a . At
clearly negative from 20 hPa TohPa. Thus, he overall trend signature across those two gone
indicatesanacceleration of the BD@ the middle stratosphere tife northern hemispher@he
CHatrendsare positive and significant from hPato 5hPa forl 0 gaBdthe corresponding
trendsare negativat7 hPa and 5 hPa fér 0 U8 not highly significanttheir combined trends
donotclearlyindicate an acceleratiaf theBDC for themiddle stratosphere of tls®uthern
hemisphere No significant change is indicated for the BDC at 50 and 30 hPa, although the
analyzedCHa trends are asymmetric between the two hemisphditesCHstrends arealsonot
highly significantfor the stratospereof either hemispherabove the $1Pa level The early
climate model simulatiaof Rind et al. (1990) are qualitativedgnsistent witlthesefindings,

in thattheirmodelruns shownore wave activityand dissipatiothroughout the winter in the
northern than in the southnhemispherdor their modekcenario of steady increesofCO; in

the atmosphereStill, it may be thathese findings othangsin the BDCare only
representativef 19922005 particularly for the middle latitudes of the nath hemisphere

The trends for HALOEH2O aecompareda t 3 5 e with thdse ftoraCéHen the upper
stratosphere and lower mesosphere beddv®ds the primary product of the oxidation©Ha
at those altitudesAn approximatenverse relationship between their tremsl$oundin the
middle and uper statosphere of the northern hemisphénanotin the southern hemisphere
The two gases show inverse trends in the lower stratosphere, too. However, whiledfiéor
HALOE H>0 are large and significaim the lowerstratosphereheyreflectmosty the episodic

decrease for the enttgvel H-O to the stratosphere from below2000-2001.
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The variationof CHs with time inthe lower mesospherdso provide someclues about the

effects of aperiodic wave forcings that region Other researchelavealso reportd that there
aremodest disagreements in the modeled trends for HCI compmatiedse observed with
HALOE, particularlyfrom about 19960 2002 Both CHs and HClshouldserveas tracers of
anychangegslue tothe waveforcings In most instanestheir respective time seriggsiduals ee
anticorrelatedand support the idea ofdgnamical response teave activity The observed,
small reductions of the HCI in the lower mesosplierd 9981999, however, do not seem to be
related to a correspdimg increase in the CHesiduals A chemical repartitioning of HCI to
CIONO: may have occurred at that timen summary, it is concluded that neglobal

distributions ofCHa, as remotely measured from a satellite, are an excellent diagnostic of the

effects ofseasonal and loegterm changes fdhetotal transport within the middle atmosphere.
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1 Table 1. Methane trend profiles (%/decade). Bold denotes trend terms having confidence
2 intervals (Cl) O 95%.

P | 10N 10N 35N 35N 60N  6ON
(hPa)l 10 45 +10 5  +10  +5

0.4 10.2 7.7 235 123 -8.5 -29.6

0.5 96 8.7 249 8.6 -10.7 -25.2
0.7 31 15 23.8 45 -17.8 -28.0
1.0 -0.6 -4.2 213 20 -19.0 -225
2.0 51 1.2 234 7.8 -10.3 -3.7
3.0 8.2 87 254 155 -7.2 -3.3

5.0 16.3 20.4 15.7 13.8 -8.3 -6.3
7.0 115 122 7.7 7.0 -14.2  -11.3
10.0 74 98 42 13 -21.3 -195
20.0 8.0 10.0 9.7 57 -6.7 -8.4
30.0 43 3.8 10.7 8.6 0.9 0.3

50.0 34 33 6.5 6.2 3.4 3.8
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Table 2. Mean Ckmixing ratio profiles(ppmv).

P 60S 35S 10S 10N 35N 6ON
(hPa)

0.4 020 0.23 023 024 0.24 0.20
0.5 021 024 025 026 0.26 0.20
0.7 022 028 029 031 0.30 0.22
1.0 023 031 036 040 0.36 0.26
2.0 0.28 044 057 062 0.49 0.35
3.0 037 05 073 077 056 0.41
5.0 053 0.74 095 096 0.68 0.52
7.0 065 0.86 1.11 1.11 0.79 0.63
100 | 078 098 126 1.24 0.90 0.75
200 | 098 115 145 1.42 1.09 0.97
300 | 110 122 152 151 1.19 1.06
500 | 123 135 158 156 1.34 1.21
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Table 3. Southern and northern hemisphere tropical and extratropical CH4 trend profiles (%

decad#d) and their associated confidence intervals (Cl in %) for the presence of the terms in the

MLR models.

