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Summary((
'
The'paper'compares'the'solar'cycle'signal'in'several'stratospheric'ozone'data'sets.'It'is'
obviously'the'first'part'of'a'twoCpart'paper'that'forms'the'basis'of'a'model'assessment'
study'(to'follow).'It'is'also'related'to'the'upcoming'CMIP6'ozone'forcing'paper.'The'
paper'goes'relatively'deep'into'the'comparison'of'data'products,'and'I'must'stress'that'I'
am'not'an'expert'on'these'products.'In'my'view,'the'comparison'of'different'product'or'
product'versions'with'respect'to'solar'cycle'signals'is'a'worthwhile'task'and'the'
conclusions'are'strong'but'interesting.'One'focus'of'the'paper'is'on'the'seasonality,'
which'(according'to'the'authors)'should'be'captured'by'any'potential'climate'model'
forcing'data'set,'but'also'the'general'altitudeClatitude'structure.'The'authors'conclude'
that'there'are'considerable'differences'between'data'sets'in'this'respect.'The'paper'is'
well'written,'albeit'quite'technical'at'times.'It'is'scientifically'sound.'In'my'view'the'
paper'is'publishable'after'minor'revisions.'
'
We#thank#the#reviewer#for#reading#the#manuscript#and#providing#their#helpful#comments#
and#suggestions.#We#address#their#specific#issues#in#turn#below.#
#
Specific(Comments((
'
1.' 'My'main'comment'concerns'how'the'outline'of'the'paper'and'its'position'amongst'
the' other' paper' (Part' 2,' CMIP6):' If' the' assessment' of' data' sets' for' use' as' forcings' in'
CMIP6' is' the'main'topic,' then'perhaps' it'should'be'made'more'clear'at' the'beginning,'
which'properties'such'a'data'set'should'have'and'which'not'and'how'such'a'data'set'is'
(or'might'be)'generated.'Will'some'smoothed'satelliteCbased'data'set'be'used'and'then'
extended' forward' and' backward?'Will' an' existing' model' simulation' or' ensemble' be'
used?'Or'will'an'ozone'data'set'be'generated'purely'statistically?'Perhaps'a'few'words'
on' that' would' help,' otherwise' the' paper' is' in' danger' of' being' misunderstood.' The'
starting'point'(and'recommendation)'of' the'paper' is' that' in'any'case'a'realistic'solarC
cycle' imprint' should'be' in,' and' the' conclusion' (in' the' abstract)' is' that' satelliteCbased'
ozone'data'sets'alone'will'not'be'good'enough'to'get'that'signal.'I'find'that'interesting'
and'well'demonstrated'in'the'analysis.'However,'I'would'like'to'know'a'little'bit'more'
about' other' effects,' although' this' is' not' the' topic' of' the' paper:' Obviously' ozone'
depleting'substances'should'be'in'such'a'data'set.'It'is'also'clear'that'climatic'influences'
such'as'SSTs'should'be'excluded'because' the'coupled'models'will'generate' their'own'
SSTs.' What' about' the' QBO,' should' it' be' in' or' out?' How' will' volcanic' eruptions' be'
specified'in'CMIP6?'This'sounds'a'bit'off'topic,'but'it'might'help'the'reader'to'position'
the'paper'amongst'the'other'two'upcoming'papers'before'the'focus'then'goes'entirely'
towards'the'many'data'sets'and'the'solar'cycle'imprint.'Also,'it'would'help'to'assess'the'
relevance' of' the' uncertainties' found' against' other' uncertainties.' Once' the' position' of'
the'paper'is'made'clear,'I'can'agree'with'most'of'the'paper.'
'
The#reviewer#raises#many# important#points# regarding# the#ozone#database# for#CMIP6.#As#
part# of# the#CMIP6# special# issue# in#Geoscientific#Model#Development#Discussions# (GMDD)#
there#will#be#a#paper#that#describes#the#CMIP6#ozone#dataset#in#full#(cited#as#Hegglin#et#al.#
(in# prep.)# in# the# manuscript)# and# a# paper# that# describes# the# solar# forcing# for# CMIP6#



(Matthes# et# al# (2016)).# The# ozone# database# will# be# based# on# chemistryJclimate# model#
simulations# from# the#WCRP/SPARC# Chemistry# Climate#Model# Initiative# (CCMI),# and#will#
include# effects# of# ozone#depleting# substances,# greenhouse#gases# and# the# solar# cycle.# The#
authors#are#not#sure#whether#it#will#also#include#the#effects#of#QBO#and#volcanic#eruptions,#
since#these#are#represented#differently#across#models.#
#
Because#the#CMIP6#ozone#dataset#has#not#yet#been#finalized#and#will#be#fully#documented#
in#the#GMDD#special#issue,#we#are#cautious#of#adding#additional#information#to#the#current#
manuscript.#However,# the# revised#manuscript#actually#places#much# less# emphasis#on# the#
assessment# of# satellite# ozone# datasets# for# CMIP6,# and# instead# focuses# more# on# the#
interpretation#of# the#datasets# themselves.#Part# II#will#provide#more#detail#about#a#solarJ
ozone#response#recommendation#for#CMIP6.#However,#we#have#added#some#more#detailed#
text#at#the#end#of#Section#1#that#describes#the#main#properties#that#an#ozone#dataset# for#
climate#models#must#possess#which#helps#to#put#the#analysis#into#a#modeling#context.#
'
2.'Temperature'used'for'conversion:'It'is'often'not'clear'how'temperatures'were'used'
to'convert'number'densities'to'mixing'ratio.'In'which'cases'were'daily'profiles'used,'in'
which'monthly,'or'even'just'a'climatology?'In'which'cases'were'zonally'averaged'
temperatures'used,'in'which'the'full'3D'fields?'Perhaps'add'a'table.'
#
All#of#the#conversions#presented#in#Section#3.1.1#use#zonal#and#monthly#mean#temperature#
profiles# to# convert# the#zonal#and#monthly#mean#SAGE# II#profiles.#We#have#expanded# the#
text# in# this# section# to#give#a#more#detailed#description#of# the# temperature# fields#used# to#
conduct#the#conversions#to#mixing#ratios.#We#hope#that#the#reviewer#finds#this#explanation#
clearer.##
'
3.'Regression'models:'Perhaps'it'is'common'practice'to'write'the'model'in'this'way.'I'
am'still'surprised'that'no'lags'are'used.'Also,'the'volcanic'term'is'basically'Pinatubo,'so'
perhaps'it'might'be'better'just'to'cut'that'period'out.''
'
Near# identical#multiple# linear# regression#models# have# been# recently# applied# to# satellite#
ozone#datasets#(see#e.g.#SI2N#papers#by#Tummon#et#al.,#2015;#Harris#et#al.,#2015#in#ACP).#
The#main#term#in#the#regression#model#for#which#a#lag#might#be#appropriate#is#ENSO.#We#
have# tested# the# sensitivity# of# the# results# to# lags# in# the# ENSO# index# in# the# range# 0J12#
months,# but# find# no# significant# effects# on# the# diagnosed# solarJozone# response.# We#
therefore# do# not# include# any# lags# in# the# regression#model.# Text# has# been# added# to# the#
Methods#section#of#the#revised#manuscript#to#explain#this.#
#
At# the# suggestion# of# the# reviewer,#we#now# exclude# the# periods# following#major# volcanic#
eruptions#from#the#analysis#and#no#longer#include#the#volcanic#regressor#in#the#MLR#model.#
However,#these#changes#have#little#impact#on#the#results.##
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General&Comments&'

As!a!result!of!the!criticisms!made!by!the!reviewer!we!have!made!substantial!modifications!
to!the!manuscript,!as!described!below!and!in!the!‘General!response!to!all!reviewers’.!While!
we!accept!some!of!the!criticisms!raised!by!the!reviewer,!and!have!modified!the!manuscript!
accordingly,! we! maintain! that! documenting! and! comparing! solar>ozone! signals! in!
different!satellite!ozone!datasets!is!a!valuable!contribution!to!the!scientific!literature.!This!
is!particularly!motivated!by!the!fact!that!there!have!been!recent!updates!to!the!two!main!
long>term! satellite! records,! SBUV! and! SAGE! II.! Given! the! length! and! degree! of! detail! of!
many!of!the!reviewer’s!comments!below,!we!have!only!attempted!to!respond!to!the!main!
points!raised.!However,!we!emphasise!that!the!revised!manuscript!has!been!substantially!
modified! compared! to! the!original,! and!we! therefore! encourage! the! reviewer! to! re>read!
the!entire!manuscript.!

The'task'of'this'paper'is,'according'to'the'title'“The'representation'of'solar'cycle'signals'
in'ozone”.'The'present'paper'is'Part'I'of'two'papers,'this'first'focusing'on'using'
observations'to'determine'the'solar'cycle'representation,'the'second'using'models.'The'
overall'goal'of'the'work'is'to'prescribe'the'ozone'changes'during'the'solar'cycle'for'use'
as'input'to'climate'models'that'do'not'themselves'calculate'the'ozone'responses'
directly,'thereby'allowing'these'models'to'include'indirect'effects'of'solar'forcing.''

The'manuscript'states'that'the'“goal'is'to'synthesize'current'knowledge'to'inform'a'
recommendation'for'including'the'solarGozone'signal'in'the'prescribed'ozone'dataset'
being'created'for'CMIP6”.'It'does'not'accomplish'this'task.'A'representation'of'the'solar'
cycle'signals'based'on'a'synthesis'of'observations'of'stratospheric'ozone'is'not'
recommended.'Instead,'the'paper'concludes'that'it'is'“unlikely'that'satellite'ozone'
measurements'alone'can'be'applied'to'estimate'the'necessary'solar'cycle'ozone'
component'of'the'prescribed'ozone'database'for'future'coupled'model'
intercomparisons”.'

These'aspects'of'the'paper'preclude'publication'in'its'present'form.'Unless,'or'until'the'
authors'can/do'produce'the'product'that'they'set'out'to'produce'then'it'would'seem'
that'a'paper'about'not'achieving'their'goal'is'unwarranted.'Their'conclusion'that'
satellite'data'are'not'able'to'inform'such'a'product'is'incorrect.'Ozone'has'been'
measured'in'one'form'or'another'by'multiple'instruments'for'at'least'three'solar'cycles.'
Others'have'demonstrated'that'there'is'sufficient'information'available'to'quantify'the'
solar'cycle'in'ozone'using'these'data,'albeit'with'uncertainties'(perhaps'even'large'
ones).'Bodeker'et'al.'(Earth'System'Sci'Data'2013)'produce'just'such'a'product.'Their'
Tier'1.4'database'is'the'natural'component'(solar'plus'volcanic)'of'vertical'ozone'profile'
variability'extracted'from'observations'by'linear'regression,'from'which'the'solar'
component'can'be'further'extracted.'As'well'the'manuscript'cites'various'other'such'
products'reported'previously'e.g.,'by'Randell'and'Wu,'Hood'and'coworkers'etc.'So'it’s'
not'that'this'task'can’t'be'done,'it’s'that'the'present'manuscript'doesn’t'do'it.''

We! have! reframed! the! objectives! of! our! study! in! the! revised!manuscript.!We! no! longer!
state! the! aim! of! “synthesizing! current! knowledge! to! inform! a! recommendation! for!
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We! have! reframed! the! objectives! of! our! study! in! the! revised!manuscript.!We! no! longer!
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including!the!solar>ozone!signal!in!the!prescribed!ozone!dataset!being!created!for!CMIP6”.!
Instead!we! focus!on!comparing! the!solar>ozone!responses! in!recently!updated! long>term!
satellite! datasets! (SAGE! II,! SBUV)! with! their! predecessors.! The! study! documents! these!
differences!and!where!possible!gives!insights!into!why!these!occur.!These!comparisons!are!
important! to!document!because!many!previous! studies!of! the! solar>ozone!response!have!
been!published!using!the!older!datasets,!but!many!fewer!with!the!newer!datasets,!and!in!
some!cases! substantial!differences!are! found!between! them.!This!will!provide!a!valuable!
point!of!reference!for!other!researchers!who!are!studying!solar!cycle!effects!on!climate.!

In'its'present'form,'the'manuscript'focuses'on'comparing'multiple'(nine'plus)'ozone'
datasets,'each'produced'from'a'variety'of'data'reduction'techniques'and'assumptions,'
combined'in'various'ways'and'covering'different'time'periods'and'different'lengths'of'
time.'For'the'most'part,'these'datasets'have'already'been'described'and'compared'in'
detail,'including'using'multiple'linear'regression'analysis.'So'the'dataset'comparisons'
themselves'are'not'new'material.''

