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ABSTRACT RESULTS3LOBAL 2D LINEAR TRENDS
Inthe lastfew decadeszoneresearchhasbeenstronglyshapedby 3 important findings Theleastsquarelineartrend coefficientfor eachtime serieswascalculatedat eachpoint (altitude, latitude)
1)  anthropogenicchlorofluorocarbonsandepletethe ozonelayer[Molina and Rowland,1974 2D TREND ANALYSIS
i)  the discoveryof asizeableozonehole hasbeendiscoveredFarmanet al, 1985 | — T T T T | — i
i) that the signingand implementation of the Montreal Protocol has helped limit the production and concentration of ozone 5T | i 105 o
depletingsubstanceODSs)WMO, 20117]. 62.3- s . ] '
Aswe now move towards possibleozonerecovery,the focusof attention is shifting towards analysisof long-term ozonechanges(e.g. =T | | a e H \‘ (\ B {  ] ‘e\ Ao . | |
declining halogenloads, depletion of polar ozone and increasesin greenhousegases),and short-term ozone changes(e.g. due to & B - I - T— ;‘_ﬁ‘ w“ | (“ J‘\ “ ”‘ h T 1 . | | ““ |
internal variability like the QBO[Baldwin et al 2001], the ENSOBronnimannet al 2004 and the NAO[Ossoet al 2011], or due to BETle (8 @ i : s o PERCIEEEN Y | L3 |1 \ “ T — J",‘ A A (\ H\ “ I
externalforcingssuchasvolcanicsignals,or the 27-day or 11-year cyclesin solarvariability [Fioletov, 2009). For all of these,accurate TR . . . . . . . e s e =R v ' \;M Al ‘ '\:‘\;’ u‘ L J‘W*‘ VTV
knowledgeof the zonallatitude, altitude and temporal structure of the ozoneresponseis required to place constraintson possible = 452 2 o o
explanations i.e. there is needfor a 2D+ spatio-temporal modelingframework. R 0 DR o g . S 3107759
We haveinitiated this studyto achievethis andto assesshe recentmultidecadalglobalozonerecordby: é::; e — § o0 — T =018 ouscae
analyzingthe 2D distribution of linear trends (asa function of zonallatitude and pressurealtitude) usingleastsquarefitting and : 40

localgradients|Greene,2014
2. extractingthe 2D distribution of nonlineartrends usingsingularspectrumanalysigSSA)Ghil et al, 20027
3. extractingthe 2D+1 distribution of oscillationsat different timescalesusingthe continuouswavelettransform (CWT)Grinstedet
al, 2004 Grinsted,2015 - |
4. calculatingthe statisticatsignificanceof key variations ge.g. bi-annual,annual,QBO,ENSONAOandthe solarcycle)over a range -60 -55 -50 -45 -40 -35 -30 -25 20 -15 -10 -5_0 5 10 15 20 25 30 35 40 45 50 55 60
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of timescalefrom 3 monthsto 16 yearsusingan AR() . © test LATITUDE
analyzinghe causalinteraction of variationsusingtransferentropy [Runge, 2012

Figurel. (left) The 2D spatial distribution (altitude,latitude) of trend coefficients(DU/decade)overlaid with quiver arrows showingthe local
Here,we presentsomeinitial resultsandfindings gradient (right) Ozondayertime seriesat (27.1km-60°) and at (27.1km,0°) togetherwith the correspondindeastsquarelinearfits.

We observethat: (i) linear trends are predominantlynegative,most stronglybelow+ 33km, (ii) trend coefficientsare generallyin the range-4.0
to +1.0 DU/decade and (iii) a localizedregionof smallpositivetrends (0 to +1.0 DU/decade)s apparentup to 40km in a 20° band centeredon
FATA the equator Note that the decreasingpzonelayertime series(upperright of Fig 1) hasa localminimumin the mid-1990s which we expectto

anti-correlatewith EES@nd other ozonedepletingsubstanceconcentrations Note that the linearfit is poor for this case We are in the process
of performingcalculationsalsowith piecewisdineartrend (PWLTModelsand SSAo deriveimprovedestimatesof localtrends.

SATELLIT

The principal data source is the SBUV v8.6 NOAA Merged Cohesive dataset of satellite ozone observations

(ftp://ftp .cpcncepnoaagov/SBUV_CDRprovided by the WCRP/SPARERN framework (SPARAOSC, IGACA03 and NDACC) | RESULTEMONTHLSGIGNIFICANCEINDIVIDUAIOSCILLATIONS

The spatialresolutionis centeredon a grid of latitude zonalbandsfrom -87.5 to 87.5 in 5 degreeintervalsand at 21 Dobson
altitudinal layersup to the top of the atmosphere Temporallythe data spansthe period 01/1970c12/2015with both dailyand| | thec\wTwasusedto computethe power spectrumasa function of period for eachtime seriesat a givenpoint (altitude, latitude) Thiswasthen
monthly-averaged Tummonet al, 2019. Thedatasetis of high quality, stable (trendsin TOCvary by only about 1%/decade)and| | comparedwith the AR() spectrumfor eachmonthto constructa statisticalhypothesigest of the significanceof eachperiod at the 95%level

multi-decadal- makingit suitable for the study of longterm effects [Harris et al 2015. It also hasthe required spatial and