Pressure (hPa) | 6 0N5eS,| 10N5eS,| 10N5eN,| 60N5eN,
0.4 -5.3, 75 86, 5 7.7, 34 -29.6, 98
0.5 -1.2, 72 94, 7 8.7, 33 -25.2, 93
0.7 -11.0, 83 11.0, 13 15, 18 -28.0, 92
1.0 -13.3, 89 5.9, 13 -4.2, 59 -22.5,78
2.0 -6.2, 60 50, 21 1.2, 67 -3.7, 22
3.0 -5.4, 82 15.4, 48 8.7, 11 -3.3, 71
5.0 -3.7, 90 17.4, 97 20.4, 91 -6.3, 99
7.0 -0.7, 57 13.3, 99 12.2, 97 -11.3, 99
10.0 1.0, 7 6.9, 96 9.8, 99 -19.5, 99
20.0 4.0, 69 1.8, 93 10.0, 99 -8.4, 97
30.0 0.1, 7 1.5, 85 3.8, 99 0.3, 2
50.0 -4.1, 62 1.8, 70 3.3, 99 3.8, 84
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Figure legends

1. BrewerDobsoncirculation (BDC) and stratospheric ozone. The sense of th@roelation

or BDC is shown by the black arrows overlain on the zorallgraged ozone distribution (or its

number density in molecules pertwersus latitude and altitudér March 2004as measured

by the OSIRISsatellite instrument. Wiggly orangerowindicates the propagation of waves

from the troposphere as they affect the ozone. The dashedline is the tropopausadaption
of figure inShaw and Shephera008.

2. Methane dstribution(ppmv)for Jaruary tased on a chemistry and transpoddel

simulation White arrows indicate the sereed strengtlof the nefcirculation (image courtegs

of Eric Fleming.

3. Time seriesof CHsf r om HALOE at 10 h Pthe (tapsdutherand 5 ¢
the (lottom) northern hemisphereSolid and open circles indicate the-awveraged Clidata for
sunset and sunrise, respectively. The oscillating curve is the MLR fit to the data based on the

terms indicated at the lower leétnd the neanorizontal line represents the sum of the constant

and linear trend terms.

4. Annuallyaveraged, zonal mean HALOE methane from the Mh&\yses (contour interval is

0.2ppmv).

5. Asin Fig.3, buta t

northern hemisphere

hPa

an d tree(top) $obtlgern lachforihd (lmttbrm)
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6. Linear trends for HALOE methane (in %/decade). Zero and positive trends are solid contours

and negative trends are dashed; contour interval is 4 %/decade. Dark shading denotes where the

trendsha e a conf i

7. Asin Fig. 3, but at®
northernhemisphere.

hPa

dence interval (Cl) O 90%, an

and at 5e tharamndtfoutdegbottom)r t he

8. Tropical and high latitudeeend profiles for CHlin the southern hemispher¥ertical dashed

line istheapproximate trend for tropospheric €&t 3.0+0.7 %/decadedorizontal bars show

t he 20 er r or highlgdighifrtantrendterihsor t he

9. As in Fig. 8 but for the northern hemisphere.

10. Time series of HALOE CHat 2 hPa at the tropickltitudes for comparison with that of

Nedoluha et al. (1998).

11. Trend profileqin ppmv/decadefor CHsandHOat 3 5 e theasbuthermeraisphere.

Hori zont al

bar s

d efar the héghlyt slyrdficaptirendsn cer t ai nt i es

12. Asin Fig. 11 but for3 5latitudein the northern hemisphere

13. Asin Fig. 3, but foCHsat 0.7 hPandatthe latitudes 0b 5(p) andl 5(lgottom)of the

northern hemisphere
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14. (top) Time series of HCresidual (datd MLR curve)at 0.7 hPa and & 5 e N tom)time t

series ofCHsresidualat 55 e N.
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Figurel. BrewerDobson ciralation(BDC) and stratospheric ozone. The sense of this net
circulationor BDCis shown by the black arroveserlain onthe zonallyaveraged ozone
distribution(or its number density in molecules perorarsus latitude and altitude) for March
2004, asneasured by the OSIREatellite nstrument. Wiggly orange arrowdicates the
propagation ofvavesfrom the tropospheras they affect the ozoneThe dased black line is the

tropopausdadaption of figure irShaw and Shepherg008.
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Figure 2 Methane distributiofppmv)for January based axchemistry and transport model
simulation. Whitearrows indicate the sense and strength of the net circulation (image courtesy

of Eric Fleming.
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Figure6. Linear trends for HALOE methane (in %/decade). Zero and positive trends are solid
contours and negative trends are dashed; contour interval is 4 %/decade. Dark shading denotes
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Figure9. Asin Fig. 8, butdr the northern hemisphere.
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Figurel0. Time series of HALOE Ctat 2 hPa at the tropical latitudes for comparison with that
of Nedoluha et al. (1998).
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