While!multiple!linear!regression!analysis!has!been!applied!to!many!of!the!datasets!used!in!
this! study! (e.g.! Tummon! et! al.,! 2015),! the! main! goal! of! this! other! work! has! been! to!
document!linear!ozone!trends,!and!most!of!them!therefore!do!not!discuss!the!solar>ozone!
response! whatsoever.! There! has! been! no! recent! comparison! of! the! latitude>height!
structures! of! solar>ozone! responses! across! multiple! satellite! datasets! (see! e.g.! the! last!
major! effort! by! Soukharev! and! Hood! (2006)).!We! therefore! disagree! with! the! reviewer!
that! these!comparisons!do!not!present!new!material.!To!give! just!one!example! from!our!
study,! the! comparison!of! the! solar>ozone! responses! in! SAGE! II! v6.2! and! v7.0! is! new!and!
provides!useful!and!important!insight.!

Time%Span%of%the%Regression%Analysis%&

For'extracting'the'most'reliable'decadal'solar'signal'the'database'should'be'as'long'as'
possible'to'minimize'cross'projection'of'the'solar'and'other'influences.'As'noted'above,'
by'limiting'their'analysis'of'ozone's'response'to'solar'variability'to'data'mainly'from'
1984'to'2004'the'authors'are'not'utilizing'the'longest'datasets'available'(by'far!).'Ozone'
data'extend'from'1979'to'2015'–'during'the'additional'10'years'from'2004'to'2014'the'
solar'cycle'has'increased'to'another'maximum,'volcanic'aerosols'have'been'minimal,'
EESCs'have'continued'to'decline,'and'greenhouse'gases'to'increase.''

The'authors'investigate'the'effect'of'time'spans'on'their'results'but'their'approach'is'
not'systematic'and'they'conclude'only'that'different'time'spans'give'different'results.'
Their'Figure'11'shows'the'patterns'of'ozone’s'solar'cycle'response'derived'from'21G
year'datasets'over'different'epochs.'It'is'probably'not'surprising'that'using'different'21G
year'epochs'gives'different'statistical'models'since,'for'one'thing,'the'correlation'among'
the'various'predictor'times'series'likely'differs'for'each'21Gyear'period'and'this'may'
affect'the'derive'coefficients.'This'could'occur'even'if'the'ozone'time'series'were'
“perfect”'so'it'is'not'necessarily'true,'as'the'authors'conclude,'that'the'differences'in'the'
ozone'representations'obtained'from'different'21Gyear'epochs'is'due'entirely'to'
uncertainties'in'the'database.''

Examination'of'the'stability'of'the'statistical'model'coefficients'is'indeed'important'but'
the'approach'of'using'separate'21Gyear'epochs'is'perhaps'not'the'best'way'to'establish'



this.'As'a'dataset'lengthens,'the'magnitude'of'the'coefficient'of'a'given'predictor'should'
converge'to'a'“stable”'value.'The'usual'way'to'evaluate'the'stability'of'the'coefficients'is'
to'start'with'a'core'dataset'of'maximum'length'and'then'reevaluate'the'model'
coefficients'using'successively'shorter'lengths'of'the'primary'datasets.'In'revising'their'
manuscript,'the'authors'might'consider'developing'a'more'quantitative'metric'(solar'
signal'in'total'ozone'derived'by'integrating'the'vertical'profiles?)'to'establish'the'
stability'of'the'model'coefficients'as'a'function'of'length'of'the'dataset.'When'
accomplished'using'the'longest'possible'dataset,'such'a'metric'will'automatically'
provide'feedback'about'limitations'using'shorter'datasets'(such'as'HALOE).''

The'authors'proceed'to'extract'solar'signals'from'all'nine'plus'of'these'datasets'mainly'
over'a'common'21Gyear'period'1984'to'2004;'that'there'are'notable'differences'leads'
them'to'conclude'that'the'observations'are'not'adequate'to'extract'the'solar'cycle'
signal.'But'just'because'some'datasets'over'this'21Gyear'time'period'are'not'suitable'for'
this'task,'does'not'mean'that'some'longer'datasets'are'also'not;'more'importantly'a'few'
of'the'datasets'extend'over'the'period'1979'to'2015'–'37'years'–'and'these'(much)'
longer'time'series'are'more'suitable'and'more'likely'to'give'meaningful'results'than'
those'analyzed'for'just'21'years.'A'key'characteristic'of'a'database'suitable'for'
extracting'a'decadal'solar'cycle'signal'is'that'the'record'be'as'long'as'is'possible.'Even'
37'years'is'just'3'solar'cycles.'This'is'crucial'so'that'the'regression'analysis'can'properly'
separate'the'solar'cycle'from'other'influences'on'decadal'time'scales,'namely'EESC'and'
volcanic'activity,'each'of'which'has'decadal'scale'variability.'It'is'not'surprising'that'
datasets'like'HALOE'that'cover'only'the'period'1991'to'2005,'or'other'datasets'analyzed'
over'only'14'years'(barely'one'solar'cycle)'do'not'yield'statistically'meaningful'results'
or'that'results'among'them'differ'(e.g.'Figure'10).'To'achieve'the'stated'goal'of'the'
paper'–'namely'the'representation'the'solar'signal'in'ozone'using'observations'G'the'
authors'should'use'the'longest'available'time'series'of'ozone'profiles'that'exists'so'as'to'
minimize'correlation'among'the'predictors'and'decrease'regression'model'coefficient'
uncertainties–'this'is'from'1979'to'the'present'2015.'A'dataset'of'37'years'is'far'
superior'(even'with'other'extenuating'instrumental'limitations)'to'one'of'21'years'for'
extracting'the'decadal'solar'cycle.'Yet'nowhere'in'the'paper'do'the'authors'ever'use'the'
entire'dataset'available.''

As!requested!by!the!reviewer,!in!the!revised!manuscript!all!ozone!datasets!are!analysed!for!
their!entire!lengths.!We!have!removed!the!section!discussing!the!stability!of!the!regression!
coefficients.!Furthermore,! the! revised!manuscript! is!more! selective!about!which!datasets!
are! included,! and! results! from! short! records,! such! as! HALOE,! are! no! longer! presented.!
Instead!we! focus! on! comparing! SAGE! II! v6.2! and! v7.0,! a! subset! of! SI2N! extended! SAGE!
records,!and!SBUV!VN8.0!and!VN8.6.!!

A'truly'observational'representation'of'the'solar'cycle'in'ozone,'which'this'paper'seeks'
to'achieve,'is'important'for'input'to'physical'model'simulations'and'as'independent'
validation'of'those'simulations.'In'it'present'form,'the'manuscript'does'not'provide'
useful'material'for'climate'models'to'use.'One'assumes'therefore,'that'they'will'
recommend'in'Paper'II'that'a'representation'of'the'solar'cycle'signal'in'ozone'be'based'
on'model'simulations.'Since'the'present'manuscript'does'not'address'such'models'G'or'
assess'their'limitations'G'this'conclusion'cannot'be'justified'here,'especially'given'the'
many'known'uncertainties'and'limitations'of'models.'Models'require'observations'for'
validation'and'so'in'order'to'be'suitable'for'publication,'this'paper'needs'to'produce'



this'observational'product'G'with'as'many'caveats'as'needed'and'with'realistic'(possibly'
large)'uncertainties–'or'be'withdrawn.''

In!the!revised!manuscript,!we!no!longer!make!reference!to!a!recommendation!for!CMIP6.!
Furthermore,!we!make!clearer!recommendations!for!which!SAGE!II!and!SBUV!datasets!are!
likely!to!be!most!reliable!for!diagnosing!the!solar>ozone!response.!

Fortunately,'from'their'exhaustive'(albeit'nonGselective,'somewhat'unfocused'and'
inconclusive)'analysis'of'multiple'datasets,'the'authors'have'the'material'available'from'
which'to'extract'the'needed'product'and'to'avoid'the'obfuscation'that'results'from'
reporting'the'details'of'multiple'(less'worthy)'ozone'datasets.''

The!revised!manuscript!has!narrower!aims!and!presents!results!from!only!a!subset!of!the!
ozone!datasets!in!the!original!manuscript.!We!believe!that!this!results!in!a!more!selective,!
focused,!and!conclusive!study.!

One'way'for'the'authors'to'proceed'to'revise'their'manuscript'and'achieve'their'goal'of'
producing'an'observational'representation'of'ozone’s'response'to'the'solar'cycle'(with'
uncertainties)'might'be'as'follows:''

1)'Select'(on'the'basis'of'prior'work'and'current'analysis)'the'longest,'most'reliable'
SAGEGextended'dataset.''

2)'Select'(on'the'basis'of'prior'work'and'their'own'analysis)'the'longest'most'reliable'
SBUV'datasets'(possibly'NOAA'Cohesive'Merged'Dataset'–'see'below).''

3)'Develop'a'robust'multiple'linear'regression'methodology'for'extracting'solar'cycle'
signals'separately'from'these'two'independent'datasets'on'their'native'altitude'and'
spatial'grids'(for'this'purpose'the'current'MLR'model'needs'to'be'expanded'and'tested'
–'see'below).''

4)'Merge,'or'otherwise'combine/integrateG'the'solar'representations'from'the'two'
different'approaches'and'propagate'uncertainties'from'the'statistical'regression'
coefficients'of'the'two'representations.''

5)'Constrain'as'needed'the'ozone'profile'solar'cycle'changes'to'be'consistent'with'that'
of'total'ozone'(which'the'present'analysis'doesn’t'utilize'at'all).''

6)'Compare'with'Bodeker'et'al'Tier'1.4'representation'of'vertical'ozone'profile'
responses'to'solar'cycle'or'some'other'published'representation'(e.g.'that'used'in'
CMIP5);'discuss'and'quantify'limitations'and'uncertainties'in'the'final'observational'
product.''

Since!the!objectives!of!the!manuscript!have!altered!compared!to!the!original!submission,!
we!have!incorporated!some!but!not!all!of!the!reviewer’s!recommendations!(see!below).!

Specific&Comments&'

Requirements!of!Physical!Models!'



Nowhere'does'the'manuscript'define'requirements'for'the'task'they'are'undertaking,'
namely'the'details'of'the'inputs'that'physical'models'need'for'the'ozone'representation.'
What'is'the'altitude'grid'(and'resolution),'latitude'and'longitude'grid'(and'resolution)'
for'which'the'models'need'these'inputs?'Lacking'these'stated'definitions,'the'authors'
are'without'robust'criteria'upon'which'to'build'their'product,'or'to'assess'how'well'the'
final'product'meets'the'requirements.'Although'the'SBUV'observations'have'poorer'
vertical'resolution'than'do'the'SAGE'observations,'is'this'actually'an'issue'for'the'
climate'models?'What'vertical'(and'spatial)'resolution'is'actually'needed?'How'does'the'
magnitude'of'the'uncertainties'affect'the'usefulness'of'the'observational'
representation;'the'authors'show'regions'where'significance'exceeds'95%'but'it'is'quite'
likely'that'the'patterns'of'the'response,'even'including'regions'that'are'less'statistically'
significant,'can'still'provide'useful'model'input'and'validation.''

Is' the'ozone'product' to'be'represented'by'absolute'values'or'anomalies'–' if' the' latter'
than'is'a'reference'distribution'also'needed?''

The! revised! manuscript! places! much! less! emphasis! on! the! goal! of! creating! an! ozone!
dataset!for!models,!and!thus!some!of!the!comments!raised!above!are!no!longer!applicable.!
Nevertheless,!we!have!added!a!paragraph!at! the! end!of! Section!1! that! states! “Given! the!
potential!application!of!the!results!described!below!for!use!in!climate!model!simulations,!it!
is!prudent!to!briefly!review!the!typical!requirements!of!an!ozone!database!for!models!by!
describing! the!CMIP5!dataset!as!a! representative!example! (Cionni!et!al.,!2011)! (see!also!
Bodeker!et!al.!(2013)).!The!CMIP5!ozone!database!provided!monthly!mean!ozone!mixing!
ratios!on!a!regular!latitude/pressure!grid!at!a!horizontal!resolution!of!5◦×5◦!(lon/lat)!on!
24!pressure!levels!covering!1000>1!hPa!for!the!period!1850>2100.!Data!were!provided!on!
the!following!pressure!levels:!1000,!850,!700,!600,!500,!400,!300,!250,!200,!150,!100,!80,!70,!
50,!30,!20,!15,!10,!7,!5,!3,!2,!1.5,!1!hPa.!Stratospheric!ozone!data!(at!p≤300!hPa)!were!given!
as! zonal! mean! values.! Therefore! for! any! de>! scription! of! the! SOR! must! fulfil! these! (or!
similar)! criteria! to! be! viable! for! use! in! climate!models! (i.e.! global! coverage! at!monthly!
mean! resolution! and! with! sufficient! vertical! and! horizontal! resolution! throughout! the!
stratosphere).”!

Dataset!Comparison!and!Selection!'