temporalcoverageor a studyof short-term effectsand externalforcings Altitude=49.5 [km] Latitude=-15 [degrees] Power Time-Averaged Spectrum Alttude=49.5 [km] Latitude=-15 [degrees] H significant Cases
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DATAPREPROCESSING
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In this initial study, in order to perform gapfree spectralanalysiswe computed monthly meansand extracteda subsetof the
datahavingthe highestdensitytemporalcoveragg11/197812/2015 andrestrictedthe analysido the latitudinalrange 60N-60S
S0 as to avoid sparsity during polar winters. Missing data (never exceeding2 consecutivemonths) was interpolated with a
piecewisecubicsplinefit. Thefirst 9 layersup to 32km were combinedinto a singlelower layersuchthat the verticalstructurehas
the characteristicshownin Tablel.
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Tablel. Thealtitudinal structureof the data usedin this study. 8 B N e | ; , :
Bottomaltltude km)|Top altitude (km)|Central altitude(km 1o | LS S W S % A R I S - 16
1980 1985 1990 1995 2000 2005 2010 2015 0 5 10 15 20 1980 1985 1990 1995 2000 2005 2010 2015 0 0.5 1
] 1013.25 16.06 28.7 14.3 Year Power Year Proportion
13'22 1605193 :2)3'; géi ggg Figure2. (left) Thewaveletpower spctrumof the ozonelayr time seriesat 49.5km and 15°Stogetherwith the time-averagedspectrumand the
; : : : - AR() referencecurve (right) Months where oscillationsare statisticallysignificantat the 95% leveland their prevalenceas a proportion of the
9 ySig P Prop
6.39 4.03 35.1 38.3 36.7 time seriesof 434monthlyvalues
- 4.03 2.55 38.3 41.5 39.9
N 255 L5 AL N 9 RESULTE 2D+1 VISUALIZATIGDFINDIVIDUADSCILLATIONS
1.61 1.01 44.7 47.9 46.3
8 1.01 0.64 47.9 51.1 49.5
9 0.64 0.40 51.1 54.3 52.7 We then construct3D gridsof waveletpower at constantperiod in the 2+1D spaceto trace and studythe spatiotemporaltopologyof individual
0.40 0.25 54 3 575 559 oscillationsg i.e. the distribution of signalstrengthis a cubeof intensity asa function of time, altitude andzonallatitude for eachoscillation
0.25 0.16 57.5 60.7 59.1
0.16 0.10 60.7 63.9 62.3
0.10 0.06 63.9 67.1 65.5 - s 10
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globaldomainto calculatethe wavelet power spectrumand to identify monthly meansthat are statisticallysignificantfor each
oscillationperiod. We then construct3D grids of constantperiod to deducethe 2D+l distribution of individual oscillations In
parallel,we computeleastsquarelineartrend fits to the time seriesdataat eachpoint in the globaldomain
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Theresulting2D+1 datasetof ozonelayerdatais therefore of sizel3x 25x434. 704> ot s 704 - 70! "
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We apply the CWTto eachof the time seriesin the 2D spatialgrid (altitudinal Dobsonlayersx latitudinal zones)spanningthe S 3. - o lo
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Figure 3. 2D+l distribution of wavelet power for 3 key oscillations (left) the annual cyclet 12 months (1.0 yr), (center) the QuasiBiennial
OscillationF 28 months(2.3 yr) (right) possiblya VolcanieSolarflux cyclemodulationf 84 months (7.0 yr).

Theauthorsareindebtedto all the researchteamscontributingdatato the SBUVmergeddataset

REFERENCES CONCLUSIONS

BaldwinMP, GrayLJ,DunkertonTJet al (2001) RevGeophys39(2):179-229.

BronnimannS,Luterbacheid,Staehelind,et al (2004 Nature431(7011):971-974. The2D+1 modelingframeworkintroducedhere offers additionalinsightinto the structure of trendsand oscillationsn globalozone

FarmanJC GardinerBG,ShanklinJD(1985 Nature315.207-210.

FioletovVE(2009 JGeophyResl114:D02302 A.2D least-squaretrends help point to spatialdomainsthat may benefit from more advanced/nonlineartrend modelingtechniquesbasedon
GhilM, AllenMR, DettingerMD, et al (2002 RevGeophys10(1):1-41. PWLTor SSAanalysis

GreeneCA(2014) URL http://www .mathworkscom/matlabcentral/fileexchangel6363trend. B.3D grids of oscillationscan be constructeddirectly from ozone layer measurementsby computing the wavelet power spectrum of each
GrinstedA (2015 URL http://www .glaciologynet/wavelet-coherence ozonelayertime series

GrinstedA, Moore JC Jevrejevas (2004 NonlinProcGeophysl 1(5/6):561-566. C Statistically-significant months where such oscillations manifest themselvescan then be identified unambiguouslyin the spatial domain
HarrisNRPHassleB, TummonF, et al (2015 AtmosChemPhys15(17):99659982 spanningaltitude and zonallatitude.

MolinaMJ& RowlandFS(1974) Nature249.810¢812

OssOA, SolaY,BechJ& LorenteJ(2011) JGeophysRes Atmos116(D24). Future work will focuson interpretation of this globaldescriptionin the context of the 2D distribution of nonlineartrends extractedwith SSA
TummonF,HassleB, HarrisNRPgt al (2015 AtmosChemPhys15(6):3021-3043 We will also assesghe potential for applyingadvancedcausaldiscoveryalgorithmsto the data in an attempt to connectthe interaction of
WMO (2011 URL http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessraéil . oscillationswith the underlyingdynamics



mailto:mtaylor@auth.gr