As'the'authors'explain,'multiple'ozone'datasets'now'exist,'in'basically'two'categories'–'
those'based'on'the'SAGE'observations'and'those'based'on'the'SBUV'observations.'Much'
of'the'material'in'Section'2'–'currently'called'“Methods”'G'is'really'about'the'datasets'
and'might'be'renamed'“Datasets”'(with'the'MLR'presented'in'its'own'separate'and'
expanded'section).'A'number'of'other'papers'already'describe'these'various'datasets'in'
great'detail'G'including'their'multiple'linear'regression'analysis'G'and'to'some'extent'the'
current'paper'repeats'more'of'these'results'than'might'be'necessary,'in'that'this'paper'
is'about'the'solar'signal'in'the'datasets,'not'the'datasets'per'se.''

We!have!renamed!Section!2!“Ozone!datasets”.!As!noted!above,!although!MLR!analysis!has!
been!applied!to!ozone!datasets!in!the!past,!there!has!been!no!recent!effort!to!analyse!and!
compare!the!structures!of!the!solar>ozone!signals!in!different!records!(see!e.g.!Soukharev!
and!Hood!(2006)).!This!is!certainly!the!case!for!SAGE!II!v6.2!and!v7.0,!as!well!as!the!SI2N!
datasets.!



Most'importantly,'the'authors'should'describe'the'selection'of,'and'reasons'for'their'
selection,'of'the'most'suitable'(longest)'dataset'in'each'category'then'extract'the'solar'
signals'that'will'inform'their'product'for'climate'model'use'from'just'these'two'
datasets.'In'an'unfocused'and'round'about'way,'the'present'manuscript'actually'does'
this'to'some'extent,'but'it'doesn’t'use'the'longest'available'datasets'and'it'fails'to'
synthesize'the'many'derived'representations'into'a'final'product.''

The'SBUV'record'exemplifies'this'more'streamlined'approach.'In'the'present'
manuscript'the'authors'calculate'and'examine'the'solar'signals'in'all'three'SBUV'
records'when'a'judicious'assessment'of'prior'work'would'likely'lead'them'to'decide,'
right'from'the'beginning'of'their'study,'that'the'best'record'for'the'present'purpose'is'
likely'the'NOAA'Merged'Cohesive'Data'from'1979'to'2015'G'for'a'number'of'reasons'
(which'the'authors'should'lay'out'clearly'and'concisely).'In'a'revision'of'the'paper'along'
these'lines,'the'entire'Section'3.3'about'the'SBUV'record'could'appear'much'earlier'in'
the'paper,'in'a'section'about'Datasets.'The'general'(valid)'conclusion'presented'already'
in'this'paper'is'that'there'are'distinct'instrumental'differences'between'the'NASA'MOD'
V8.0'and'MOD'V8.6'datasets'–'a'conclusion'that'Lean'(JAS,'2014)'also'reached'and'
discussed'in'detail,'and'which'the'authors'might'simply'reference'to'justify'why'they'
probably'shouldn’t'use'MOD'V8.6.'So'then,'the'authors'need'to'obtain'the'solar'signal'in'
just'one'SBUVG'based'dataset.'By'elimination'this'would'seem'to'be'the'NOAA'Merged'
Cohesive'Dataset'which'the'authors'show'has'a'solar'response'like'that'of'the'(shorter)'
NASA'MOD'V8.0'dataset.'They'could'then'test'and'evaluate'more'comprehensively'the'
MLR'results'for'this'one'dataset'(e.g.,'effects'of'lags,'crossGcorrelation'of'predictors,'
addition'of'trend'term,'stability'of'model'coefficients'with'length'of'database'etc).''

A'similar'selection'could'be'made'of'the'SAGEGbased'datasets'–'utilizing'the'material'
about'these'datasets'already'published'and'whatever'additional'tests'the'authors'
undertake'to'clarify'their'selection.'A'distinction'among'the'SAGE'datasets'is'that'
different'versions'use'different'temperature'databases'which'the'current'manuscript'
expends'much'effort'in'analyzing'and'comparing.'Another'few'pages'of'the'manuscript'
(pages'11'and'12)'compare'various'characteristics'of'the'datasets'such'as'their'trends.'
But'a'comprehensive'regression'analysis'should'capture'and'extract'these'different'
trends'without'the'trends'necessarily'affecting'the'separate'(independent)'solar'
component.'And'as'with'the'SBUV'dataset'selection,'this'material'about'the'SAGEGbased'
datasets'could'be'included'in'a'section'on'Datasets'–'then'in'a'subsequent'section'on'
Results,'the'authors'need'only'extract'and'examine'the'solar'signals'from'one,'
preferred,'SAGEGbased'dataset'G'the'longest'one.''

The!revised!manuscript!presents!results!for!a!smaller!number!of!ozone!datasets!(8!instead!
of!13)!and!analyses!them!all!over!their!full!lengths.!The!selection!of!datasets!is!justified!by!
the!revised!goals!of!the!study!to!compare!solar>ozone!signals!in!recently!updated!datasets!
(SAGE!II!v6.2!vs.!v7.0!and!SBUV!VN8.0!vs.!VN8.6),!and!to!evaluate!recent!extended!SAGE!II!
datasets.!Based!on!the!comparisons!amongst!these!versions,!and!consideration!of!the!main!
sources!of!uncertainty,!we!now!include!recommendations!for!which!are!the!most!reliable!
datasets! to! use! for! diagnosing! the! solar>ozone! response.! We! do! not! agree! with! the!
reviewer! that! the! SBUV!Merged! Cohesive! Data! VN8.6! dataset! is! necessarily! better! than!
SBUVMOD!VN8.6!for!analyzing!the!solar>ozone!response.!Tummon!et!al.!(2015)!highlight!a!
number! of! issues! with! the! representation! of! long>term! trends! in! the! Merged! Cohesive!



Dataset,! which! may! also! affect! the! solar>ozone! response.! We! therefore! present! both!
SBUVMOD!VN8.6!and!Merged!Cohesive!VN8.6!and!discuss!their!respective!pros!and!cons.!

What'about'total'ozone?'Nowhere'in'the'paper'is'use'made'of'total'ozone'datasets,'even'
though'whatever'altitude'profiles'are'specified'must'be'consistent'with'the'total'ozone'
amount.'Total'ozone'datasets'have,'arguably,'greater'long'term'stability'than'the'profile'
datasets,'so'that'solar'signals'can'G'and'have'been'–'extracted'somewhat'reliability;'
differences'among'the'different'datasets'can'therefore'guide'the'selection'of'the'profile'
datasets,'as'suggested'above'for'SBUV'datasets.'Analysis'of'the'SBUV'MOD'V8.6'total'
ozone'compared'with'TOMS'MOD'V8'strongly'suggests'instrument'effects'in'SBUV'MOD'
V8.6'around'the'1996'time'frame'that'cause'a'smaller'solar'response'in'MOD'V8.6'than'
in'MOD'V8.0.''

We!now!include!a!paragraph!that!discusses!literature!on!the!solar>ozone!response!in!TCO.!
However,! most! of! the! results! in! our! study! are! related! to! differences! in! the! solar>ozone!
response! in! the! upper! stratosphere,! which! make! only! a! small! contribution! to! the! TCO!
signal! (e.g.! Hood! (1997)).! Therefore! to! keep! the! study! focused! on! the! latitude>height!
structures! of! the! solar>ozone! response! we! do! not! include! new! analysis! of! total! column!
ozone.!As!noted!by!the!reviewer,!the!solar>ozone!response!in!some!of!these!column!ozone!
datasets!has!already!been!analysed!and!described!elsewhere!(e.g.!Lean!2014),!and!we!now!
include!text!referencing!these!results.!

The%Regression%Model%Formulation%and%Results%&

Multiple'linear'regression'(MLR)'is'the'method'that'the'authors'use'to'extract'the'
soughtGfor'representation'of'the'ozone’s'response'to'the'solar'cycle.'Presenting'the'
direct'time'series'together'with'the'solar'index'(Figure'2),'and'discussing'(page'8)'how'
a'solar'signal'is'not'directly'evident'is'not'all'that'useful'–'it'is'not'even'evident'in'total'
ozone'because'of'the'various'other'influences.''

The'MLR'analysis'of'the'type'that'the'authors'use'has'been'used'extensively'to'model'
ozone'variability'statistically'in'terms'of'individual'influences.'But'the'model'that'the'
authors'use'doesn’t'take'advantage'of'the'understanding'achieved'from'those'prior'
studies.'As'a'result'it'likely'doesn’t'provide'the'best'representation'of'the'various'
predictors,'especially'EESC'but'also'ENSO'and'trends.''

EESC:'As'described'for'example'in'Bodeker'et'al'(2013)'and'Lean'(2014),'among'others,'
the'EESC'depends'on'the'age'of'air'and'on'bromine.'It'therefore'has'latitude'–'and'
possible'altitude'–'dependencies.'The'peak'of'the'EESC'temporal'structure'shifts'
accordingly,'which'affects'how'the'MLR'apportions'variance'among'EESC'and'other'
influences.'The'authors'don’t'say'which'EESC'profile'they'use'but'it'seems'that'they'use'
only'one'profile.'However,'there'is'no'one'EESC'profile'that'is'appropriate'for'all'
latitudes.'Rather'a'suite'of'profiles'is'needed'corresponding'to'different'ages'of'air'(and'
bromine);'these'can'be'obtained'from'GSFC’s'onGline'capability.''

The!reviewer!is!correct!that!we!have!used!a!single!EESC!index!for!all! latitudes/altitudes,!
which!neglects!the!effects!of!age!of!air!on!EESC.!We!have!tested!the!sensitivity!of!the!MLR!
results!to!this!assumption!by!using!latitude>height!dependent!EESC!timeseries!taken!from!
a!chemistry>climate!model!(UM>UKCA)!simulation!(REF>C1!CCMI!integration).!This!model!



simulation! implicitly! includes! effects! of! variations! in! stratospheric! age! of! air! on! EESC.!
However,! using! this!more! sophisticated!EESC! index! does! not! affect! the! diagnosed! solar>
ozone!response!in!the!datasets,!and!we!therefore!retain!the!use!of!a!single!EESC!index!for!
simplicity.!A!line!has!been!added!to!the!text!that!describes!this!sensitivity!test!to!justify!our!
choice.!

ENSO:'the'ENSO'signal'in'ozone'may'lag'the'MEI'index'by'a'few'months'–'while'this'is'
not'an'issue'for'mid'and'high'latitudes,'where'ENSO'signal'is'small,'it'could'affect'
tropical'signal.'Is'zero'lag'of'the'MEI'index'the'most'appropriate'lag?''

We!have!tested!the!effect!of!lagging!the!Nino!3.4!index!by!0>12!months!and!find!that!this!
does! not! affect! the! diagnosed! solar>ozone! response.! We! now! state! this! in! the! revised!
manuscript.!We!also! note! that! other! recent!MLR! studies! of! long>term! trends! in! satellite!
ozone!datasets!have!also!not!used!a!lag!for!ENSO!(e.g.!Tummon!et!al.,!2015;!Harris!et!al.,!
2015).!

Solar'Irradiance:'Why'do'the'authors'use'the'10.7'cm'flux'and'not'modeled'UV'
irradiance'or'the'Mg'index,'which'provide'better'representations'of'the'true'solar'
changes?'While'it'is'likely'that'for'monthly'means'these'differences'wont'be'large,'the'
authors'nevertheless'need'to'acknowledge'possible'limitations'of'the'use'of'the'10.7'cm'
index'in'representing'solar'UV'irradiance.''

We!have!added!a! sentence! “We!adopt! the!widely!used!F10.7cm!solar! flux!as!a!proxy! for!
solar!activity!in!the!MLR!model.!This!is!a!more!appropriate!measure!for!variations!in!the!
UV!spectral!region,!the!key!driver!of!the!stratospheric!ozone!response,!than!other!indices!
such! as! total! solar! irradiance! (Gray! et! al.,! 2010);! however,! it! should! be! noted! that! the!
F10.7cm! flux! is! not! a! direct! measurement! of! UV! variability,! but! rather! is! a! proxy! for!
variations!at!these!wavelengths.”!!

Trend:'The'authors'state'that'they'include'a'trend'in'some'instances'but'that'it'makes'
little'difference'to'their'“results”'by'which'they'presumably'mean'the'MLR'solar'cycle'
coefficients'(see'Technical'comment'below'about'confusion'due'to'the'authors’'generic'
use'of'“results”).'This'is'possibly'because'the'21Gyear'time'period'of'their'analysis'is'too'
short.'Using'the'longest'available'datasets,'the'authors'would'be'able'to'–'and'would'
need'to'G'separate'the'EESC'and'trend'components.'The'manuscript'discusses'in'quite'a'
lot'of'detail'the'different'trends'among'the'different'datasets'with'the'inference'that'this'
provides'a'measure'of'the'dataset'quality.'But'as'long'as'the'trend'and'solar'cycle'terms'
are'sufficiently'orthogonal'(low'correlation'coefficient)'then'a'linear'trend'shouldn’t'
influence'the'extraction'of'the'solar'cycle'representation.'The'difficulty'is'that'the'longG
term'drifts'in'the'ozone'records'aren’t'actually'linear'trends'and'that'further'more,'the'
combined'EESC'and'GHG'influences'aren’t'linear'either.'Other'authors'have'used'piece'
wise'linear'regression'to'account'for'the'fact'that'the'actual'trend'in'ozone'is'some'
combination'of'that'due'to'EESC'and'due'to'GHGs.'Modelling'the'longest'available'ozone'
dataset'to'achieve'the'most'reliable'solar'signal'possible'will'very'likely'require'the'
inclusion'of'a'realistic'trend'term.''

We!now!include!a!CO2!term!in!the!MLR!model.!However,!it!does!not!have!a!large!effect!on!
the!diagnosed!solar>ozone!response.!!



Seasonality:'The'present'paper'cites'the'need'for'specifying'the'seasonality'of'the'ozone'
response'to'the'solar'cycle,'and'the'authors'explore'this'(Figure'12)'but'without'coming'
to'concrete'conclusions.'Bodeker'et'al'(2013)'report'that'the'seasonality'is'not'
pronounced'for'solar'cycle'variations'in'their'regression'model'analysis.'The'authors'
could'investigate'this'more'robustly'in'a'number'of'ways.'One'approach'would'be'to'
add'additional'cosine'and'sine'terms'to'modulate'the'solar'index'in'the'regression'
model.'Another'would'be'to'perform'the'regression'using'3'months'to'define'the'four'
primary'seasons,'which'would'likely'be'more'representative'(less'noise?)'than'the'
figures'shown'for'each'sequential'month'in'Figure'12.'Either'way,'some'statement'is'
needed'about'the'magnitude'of'this'effect'–'is'it'important'or'not?'(in'a'statistical'
sense).'Will'the'solar'signal'representation'still'be'useful'as'input'to'the'physical'model'
simulations'without'the'seasonal'modulation'(see'above'comments'about'specifying'
requirements)?''

Part!of!the!motivation!for!including!a!section!on!“Seasonality!in!the!solar>ozone!response”!
in!the!manuscript!is!that!this!is!a!relatively!unexplored!area!of!research,!and!one!that!the!
authors!believe!warrants! further! investigation.!Specifically,! there! is!no!scientific!basis! to!
answer! the! reviewer’s! important! question:! “Will! the! solar! signal! representation! still! be!
useful! as! input! to! the! physical! model! simulations! without! the! seasonal! modulation?”!
because! a! comparison! of! e.g.! the! climate! response! to! solar! forcing! in! a!model!with! and!
without!a!seasonal!modulation!of!the!SOR!has!not!been!performed.!!

It! is! therefore! difficult!within! the! scope! of! this! study! (i.e.!without! performing! the! above!
model! calculations)! to! quantify! how! important! this! effect! is! for! climate! simulations.!
Instead,!we!include!a!short!section!that!explains!why!a!seasonal!component!to!the!SOR!is!
to!be!expected!from!photochemical!theory,!and!possibly!also!from!coupling!between!ozone!
transport!and!dynamics! (see!e.g.!Hood!et!al.! (2015)).! In!a! similar!manner! to!Hood!et!al!
(2015),! we! then! attempt! to! extract! this! seasonal! dependence! from! an! observational!
dataset!in!spite!of!several!challenges!described!in!the!manuscript.!

There!is!motivation!to!discuss!seasonality!in!the!SOR!on!monthly!timescales!for!a!number!
of!reasons:!

• There!may!be!intraseasonal!variations!in!the!SOR!that!would!be!smoothed!out!by!
taking!a!seasonal!mean:!e.g.!Hood!et!al.!(2015)!emphasise!the!importance!of!solar>
induced!ozone!anomalies!at!high!latitudes!in!early!winter.!

• Climate!model!ozone!datasets!are!typically!produced!at!monthly!resolution.!

Upon!performing!the!analysis,!we!find!regions!where!the!magnitude!of!the!SOR!on!monthly!
timescales!is!considerably!different!from!the!annual!mean.!We!then!provide!a!discussion!of!
the!implications!of!these!findings!that!concludes!this!is!an!under!researched!area!and!new!
studies!are!required!to!establish!whether!or!not!such!seasonal!fluctuations!in!the!SOR!are!
important!for!models.!

Once'a'properly'formulated'MLR'is'applied'to'extract'the'solar'cycle'signal'in'each'of'the'
two'basic'(SAGEGbased'and'SBUVGbased)'datasets,'the'extracted'solar'signals'then'
provide'baseline'solar'cycle'representations,'with'associated'statistical'uncertainties.'
Post'processing'of'these'two'solar'representation'could'include'(uncertainty'weighted)'



averaging'and/or'merging'and'error'propagation'to'achieve'a'coherent'synthesis'and'
final'product'that'the'present'manuscript'lacks.''

One!of!our!main!conclusions!is!that!the!SAGE!data!are!most!reliable!for!assessing!the!solar>
ozone! response! in! number! density! units.! We! have! therefore! not! averaged! the!
recommended!SAGE!and!SBUV!datasets!to!produce!a!final!merged!product!because!SBUV!
is! provided! as! mixing! ratios.! Instead! we! suggest! that! chemistry>climate! models! be!
compared!to!both!datasets!in!each!of!their!native!coordinates.!

Derived%Product%–Quantitative%Assessment,%Uncertainties,%Comparison%with%Similar%
Products.%&

The'authors'make'numerous'comparisons'and'describe'differences'among'multiple'
ozone'(and'temperature)'datasets'but'they'do'not'synthesize'their'results'or'reach'
quantitative'conclusions'about'the'solarGozone'representation'for'input'to'climate'
model'simulations.'Having'determined'a'best'possible'solar'cycle'representation'of'
ozone'and'corresponding'uncertainties,'they'could'assess'how'this'compares'with'
independent'representations'and'whether'on'not'the'uncertainties'make'the'derived'
solar'signal'representation'useful'for'input'to'the'model'calculations.'The'answer'to'this'
will'depend'on'the'magnitude'of'the'uncertainties'in'conjunction'with'the'requirements'
of'the'models'(as'noted'above).'Even'if'the'uncertainty'in'the'solar'cycle'signal'is'50%,'
this'may'still'be'useful'if,'say,'the'models'differ'by'100%'among'themselves.''

Independent'validation'is'possible'by'comparison'with'Tier1.4'or'other'solar'cycle'
representation'of'ozone'published'previously.'This'is'different'from'the'analysis'that'
the'authors'have'made'to'extract'the'solar'signal,'using'their'own'regression'model,'
from'the'Tier'0'database.'Rather,'comparing'their'solar'cycle'representation'of'ozone'
with'that'of'the'Bodeker'et'al.'and'others'takes'into'account'the'different'regression'
model'formulation'as'well'as'the'different'datasets.'Additionally,'since'it'is'likely'that'
climate'models'will'use'the'Bodeker'et'al.'ozone'profile'dataset'(it'was'developed'
expressly'for'that'purpose)'it'would'be'good'to'compare'the'solar'cycle'representation'
in'that'dataset'with'the'one'developed'from'this'work.''

The! solar>ozone! response! in! the! Bodeker! et! al! dataset! will! be! strongly! affected! by! the!
version!of!SAGE!II!that!it!includes!(i.e.!SAGE!II!v6.2).!Therefore!the!comparison!of!SAGE!II!
v6.2! and! v7.0! for! number! density! and! mixing! ratios! is! extremely! relevant! for!
understanding!the!solar>ozone!response!in!ozone!datasets!that!are!expressly!produced!for!
models!such!as!Bodeker!et!al.!and!Cionni!et!al.!

Since! the! scope! of! the! manuscript! has! been! revised,! and! the! analysis! is! no! longer!
orientated!around!CMIP6,!we!will! instead!include!analysis!of!the!solar>ozone!response!in!
ozone!datasets!for!models!(Cionni!et!al;!Bodeker!et!al)!in!Part!II!of!the!study,!which!focuses!
on! models.! The! revised! manuscript! includes! more! information! about! the! statistical!
uncertainties!in!the!solar!regression!coefficients!extracted!from!the!MLR!which!will!enable!
the!observed!uncertainties!to!be!more!readily!compared!to!uncertainties!amongst!models!
in!Part!II.!

Technical&Comments:&'



The'text'of'this'manuscript'is'not'as'precise'as'it'might'be'and'the'authors'should'
provide'additional'clarity'when'revising'the'manuscript.'It'can'be'quite'difficult'to'
discern'the'actual'analyses'being'described.'The'discussion'of'Figure'3'is'an'example'of'
this.'The'text'states'that'“Figures'3(a)'and'(b)'show'latitudeGaltitude'plots'of'the'
percentage'differences'in'ozone'number'density'between'solar'maximum'and'minimum'
for'SAGE'II'v6.2'and'v7.0,'respectively”.'What'is'not'at'all'clear'is'how'these'percentage'
differences'were'obtained.'On'first'reading'they'seemed'to'be'differences'of'the'direct'
time'series'themselves'(shown'in'Figure'2)'during'solar'maximum'and'minimum'
conditions.'If'so,'then'because'of'the'other'influences'on'ozone,'such'direct'differences'
are'not'reliable'indicators'of'the'solar'cycle'signal.'Are'they,'instead,'derived'using'the'
MLR?'The'text'doesn’t'say.''

Another'example'of'this'general'lack'of'precision'of'the'text'is'frequent'generic'
reference'to'“results”'(as'noted'above).'An'example'is'on'page'16:'“to'test'this,'we'add'a'
linear'trend'term'into'the'MLR;'however,'this'does'not'strongly'affect'the'results'as'
compared'to'Figure'11'(not'shown).”'By'results'they'presumably'mean'the'coefficients'
of'the'solar'predictor'in'the'statistical'model'–'so'this'is'what'they'should'say'in'the'text.'
More'generally,'the'paper'presents'many'“results”'about'many'things'and'each'one'
should'be'properly'articulated.'Even'if'this'lengthens'the'manuscript,'it'makes'the'
message'far'more'clear'for'the'reader.''

The! acronym! solar>ozone! response! (SOR)! has! been! introduced! throughout! the! text! to!
clarify!various!references!to!“results”.!We!have!also!made!textual!changes!throughout!the!
manuscript!to!improve!the!overall!clarity!and!precision.!

Line'20'ff:'the'authors'refer'throughout'to'the'SBUV'VN8.0'and'8.6'datasets'–'do'they'
mean'SBUV'MOD8.0'and'8.6'–'where'MOD'is'Merged'Ozone'Data?''

Changed!to!SBUVMOD!VN8.0!throughout.!

Line'29G30:'The'authors'make'the'mistake'of'confusing'the'absolute'energy'changes'in'
the'total'and'UV'spectrum'with'their'relative'changes'and'suggesting'that'TSI'changes'
are'somehow'much'less'than'UV'changes.'The'change'in'TSI'from'solar'max'to'min'is'
larger'in'absolute'energy'units'than'is'the'change'in'the'UV'spectrum.'The'manuscript'
needs'to'clarify'this.''

Changed! to:! “Whilst! fractional! changes! in! total! solar! irradiance! (TSI)! between! the!
maximum!and!minimum!phases!of!the!approximately!11!year!solar!cycle!are!known!to!be!
small! (<0.1%),! there! is! enhanced! fractional! variability! in! the! ultraviolet! (UV)! spectral!
region!(>6%)!(e.g.!Ermolli!et!al.!(2013)).”!

Lines'454G477:'These'differences'have'been'reported'and'interpreted'previously'in'the'
corresponding'total'ozone'datasets'of'the'two'versions.'Analysis'of'the'solar'(and'other'
signals)'in'the'Ozone'MOD'V8.0'and'MOD'V8.6'total'ozone'datasets'(Lean,'JAS,'2014)'
shows'the'regional'and'global'differences'for'the'solar'cycle'signal'in'the'two'different'
datasets,'finding'a'smaller'solar'cycle'amplitude'in'the'MOD'V8.6'of'3DU'versus'5DU'on'
Mod'V8.'That'paper'discussed'these'differences,'including'the'calibration'issues.''

We!have!added!a!citation!to!Lean!(2014)!and!discuss!their!mains!findings.!



Page'20,'lines'670G673.'The'authors'should'remove'their'“encouragement”'of'
instrument'teams'to'better'analyze'their'data!'The'instruments'teams'are'already'
undertaking'a'very'challenging'and'difficult'task'of'spaceGbased'metrology'and'are,'
without'doubt,'(more'than)'fully'aware'of'the'need'for'properly'specifying'instrumental'
effects'in'their'datasets'as'well'as'they'can!''

Removed.!

A'more'helpful'conclusion'would'be'for'the'authors'to'generate'an'actual'quantitative'
product'–'namely'the'solar'representation'of'the'solar'cycle'in'ozone'that'is'the'stated'
goal'of'their'paper'G'and'assess'the'future'needs'of'ozone'observations'in'the'context'of'
the'associated'uncertainties'of'that'product.''

As!noted!above,! the!goals! of! the! study!have!been! reframed! in! the! revised!manuscript! to!
focus!on!comparisons!of!the!solar>ozone!response!between!recently!updated!and!previous!
versions! of! the! main! long>term! satellite! ozone! datasets! (SBUV! and! SAGE! II).! The!
conclusions!have!been!amended!accordingly.!

'



Anonymous(Referee(#3(
Received'and'published:'10'February'2016'

'

General(Comments(
The'paper'seeks'to'explore'the'response'of'stratospheric'ozone'to'solar'cycle'changes'as'

observed'in'several'global'ozone'data'sets'through'a'regression'analysis.'The'observed'

response'is'presented,'discussed,'and'contrasted'between'the'various'data'sets.'There'

appears'to'be'as'many'differences'as'there'are'similarities'in'the'observed'responses.'

This'paper'is'part'one'of'a'twoDpart'series,'with'the'second'part'said'to'focus'more'on'

atmospheric'modeling.'

'

While'there'are'major,'but'correctable,'flaws'in'the'analysis'of'the'data'sets,'the'general'

qualitative'conclusions'of'the'paper'are'likely'robust.'The'quantitative'results,'however,'

will'need'correction'for'issues'listed'below.'�Overall'this'is'an'important'and'timely'

study'that'will'demonstrate'the'limitations'of'the'information'content'in'the'existing'

historical'stratospheric'ozone'record,'as'well'as,'the'dependence'of'these'records'on'the'

quality'of'ancillary'data.'The'title'of'the'paper'is'appropriate'and'the'abstract'is'a'

complete'summary'of'the'paper’s'current'content.'References'included'in'the'paper'

strike'a'nice'balance'in'both'quality'and'quantity.'

'

We#thank#the#reviewer#for#reading#the#manuscript#and#providing#their#helpful#comments#
and#suggestions.#We#address#their#specific#issues#in#turn#below.#
'

Specific(Comments(
���������������������������������������'

The'primary'concern'with'the'analysis'methodology'used'in'this'paper'has'to'do'with'

the' regression'model' D' specifically,' the' lack' of' a' diurnal' term.' The' sparse' spatial' and'

temporal' sampling' provided' by' an' occultation'measurement' system' presents' unique'

challenges.'As'has'been'done'for'decades'now,'the'data'are'often'reduced'into'monthly'

zonal'mean'time'series'with'each'mean'treated'as'though'it'is'representative'of'both'the'

latitude'and'month'of'the'center'of'the'monthly'zonal'bin.'While'this'is'not'usually'too'

problematic,'it'is'also'common'practice'to'assume'that'both'the'local'sunrise'and'sunset'

sampling'is'unbiased'in'each'mean'so'that'the'diurnal'variability'can'be'ignored.'

While' many' published' papers' have' already' ignored' the' diurnal' sampling' issue,' and'

undoubtedly'many'more'will'be'submitted,'it'is'now'time'to'address'this'problem'and'

develop' a' suitable' approach' for' mitigating' its' impact.' In' order' to' demonstrate' the'

presence'of'the'issue'in'this'work,'look'at'figure'2.'After'the'interruption'of'the'SAGE'II'

data'record'in'late'2000'due'to'an'instrument'problem,'the'measurements'resumed'at'a'

50%' duty' cycle' D' alternating' between' sunset' only' and' sunrise' only' periods' of'

approximately' 1' month' duration' each.' This' is' seen' in' the' deseasonalized' monthly'

anomalies'plotted'in'figure'2'as'an'abrupt'increase'in'variance'after'2000.'The'authors'

simply'call'this'increased'noise.'Closer'inspection'of'the'figure'shows'that'this'"noise"'in'

the' equatorialDzone' anomaly' increases' markedly' with' altitude.' This' variance' is' not'

simply' noise,' but' rather' the' direct' effect' of' a' biased' sampling' of' the' known' diurnal'

variability' �in' stratospheric' ozone.' More' subtle' variances' in' diurnal' sampling' occur'

throughout' the' record' and' other' latitudes' all' of' which' contributes' to' the' apparent'

"noise".' It' is'not' immediately'obvious'how' this'additional'unmodeled'variance'affects'

the'regression'results,'but' it' is' likely'that' it'will'correlate'with'some'of'the'regression'

terms'and'produce'biased'results.'Many,'but'not'all'(SAGEDGOMOS'being'an'exception),'



of' the' extended' time' series' that' add' other' data' sets' on' to' the' SAGE' II' record' have'

ignored'the'diurnal'issue'in'the'normalization'process'and'are'therefore'highly'suspect.'

More'on'these'extended'data'sets'momentarily.'Computing'monthly'zonal'means'is'not'

difficult'and'it'should'be'possible'to'create'time'series'where'the'local'sunrise'and'local'

sunset'measurements'are'kept' separate.'The' regression'would'have' to' include'a'new'

"diurnal' comb"' term,' but' the' number' of' data' points' in' the' regression' would' nearly'

double.'The'AR'analysis'would'have'to'make'sensible'assumptions'before'application.'

Alternatively,' it'may'be'possible' to'keep' the'existing' time' series'and'add'a'new' term'

that'accounts'for'the'relative'sunrise'to'sunset'proportions'of'events'contributing'to'the'

mean.'While' also' adding' a' term' to' the' regression,' this' would' reduce' the' degrees' of'

freedom' since' no' new' data' points' are' added' to' the' regression.' In' this' case,' the' AR'

analysis' would' probably' apply' as' it' is' currently' done.' Either' approach' may' require'

additional' terms' to' concurrently' deseasonalize' the' time' series,' since' the' current'

approach'of'subtracting'the'mean'monthly'mean'would'no'longer'work.'Exactly'which'

results'from'this'Part'I'are'being'carried'forward'into'the'Part'II'paper'or'will'emerge'as'

relevant' in' the' combined'whole' is' not' readily' apparent.' If,' however,' the' quantitative'

results' presented' here' are' important,' this' regression' analysis' will' need' to' be'

completely'redone.'

'

At#the#suggestion#of#the#reviewer,#we#have#added#in#a#new#term#to#the#MLR#model#for#the#
SAGE#II#datasets#that#quantifies#the#fraction#of#sunrise#to#total#(sunrise#+#sunset)#retrievals#
that#are#used# to#produce#each#monthly#and#zonally#averaged#profile.#An#example#of# this#
term# for# SAGE# II# v7.0# at# 1hPa# over# the# tropics# is# shown# in# Figure# 2# of# the# revised#
manuscript.#As# the# reviewer#highlights,# this# index# shows# strong# time#dependency# that# is#
likely# linked# to# the# increasing# variance# of# the# SAGE# II# ozone# anomalies#with# altitude# in#
Figure#3.#This#variance#should#project#strongly#onto#the#SR/(SR+SS)#term.#The#results#for#
the#SAGE#II#solarSozone#response#in#Figures#4#and#5#of#the#revised#manuscript#now#include#
the# effects# of# the# SR/(SR+SS)# term# in# the# MLR.# The# inclusion# of# this# term# does# not#
fundamentally#change#the#diagnosed#solarSozone#response,#but#it#does#slightly#reduce#the#
peak#magnitude#in#the#tropical#upper#stratosphere.#
##
Because#the#extended#SAGE#II#datasets#take#varying#approaches#for#dealing#with#diurnal#
sampling,#as#pointed#out#by#the#reviewer,#we#have#not#included#a#similar#diurnal#sampling#
term#in#the#MLR#model#applied#to#those#datasets.#However,#the#results#for#the#SAGE#II#data#
suggest# that# this# should# not# have# a# large# effect# on# the# estimation# of# the# solarSozone#
response#in#those#SI2N#datasets.##
'

Another'concern,'which'is'already'discussed'to'some'extent'in'the'paper,'has'to'do'with'

the'impact'of'the'relative'drift'between'data'sets'in'time'series'comprised'of'data'from'

more'than'one'measurement'system.'It'is'reasonably'clear'that,'given'the'timing'of'the'

end'of'the'SAGE'II'data'set,'any'such'relative'drift'will'bias'primarily'into'the'EESC'term.'

The'solar'cycle'term'will'also'be'biased,'however,'as'there'is'some'correlation'between'

the'EESC'and'F10.7'terms.'What'is'not'discussed'is'that'the'amplitude'assigned'to'the'

volcanic'term'will'change'in'response'to'varying'degrees'of'drift'between'measurement'

systems' via' its' correlation'with' the' F10.7' term.' This'would' seem' to' be' an' important'

diagnostic'(especially'in'the'upper'stratosphere'where'the'expected'volcanic'influence'

may,'arguably,'be'small),'but'in'reality'it'only'serves'to'reinforce'the'conclusion'that'the'

currently'available'time'series'are'too'short'to'provide'sufficient'orthogonality'between'

terms'with'predominantly'low'frequency'content.'It'would'seem'prudent'to'add'a'figure'



showing'the'latDalt'distribution'of'the'amplitude'of'the'volcanic'term.'Attribution'of'the'

actual'response'of'ozone'to'solar'cycle'variations'solely' to' the'amplitude'of' the'F10.7'

term' is' highly' problematic' with' these' extended' data' sets.' Drift' corrected' composite'

time' series,' to' the' extent' that' they' can' be' created,' would' seem' to' be' required.' The'

associated'correlations'and'resultant'coupled'uncertainties'should'be'more'thoroughly'

discussed.' On' a' positive' note,' the' analysis' done' to' attribute' the' SAGE' II' v6.2Dv7'

differences'to'either'algorithm'changes'or'Met'data'source'selection'are'enlightening.'

#
We#agree#with#the#reviewer#that#for#relatively#short#time#periods#it#is#difficult#to#separate#
possible#effects#of#multiple#external#drivers#that#may#be#partly#correlated#with#each#other.#
In# the# revised#manuscript#we# analyse# all# datasets# over# their# entire# lengths,# rather# than#
focusing#on#a#shorter#common#analysis#period.#Although#this#by#no#means#removes#all#the#
issues# highlighted# by# the# reviewer,# it# does# help# with# increasing# the# degrees# of# freedom#
available#to#separate#individual#drivers.##
#
As# a# result# of# comments# from# the# reviewers,# we# treat# volcanic# effects# differently# in# the#
revised#manuscript.#Rather#than#including#a#volcanic#term#in#the#MLR,#we#instead#exclude#
data# from# the# analysis# in# the# 2# year# periods# following# the# El# Chichon# and#Mt# Pinatubo#
eruptions.#We#hope#that#this#addresses#the#reviewer’s#concern#about#aliasing#between#the#
solar#cycle#and#volcanic#signals.#
#
With#respect#to#drifts#between# individual#datasets,# this# is#most#relevant# for#the#extended#
SAGE#II#datasets#and#the#SBUV#records.#We#now#show#timeseries#of#ozone#anomalies# for#
the#extended#SAGE#II#datasets,#which#makes#it#possible#to#see#behaviours#of#the#combined#
records.# For# example,# we# now# point# out# that# OSIRIS# shows# persistent# positive# tropical#
ozone# anomalies# during# the# solar# cycle# 23# minimum# and# this# might# contribute# to# the#
reduced#magnitude#of#the#solarSozone#response# in#the#SAGESOSIRIS#dataset#compared#to#
the#SAGE#II#data.##
#
For#SBUV#records,#the#process#of#data#selection,#calibration#and#merging#is#important#and#
this#is#stated#in#the#manuscript.#We#show#how#this#can#affect#the#solarSozone#response#by#
comparing#two#SBUV#VN8.6#datasets#and#describe#how#the#differences#in#methodologies#of#
these#datasets#affect#the#diagnosed#solar#signal.#
'

A(few(less(critical(Specific(Comments(
(
Page'7'lines'224D225:'Would'it'be'possible'to'illustrate'the'effect'of'the'AR2'vs'AR1?'

As#a#result#of#the#reviewer#comments,#the#Methodology#section#has#now#been#significantly#
expanded# and# we# feel# that# including# a# detailed# comparison# of# the# use# of# an# AR1/AR2#
model# for#the#residuals#would#make#this#section#even#more#dense#when#the#effect#on#the#
results#is#minor.#We#have#therefore#not#included#this#in#the#revised#manuscript.##
'

In'several'places,'the'authors'"blame"'NMC/NCEP'for'the'poor'quality'of'the'SAGE'II'

mixing'ratio'conversion'when,'in'reality,'the'method'by'which'the'SAGE'II'team'extends'

the'NMC/NCEP'profile'to'high'altitude'may'be'the'culprit.'The'details'of'this'process'are'

discussed'in'a'paper'this'work'already'references.'

Our#intention#was#not#to#“blame”#either#the#NMC/NCEP#or#MERRA#temperature#datasets,#
but# rather# to# point# out# that# there# are# uncertainties# in# the# evolution# of# stratospheric#
temperatures#over#the#recent#past#(both#in#reanalyses#and#satellite#observations).#We#have#



amended# the# text# to# read:# “The# NMC/NCEP# data# show# exceptional# behaviour# between#
2000S03.# At# 1hPa,# there# is# a#warming# of#more# than# 3K# over# this# short# period,#which# is#
coincident#with#a#warming#of#~1K#at#2hPa.#In#contrast,#at#5#and#10hPa#there#is#a#cooling#of#
more#than#4#and#2K,#respectively,#over#this#period.#The#magnitude#and#vertical#structure#of#
these#changes#in#the#NMC/NCEP#record#seems#inexplicable#as#to#be#related#to#any#physical#
process,# particularly# when# compared# to# the# variations# found# in# the# remainder# of# the#
record.# Some# of# these# issues# may# be# related# to# the# method# used# to# construct# the#
NMC/NCEP# temperature# record# itself.# NCEP# reanalysis# data# were# only# available# for#
pressures#greater#than#10hPa,#requiring#the#addition#of#operational#analyses#to#extend#the#
data#to#the#stratopause.#Data#from#an#atmospheric#model#was#used#to#further#extend#the#
temperature# data# to# the# mesosphere,# but# these# levels# are# not# considered# here# (see# e.g.#
Damadeo# et# al# (2013)# for# more# details).# The# NMC/NCEP# temperature# record# used# to#
convert#SAGE#II# is# therefore#constructed# from#several#component#datasets.#Regardless#of#
the#exact#cause,#it#seems#likely#that#some#of#the#temperature#variations#in#the#NMC/NCEP#
record#are#spurious#and#this#may#impact#on#the#diagnosed#SOR#in#the#SAGE#II#v6.2#mixing#
ratio#data.”#
'

Lines'526D527:'Is'the'amplitude'of'the'volcanic'response'invariant'as'the'time'subD

period'is'changed?'

As#noted#above,#to#avoid#possible#aliasing#between#the#solar#cycle#and#volcanic#signals#the#
periods#following#major#tropical#volcanic#eruptions#are#now#excluded#from#the#MLR#
analysis#and#we#therefore#no#longer#diagnose#a#volcanic#response.#
'

Minor(Technical(Comments(
'

The'URL'link'on'line'111'does'not'appear'to'work'as'expected'

URL#link#has#been#updated.#
'

The'time'series'show'in'Figure'1'should'be'extended'to'match'the'longest'time'period'to'

which'they'are'applied.'

Change#has#been#made.#
'

Why'does'panel'(b)'in'figure'5'appear'to'contain'much'coarser'latitudinal'structure'

than'seen'in'panel'(a)?'

MERRA#data#have#now#been#regridded#to#the#same#resolution#as#NMC/NCEP#in#this#Figure.#
'

Line'500'and'elsewhere,'this'reviewer'had'some'difficulty'determining'whether'the'

term'"increase"'referred'to'trends'or'the'solar'cycle'response.'The'authors'may'wish'to'

introduce'and'use'an'acronym'(e.g.,'SCR'D'Solar'Cycle'Response)'to'help'clarify'the'topic'

under'discussion'rather'than'use'a'generic'term'such'as'"increase".'

We#have#attempted#to#clarify#the#language#to#avoid#the#use#of#general#statements#such#as#
“increase”# and# have# introduced# an# acronym# for# the# SolarSOzone# Response# (SOR),# as#
suggested#by#the#reviewer.#
'

Line'548:'"improve"'should'be'"improved".'

Change#has#been#made.'



Anonymous(Referee(#4!
Received'and'published:'11'February'2016'
'
Summary(
(
To'correctly'investigate'the'impacts'of'solar'variability'on'the'climate'using'models,'it'is'
imperative'that'models'correctly'simulate'the'stratospheric'ozone'response'to'the'solar'
cycle'that'may'lead'to'an'impact'upon'surface'climate.'The'ozone'response'and'
feedback'may'be'as'important'as'the'direct'heating'effect'from'solar'variability.'Thus,'
for'models'that'do'not'calculate'ozone'variability'online,'a'realistic'representation'is'
vital'to'correctly'simulate'this'solar'pathway'to'impact'the'climate.'This'requires'using'
either'modelled'ozone'responses,'or'those'taken'from'multiple'satellite'sources.'The'
difficulty'is'that'different'satellite'data'can'tell'different'stories'of'how'the'stratospheric'
ozone'has'varied'over'time.'Thus'quantifying'the'true'behavior,'and'extracting'the'
solar'�component'as'an'input'into'models'is'difficult.'This'paper,'as'the'first'of'two'parts,'
aims'to'investigate'the'behavior'of'several'(SI2N)'merged'datasets'that'are'relatively'
new'and'many'of'which'are'either'based'upon,'or'have'a'large'component'from,'the'
long'SAGENII'record.'The'authors'present'a'comprehensive'comparison'of'the'behavior'
of'the'extracted'solar'signal'in'all'seven'SI2N'ozone'datasets.'They'also'seek'to'quantify'
and'understand'why'two'versions'of'the'same'data'in'units'of'volume'mixing'ratio,'v6.2'
and'v7.0,'differ'so'much.'Identifying'the'source'of'the'difference'due'to'the'temperature'
data'used'to'convert'from'number'density,'the'authors'apply'their'own'conversion'to'
investigate'the'differences'in'the'two'versions'of'SAGE'and'then'expand'their'
investigation'and'discussion'to'the'other'datasets'based'on'SAGE.'While'this'paper'does'
not'lead'to'a'better'understanding'of'why'the'solar'signal'extracted'from'the'SI2N'data'
differ'so'much'with'each'other'(except'versions'of'SAGE'II),'or'hint'which'one'is'likely'
the'best'to'use'in'future'studies,'this'is'an'important'contribution'to'the'field.'The'
knowledge'of'how'and'where'datasets'differ'will'provide'a'step'towards,'not'only,'
understanding'the'datasets,'but'potentially'improving'them'in'future'work.'The'work'
done'to'understand'why'SAGE'II'v6.2'and'7.0'differ'was'an'interesting,'revealing'and'
useful'analysis.'The'results'are'generally'clear'and'well'communicated.'In'context'of'the'
twoNpart'study'this'analysis'aims'to,'and'presumably'will,'inform'in'the'production'of'
an'input'ozone'data'set'for'the'CMIP6'modelling'runs.'From'the'view'of'this'reviewer,'
following'a'point'that'needs'addressing,'and'some'clarifications,'the'paper'fulfills'its'
aims'and'will'be'ready'for'publication.'
'
We!thank!the!reviewer!for!reading!the!manuscript!and!providing!their!helpful!comments!
and!suggestions.!We!address!their!specific!issues!in!turn!below.!
'
Specific(comments(
(
Page'25,'lines'7N10:'The'point'is'made'that'for'each'of'the'subNperiods'considered'in'the'
MLR'in'Figures'11aNf,'both'El'Chichon'and'Mt'Pinatubo'are'included.'With'both'
eruptions'included,'and'yet'the'upper'stratosphere'spatial'pattern'changing'with'each'
subNperiod,'the'authors'suggest'that'this'implies'differences'are'unlikely'to'be'volcanic.'
��As'stated'by'the'authors,'the'eruption'of'El'Chichon'occurred'in'April'1982,'so'the'
effects'of'the'eruption'on'the'stratosphere'would'be'expected'to'have'gone'by'early'
1985,'and'be'less'pronounced'in'1984'than'1983'and'1982.'However,'while'the'authors'
are'correct'that'both'eruptions'are'included'in'11aNb,'and'any'effects'likely'present'in'



11c,'El'Chichon'is'not'included'in'panels'11dNf,'which'begin'in'1985,'almost'three'years'
after'the'eruption.'While'temperature'responses'to'volcanic'eruptions'are'stronger'in'
the'lower'stratosphere,'and'less,'if'any'in'the'midNstratosphere,'there'are'hints'that'the'
mesosphere'sees'a'response'to'volcanic'eruptions'(e.g.'Beig'et'al.,'2003),'so'there'may'
indeed'be'an'aliasing'with'volcanoes'that'decreases'(as'seen'in'11cNf'relative'to'11aNb)'
when'El'Chichon’s'effect'is'removed'by'the'subNperiod'chosen.'Further'to'this,'there'is'a'
very'large'anomaly'present'in'both'SBUVMOD'and'SBUVN8.0'around'the'time'of'the'
1982'eruption'(Fig'8)'that'lasts'for'1N2'years;'a'similar'event'is'not'present'following'
the'Pinatubo'eruption,'and'so'is'likely'not'of'volcanic'origin'(unless'it'is'related'to'a'
change'in'the'atmospheric'viewing'of'the'instrument'for'a'reason'unique'to'El'Chichon).'
Such'a'large'anomaly'may'have'an'influence'on'the'MLR'leading'to'the'change'in'the'
spatial'patterns'plotted'in'Figure'11,'and'then'the'authors'may'indeed'be'correct'that'it'
is'not'volcanic'in'origin.'Perhaps'it'would'be'worth'applying'SBUVNMerged'Cohesive'to'
test'this,'as'the'anomaly'is'not'visible'in'that'time'series'in'Fig.'8.'
'
Figure! 11! has! now! been! removed! from! the! revised!manuscript! as! a! result! of! comments!
from!another!referee.!Furthermore,!the!periods!following!the!two!major!volcanic!eruptions!
(El! Chichon! and! Mt! Pinatbuo)! are! now! excluded! from! the! MLR! analysis! to! reduce! the!
potential!for!aliasing!between!the!solar!cycle!and!volcanic!signals.!!
'
The(following(are(suggestions(for(the(authors(to(clarify(or(reword:(
'
Page'13;'lines'20N26:'Indeed,'there'also'appears'to'be'a'larger'positive'anomaly'in'1992N
1994,'a'period'of'maximum'and'high'activity,'so'it'is'possible'this'may'also'contribute'to'
the'enhanced'signal'seen'in'Fig.'3c.'
As!noted!above,!the!period!June!1991JMay!1993!has!now!been!excluded!from!the!analysis!
to! remove! the! effects! of! the!Mt! Pinatubo! eruption.! This! change! has! little! impact! on! the!
results!in!Figure!3(c)!(now!Figure!4(c)).!
'
Page'15;'line'13:'While'records'indeed'show'there'was'a'warming'of'∼0.5N1.0'K'
following'the'Pinatubo'eruption,'and'perhaps'there'is'a'small'increase'in'1991/1992'in'
Fig.'4,'it'appears'that'at'30'hPa'a'warming'began'in'1989,'followed'by'the'∼2'K'decrease'
after'1992.'The'eruption'does'not'appear'to'stand'out'in'this'time'series,'so'perhaps'the'
authors'may'wish'to'revise'the'focus'of'their'comment'here.'
�We! have! amended! the! text! to! read:! “At! 30hPa,! the! evolution! of! the! two! temperature!
records!is!nearly!identical!during!the!period!of!overlap,!with!a!longJterm!cooling!trend!of!
~0.6! K! decadeJ1! that! is! strongly! connected! to! an! apparent! stepJwise! cooling! of! ~2K!
between!1992!and!1994.”'
!
�Page'15,'lines'18N19:'Two'points'of'clarity'here.'It'would'better'to'reformulate'to'
discuss'NCEP'first,'as'the'MERRA'data'do'not'show'the'decline'in'the'last'three'years,'
but'in'the'last'three'years'of'NCEP.'Note'also'that'the'solar'cycle'decline'began'in'mid'to'
late'2002,'so'this'three'year'period'is'mainly'during'the'maximum'period.'This'of'
course'does'not'change'the'point'being'made,'and'it'is'well'worth'highlighting'also'that'
this'odd'behavior'in'NCEP'also'occurs'(though'inversely)'in'this'same,'threeNyear'
period,'at'5'and'10'hPa,'hinting'at'an'issue'with'NCEP.'
We!have! reformulated! and! expanded! these! sentences! as! suggested! by! the! reviewer! (see!
revised!manuscript).!
'



Page'20,'lines'19N22:'The'authors'state'that'many'of'the'SAGENII'based'datasets'have'
differences'that'are'likely'the'result'of'merging'procedures.'Do'the'authors'include'in'
this'comment'also'that'SAGENGOMOS'1&2'and'SAGENOSIRIS'have'less'data'(or'more'
data'gaps)'in'the'equatorial'region'than'SWOOSH'and'GOZCARDS?'Or'if'not,'might'this'
additionally'decrease'the'significance'of'the'signal'in'the'tropics'and'lead'to'the'less'
‘smooth’'appearance'of'the'spatial'patterns?'The'reviewer'is'also'aware'that'Aura'MLS'
v2.2'used'in'GOZCARDS,'and'v3.3'in'SWOOSH'have'different'shortNterm'variability'
(larger'in'GOZCARDS).'This'might'be'worth'checking/considering.'
In! the! revised!manuscript,! only!3!extended!SAGE! II!datasets!are!analysed!which!provide!
ozone!number!densities! rather! than!mixing!ratios! (SAGEJGOMOS!1/2!and!SAGEJOSIRIS).!
Therefore!SWOOSH!and!GOZCARDS!no!longer!feature!in!the!revised!manuscript.!!
!
We!now!include!figures!in!the!Supplementary!Information!that!show!the!number!of!data!
points!used!to!diagnose!the!solarJozone!response!as!a!function!of!latitude!and!height.!This!
enables!a!comparison!of!the!sampling!by!the!original!SAGE!II!data!and!the!extended!SAGE!
II!datasets!with!the!SBUV!records.!These!differences!in!sampling!between!the!datasets!are!
briefly!referred!to!in!the!main!text.!
!
Page'22,'line'29:'The'two'SBUV'records'have'almost'the'same'datasets'used,'except'the'
Merged'Cohesive'uses'a'little'over'a'year'from'NOAA9'(see'Tummon'et'al.,'2015,'Fig'1.).'
We! have! amended! the! text! to! read:! “The! two! SBUV! VN8.6! datasets! contain! some!
differences! in! the! data! that! is! included! from! different! instruments! within! a! particular!
period! (see! Figure! 1! in! Tummon! et! al! (2015)),! and! in! the! methods! for! averaging! and!
merging!these!data.!SBUV!Merged!Cohesive!VN8.6!uses!data! from!a!single! instrument! in!
any! time!period;! the! individual! records!are! then!biasJcorrected! to!produce!a!continuous!
record!(Wild!and!Long,!2015).! In!contrast,!SBUVMOD!VN8.6! is!constructed!by!averaging!
all! available! data! within! a! particular! time! window! (Frith! et! al.,! 2014).! The! SBUVMOD!
datasets! extend! back! to! 1970! by! including! data! from! the! BUV! instrument! on!Nimbus! 4!
from!1970J1976,!whereas! the! SBUV!Merged!Cohesive!dataset! starts! from!1978!with! the!
first!SBUV!instrument!on!Nimbus!7.” 

Figure'6'might'benefit'with'a'third'column'of'difference'plots,'since'the'differences'are'
well'discussed,'though'specific'altitudes'and'latitudes'are'usually'not'mentioned.'Thus'
the'difference'plots'might'make'it'easier'for'the'reader'to'locate'what'the'authors'are'
referring'to.'This'is'at'the'authors'discretion.'However,'for'the'point'made'about'the'
solar'signal'in'Figs'6g'and'6h,'relative'to'6a'and'6b,'that'the'signals'are'larger'in'NCEP'
than'MERRA,'while'in'absolute'values'this'is'the'case,'I'wonder'how'significantly'
different,'statistically'these'signals'are?'Figures'6g'and'h'seem'more'similar'than'6a'and'
b'do'in'the'upper'stratosphere;'this'may'be'helped'with'a'difference'plot'with'
significance,'as'mentioned.'
A!third!column!showing!differences!has!been!included!in!Figure!6!(now!Figure!8!in!revised!
manuscript).!!
'
Technical(corrections(
Page'19,'line'4:'“but'the'magnitudes'[are]'quite'similar”'
Change!has!been!made.!
!
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Abstract. The impact of changes
:::::::
Changes

:
in incoming solar ultraviolet irradiance on stratospheric

ozone forms an important part of the climate response to solar variability. To realistically simulate

the climate response to solar variability using climate models, a minimum requirement is that they

should include a solar cycle ozone component that has a realistic amplitude and structure, and

which varies with season. For climatemodels that do not include interactive ozone chemistry, this5

component must be derived from observations and/or chemistry-climate model simulations and

included in an externally prescribed ozone database that also includes the effects of all major external

forcings
:::::::
radiation

::::
over

:::
the

::::::
11-year

:::::
solar

::::
cycle

:::::
affect

:::::::::::
stratospheric

:::::
ozone

:::::::::::
abundances.

::
It

:
is
:::::::::
important

::
to

:::::::
quantify

:::
the

:::::::::
magnitude,

::::::::
structure

::::
and

:::::::::
seasonality

::
of

:::
the

:::::::::
associated

::::::::::
solar-ozone

::::::::
response

::::::
(SOR)

::
to

:::::::::
understand

:::
the

::::::
impact

::
of

:::
the

:::::::
11-year

::::
solar

:::::
cycle

::
on

:::::::
climate. Part I of this two part study presents10

the solar-ozone responses
:::::::
two-part

:::::
study

::::
uses

::::::::
multiple

:::::
linear

:::::::::
regression

::::::::
analysis

::
to

::::::
extract

::::
the

::::
SOR

:
in a number of

:::::::
recently updated satellite datasets for the period 1984-2004, including the

Stratospheric Aerosol and Gas Experiment (SAGE) II version 6.2 and version 7.0 data, and the

Solar Backscatter Ultraviolet Instrument (SBUV) version 8.0 and version 8.6 data. A number of

combined datasets, which have extended SAGE II using more recent satellite measurements, are15

also analysed for the period 1984-2009. It is shown that SAGE II derived solar-ozone signals are

sensitive to the independent temperature measurements
:::::::
covering

:::::::
different

:::::::
periods

:::::
within

:::
the

::::::
epoch

::::
1970

::
to

:::::
2013.

::::
The

::::::
annual

:::::
mean

:::::
SOR

::
in

:::
the

:::::::
updated

:::::::
version

:::
7.0

::::::
(v7.0)

:::::
SAGE

::
II
:::::::

number
:::::::
density

::::::
dataset

::::::::::
(1984-2004)

::
is
:::::

very
::::::::
consistent

:::::
with

:::
that

::::::
found

::
in

:::
the

::::::::
previous

:::::
v6.2.

::
In

::::::::
contrast,

:::
we

::::
find

:
a
:::::::::
substantial

::::::::
decrease

::
in

:::
the

:::::::::
magnitude

::
of

:::
the

:::::
SOR

::
in

:::
the

:::::::
tropical

:::::
upper

:::::::::::
stratosphere

::
in

::::::
SAGE

::
II20

::::
v7.0

::::::
mixing

::::
ratio

::::::
dataset

:::::::::
compared

::
to

:::
the

:::::
v6.2.

::::
This

::::::::
difference

::
is
::::::
shown

::
to

:::
be

::::::
largely

::::::::::
attributable

::
to

:::
the

::::::
change

::
in

:::
the

:::::::::::
independent

:::::::::::
stratospheric

::::::::::
temperature

::::::
dataset

:
used to convert ozone number

1



density to mixing ratio units. A change in these temperature measurements in the recent
:::::
SAGE

:
II
::::::

ozone
:::::::
number

::::::::
densities

::
to

:::::::
mixing

:::::
ratios.

::::::
Since

:::::
these

::::::::::
temperature

:::::::
records

::::::
contain

::::::::::
substantial

:::::::::::
uncertainties,

::
we

:::::::
suggest

:::
that

:::::::
datasets

:::::
based

::
on

::::::
SAGE

::
II

::::::
number

::::::::
densities

::
are

::::::::
currently

::::
most

:::::::
reliable25

::
for

:::::::::
evaluating

:::
the

:::::
SOR.

::::
We

::::::
further

:::::::
analyse

::::
three

::::::::
extended

::::::
ozone

:::::::
datasets

:::
that

::::::::
combine

:
SAGE II

v7.0 data leads to substantial differences in the mixing ratio solar-ozone response
::::::
number

:::::::
density

:::
data

:::::
with

:::::
more

:::::
recent

::::::::
GOMOS

:::
or

:::::::
OSIRIS

:::::::::::::
measurements.

:::
The

::::::::
extended

:::::::::::::
SAGE-OSIRIS

:::::::
dataset

::::::::::
(1984-2013)

:::::
shows

::
a
::::::
smaller

:::
and

::::
less

::::::::::
statistically

::::::::
significant

:::::
SOR

:::::
across

:::::
much

::
of

:::
the

:::::::
tropical

:::::
upper

::::::::::
stratosphere compared to the previous v6.2, particularly in the tropical upper stratosphere

:::::
SAGE

::
II30

:::
data

::::::
alone.

::
In

::::::::
contrast,

:::
the

::::
two

::::::::::::::
SAGE-GOMOS

:::::::
datasets

:::::::::::
(1984-2011)

:::::
show

:::::
SORs

::::
that

::::::::
compare

:::::
better

::::
with

:::
the

:::::::
original

::::::
SAGE

::
II
:::::

data
:::
and

::::::::
therefore

::::::
appear

:::
to

:::::::
provide

:
a
:::::

more
:::::::

reliable
::::::::

estimate

::
of

:::
the

:::::
SOR. We also show that alternate satellite ozone datasets have issues (e. g. ,

::::::
analyse

::::
the

::::
SOR

::
in

::::::
recent

::::::::::
SBUVMOD

:::::::
version

:::
8.6

:::::::
(VN8.6)

:::::::::::
(1970-2012)

:::
and

::::::
SBUV

:::::::
Merged

::::::::
Cohesive

::::::
VN8.6

::::::::::
(1978-2012)

:::::::
datasets

:::
and

:::::::
compare

:::::
them

::
to

:::
the

:::::::
previous

::::::::::
SBUVMOB

::::::
VN8.0

:::::::::::
(1970-2009).

:::::
Over

::::
their35

:::
full

:::::::
lengths,

:::
the

:::::
three

:::::::
records

::::::::
generally

:::::
agree

::
in

:::::
terms

:::
of

:::
the

::::::
broad

:::::::::
magnitude

:::
and

::::::::
structure

:::
of

::
the

::::::
annual

::::::
mean

:::::
SOR.

:::
The

:::::
main

:::::::::
difference

::
is

::::
that

::::::::::
SBUVMOD

::::::
VN8.6

::::::
shows

::
a
::::::
smaller

::::
and

::::
less

::::::::
significant

:::::
SOR

::
in

::
the

:::::::
tropical

:::::
upper

:::::::::::
stratosphere,

:::
and

:::::::
therefore

:::::
more

::::::
closely

:::::::::
resembles

::
the

::::::
SAGE

::
II

::::
v7.0

::::::
mixing

::::
ratio

::::
data

::::
than

::::
does

:::
the

::::::
SBUV

::::::
Merged

::::::::
Cohesive

:::::::
VN8.6,

:::::
which

:::
has

::
a
::::
more

::::::::::
continuous

::::
SOR

::
of

::::
⇠2%

::
in

:::
this

:::::::
region.

:::
The

:
sparse spatial and temporal sampling , low vertical resolution,40

and shortness of measurement record), and that the methods of accounting for instrument offsets

and drifts in merged satellite datasets can have a substantial impact on the solar cycle signal in

ozone. For example, the magnitude of the solar-ozone response varies by around a factor of two

across different versions of the SBUV
::
of

::::
limb

:::::::
satellite

:::::::::::::
measurements

:::::::
prohibits

::::
the

::::::::
extraction

:::
of

:::::::::
sub-annual

::::::::
variations

:::
in

:::
the

:::::
SOR

::::
from

:::::::::::
SAGE-based

::::::::
datasets.

::::::::
However,

::::
the

::::::::::
SBUVMOD

:
VN8.645

record, which appears to be due to the methods used to combine the separate SBUV timeseries.

These factors make it difficult to extract more than an annual-mean solar-ozone response from the

available satellite observations. It is therefore unlikely that satellite ozone measurements alone can

be applied to estimate the necessary solar cycle ozone component of the prescribed ozone database

for future coupled model intercomparison projects (e.50

g., CMIP6).
::::::
dataset

:::::::
suggests

:::::::::
substantial

::::::::::::::
month-to-month

:::::::::
variations

::
in

:::
the

:::::
SOR,

::::::::::
particularly

::
in

::

::
the

::::::
winter

::::::::::
extratropics,

::::::
which

:::
may

:::
be

::::::::
important

:::
for

::
the

::::::::
proposed

::::
high

:::::::
latitude

::::::::
dynamical

::::::::
response

::
to

::

::::
solar

:::::::::
variability.

:::::::
Overall,

:::
the

:::::
results

::::::::
highlight

:::::::::
substantial

::::::::::
uncertainties

::
in

:::
the

:::::::::
magnitude

:::
and

::::::::
structure

::

::
of

:::
the

::::::::
observed

::::
SOR

:::::
from

::::::::
different

:::::::
satellite

:::::::
records.

::::
The

::::::::::
implications

:::
of

:::::
these

:::::::::::
uncertainties

:::
for

::

:::::::::::
understanding

::::
and

::::::::
modelling

:::
the

::::::
effects

::
of

:::::
solar

::::::
forcing

::
on

:::::::
climate

::::::
should

::
be

::::::::
explored.

::
55

::

1 Introduction
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Whilst
:::::
Whilst

::::::::
fractional

:
changes in total solar irradiance (TSI) between the maximum and minimum

phases of the approximately 11 year solar cycle are known to be small (<0.1%), there is enhanced

::::::::
fractional variability in the ultraviolet (UV) spectral region (>6%) (e.g. Ermolli et al. (2013)). An in-

crease in UV irradiance impacts stratospheric heating rates, and thus temperatures, through two main60

mechanisms: (1) enhanced absorption of radiation by ozone, and (2) enhanced production of ozone

through the photolysis of oxygen at wavelengths less than ⇠242 nm. Consistent with these mech-

anisms, past studies using models
::::::::::
observations, reanalysis data and observations

::::::
models have iden-

tified an increase in annual mean temperature in the upper stratosphere of up to ⇠1.5 K between solar

maximum and minimum (e.g. Ramaswamy et al. (2001); Austin et al. (2008); Mitchell et al. (2015a)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Ramaswamy et al. (2001); Mitchell et al. (2015a); Austin et al. (2008) ),65

and an increase in ozone abundances of a few percent (Haigh, 1994; Soukharev and Hood, 2006) .

These radiative
:::::::::::::::::::::::::::::::::::
(Soukharev and Hood, 2006; Haigh, 1994) .

:::::
These

:::::::::
radiatively

::::::
driven changes mod-

ify the meridional temperature gradients in the upper stratosphere, which can lead to a modulation

of planetary wave propagation and breaking, and changes in the strength of the stratospheric polar

vortex (e.g. Kuroda and Kodera (2002); Matthes et al. (2004, 2006); Gray et al. (2010); Ineson et al.70

(2011)). Such feedback mechanisms can lead to amplified changes in regional surface climate via

stratosphere-troposphere dynamical coupling (e.g. Gray et al. (2010)). Constraining the stratospheric

temperature response to solar forcing is therefore important for understanding solar-climate coupling

and
:::::::
potential

:
sources of decadal variability in the climate system (e.g. Thiéblemont et al. (2015)).

Recent analysis of simulations from the fifth phase of the Coupled Model Intercomparison Project
::
75

::

(CMIP5) as part of the Stratospheric and Tropospheric Processes and their Role in Climate (SPARC)
::

Solar Model Intercomparison Project (SolarMIP) under the WCRP/SPARC SOLARIS-HEPPA activity
::

has shown that the peak temperature response to
::::
The

:::::::::
solar-ozone

::::::::
response

:::::
(SOR)

:::
has

:::::
been

::::::::
estimated

::

::
to

::::
make

::
a
:::::::::
substantial

::::::::::
contribution

::
to
:::::::::
variations

::
in

:::::::::::
stratospheric

:::::::::::
temperatures

::::
over

:::
the

::::::
11-year

:::::
solar

::

:::::
cycle.

:::::::::::::::::::
Gray et al. (2009) used

:::
an

:::::::
estimate

::
of

::::
the

::::
SOR

:::::
from

::::::
SAGE

::
II

::::::::::::
(Stratospheric

:::::::
Aerosol

::::
and

::
80

::

:::
Gas

::::::::::
Experiment

::
II)

:::::::
version

:::
6.2

:::::
(v6.2)

:::::::
satellite

:::::
ozone

:::::::
mixing

::::
ratio

::::
data

:::
and

:::::::
spectral

::::
solar

:::::::::
irradiance

::

::::
(SSI)

:::::::::
variations

::::
from

:::::::::::::
Lean (2000) to

::::
show

::::
that

:::
the

::::::::::
contribution

::
of

:::
the

:::::
SOR

::
to

::::::::::
temperature

:::::::
changes

::

:::::::
between

:::
the

::::::::
maximum

::::
and

::::::::
minimum

::::::
phases

::
of

:::
the

::::::
11-year

:::::
solar

::::
cycle

::
is
::::::
around

:::
60%

:
at
:
the 11 year

::

solar cycle near the tropical stratopause(⇠1,
::::::
30-40%

:::::::
between

:::::
40-50 hPa) ranges from 0.3-1.2

:::
km,

::

:::
and

:::::
70-80%

:::::::
between

:::::
20-30 K across stratosphere resolving ‘high-top’ models (Mitchell et al., 2015b)

:::
km.

::
85

::

::::::::::::::::::::::::::::::
Shibata and Kodera (2005) conducted

:::::::
similar

::::::::::
calculations

:::::
using

:::::::::
estimates

::
of

:::
the

:::::
SOR

:::::
from

::::
two

::

::::::::::
atmospheric

::::::::
chemical

::::::
models

::::
and

:::::
found

::::
that

:::
the

:::::
SOR

::::::::
accounted

::::
for

::::
only

::::::
around

:::::
20-25%

::
of

:::
the

::

:::::::::
solar-cycle

::::::::::
temperature

::::::::
response

::::
near

:::
the

::::::
tropical

::::::::::
stratopause. Since the majority of these models

::

used the same spectral solar irradiance dataset (Wang et al., 2005) , the reasons for this spread are
::

likely to include differences in the models’ shortwave radiation schemes (Nissen et al., 2007; Forster et al., 2011) ,
::
90

::

and/or whether they prescribe or interactively simulate stratospheric ozone (Hood et al., 2015) . For
::

models which include interactive chemistry, the details of their photolysis schemes will also be
::

important for simulating the impact of solar variability on ozone. The CMIP5 models also show
::
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considerable differences in their high latitude dynamical responses to solar variability (Mitchell et al., 2015b) ,
::

and it is not yet clear what role the ‘direct’ (i.e.irradiance + ozone)part of the response to solar forcing
::
95

::

may play in this spread
:::
two

::::::
studies

::::
used

:::::::
similar

:::
SSI

:::::
data,

:::
this

:::::::::
difference

::::
must

:::::
arise

::::
from

:::
the

:::::
SOR

::

::::::::
estimated

::::
from

::::::
SAGE

:
II
:::::::::::
observations

::::
used

:::
by

:::::::::::::::::::
Gray et al. (2009) being

::::::::
different

::::
from

:::
that

:::::::::
simulated

::

::
in

:::
the

::::::::::
atmospheric

::::::::
chemistry

:::::::
models

::::
used

:::
by

:::::::::::::::::::::::
Shibata and Kodera (2005) .

::
It

:
is
::::::::

therefore
:::::::::
important

::

::
to

:::::::
evaluate

::
the

:::::
SOR

:::
and

::
its

:::::::::::
uncertainties

::
in

:::::::
different

:::::::::::
observational

:::::::
datasets

::
to

:::::::::
understand

:::
the

:::::::
climate

::

:::::::
response

::
to

::::
solar

:::::::::
variability

:::
and

:::
to

::::::
provide

:::
an

::::::::::
independent

:::::
means

:::
for

:::::::::
evaluating

:::
the

:::::::::::
performance

::
of

:::
100

::

::::::::::
atmospheric

::::::::
chemistry

::::::
models

::
(e.

:
g.
::::::::::::::::::
Austin et al. (2008) ;

:::
see

:::
also

::::
Part

:::
II).

:::

Whilst past studies have identified solar-ozone signals
::::::::
quantified

:::
the

:::::
SOR in observations (e.g.

Soukharev and Hood (2006); Randel and Wu (2007); Remsberg and Lingenfelser (2010); Remsberg (2014)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Soukharev and Hood (2006); Randel and Wu (2007); Remsberg and Lingenfelser (2010); Remsberg (2014); Bourassa et al. (2014); Lean (2014) ),

there are differences in the magnitudes and structures between individual satellite records. It is not

clear whether these are due to inter-instrument differences in observational periods and/or differ-105

ences in instrument resolution, sampling or drifts. There are also
:::::::
apparent

:
differences in the struc-

ture and magnitude of the solar-ozone responses
:::
SOR

:
between observations and atmospheric models

with interactive chemistry
::::::::
chemistry

::::::
models (e.g. Haigh (1994); Soukharev and Hood (2006); Austin

et al. (2008); Dhomse et al. (2011)). These issues are compounded by
::::::
current uncertainties in the

characteristics of spectral solar irradiance variability (e.g. Ermolli et al. (2013)), which have implica-110

tions for
::::::::::
constraining the magnitude and structure of the solar-ozone response

::::
SOR because of its de-

pendence on photochemical processes (Haigh et al., 2010; Dhomse et al., 2015)
:::::::::::::::::::::::::::::::::::::::::::::::
(Haigh et al., 2010; Dhomse et al., 2015; Ball et al., 2016) .

These factors present a
::
an

::::::::
additional

:
challenge for understanding and evaluating the

:::::
overall

:
climate

response to solar variability, particularly since dynamical feedbacks may amplify the effects of an

initially small forcing (e.g. Matthes et al. (2006)).115

The focus
:::
aim

:
of this two part study (see also Maycock et al., in prep.) is on

:
to
:::::::
evaluate

:
the repre-

sentation of the solar-ozone signal in
::::
SOR

::::
and

::
its

:::::::::::
uncertainties

::
in

:::::::
satellite

:
observations and global

models. The goal is to synthesise current knowledge to inform a recommendation for including

the solar-ozone signal in the prescribed ozone dataset being created for CMIP6 (Hegglin et al., in

prep.); one motivation is to improve upon the approach adopted for CMIP5 (Cionni et al., 2011) .120

The present Part I of the study focuses on the solar-ozone responses in current satellite datasets. A

number of long-term satellite ozone datasets previously used to analyse solar-ozone signals (e.g.

Soukharev and Hood (2006) ) have recently been updated. We therefore take the opportunity to

describe the solar-ozone responses in these revised datasets and compare them to previous versions.

In particular, we present the
:::::::
describes

:::
the

:::::
SOR

::
in

:::
the latest version 7.0 of the Stratospheric Aerosol125

and Gas Experiment (SAGE ) II data and compare
:::::
(v7.0)

::
of

:::
the

::::::
SAGE

::
II
:::::::

dataset
:::
and

:::::::::
compares

it to the former version 6.2 data
:::
v6.2, which has been used in several solar-climate studies (e.g.

Soukharev and Hood (2006); Gray et al. (2009))
:::
and

::
in

::::::
several

::::::
ozone

:::::::::
databases

:::::::::
developed

:::
for

::::::
climate

::::::
models

:::::::
without

:::::::::
interactive

::::::::
chemistry

:::::::::::::::::::::::::::::::::::
(Cionni et al., 2011; Bodeker et al., 2013) . A number

of merged satellite
:::::
ozone

:
datasets, which extend SAGE II using more recent records

:::::::::::
measurements,130
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have also been created and recently analysed as part of the SPARC
:::::::::::::
WCRP/SPARC

::::::
(World

:::::::
Climate

:::::::
research

:::::::::::::::::::::::::::::::
Programme/Stratospheric-tropospheric

:::::::::
Processes

::::
and

::::
their

::::
Role

:::
in

:::::::
Climate)

:
SI2N ozone

trends activity (e.g. Tummon et al. (2015)); here we analyse the solar-ozone signals in five such

combined satellite
::::
SOR

::
in

:::::
three

::
of

:::::
these

::::::::
combined

:::::::
satellite

::::::
ozone

:
datasets. We also present the

updated
::::::
analyse

:::
the

:::::
SOR

::
in

:::
two

::::::::
versions

::
of

:::
the

:::::::
recently

:::::::
released

:
VN8.6 of the Solar Backscatter135

Ultraviolet Instrument (SBUV) data and compare this
:::::
these to the former

::::::::::
SBUVMOD VN8.0 data.

Part II of this
::
the study (Maycock et al., in prep.) describes the solar-ozone responses in simulations

of the recent past from the
:::
SOR

:::
in

::::::::::
atmospheric

::::::::::::::::
chemistry-climate

::::::
model

::::::::::
simulations

::::
from

::::
the

::::::::::::
WCRP/SPARC

:
Chemistry-Climate Model Validation exercise (CCMVal-2) (SPARC CCMVal, 2010)

:::::::
Initiative

::::::
(CCMI)

:
and compares them to the observations described here a

::::::
subset

::
of

:::
the

:::::::::::
observational

:::::::
records140

::::::::
discussed

::::
here

::::
that

:::
are

:::::::::
determined

:::
to

::
be

:::::
most

:::::::
reliable

:::
for

:::::::::
diagnosing

:::
the

:::::
SOR

::::
(see

::::::
below). Part

II also discusses the representation of the solar-ozone response in the ozone dataset used for
::::
SOR

::
in

:::
the

::::::
climate

::::::
model

::::::
ozone

::::::
dataset

:::::::
created

:::
for

:::
the

::::
fifth

:::::::
Coupled

::::::
Model

::::::::::::::
Intercomparison

:::::::
Project

:
(CMIP5models without interactive chemistry (Cionni et al., 2011) , and recommends an approach

for
:
)
:::::::::::::::::
(Cionni et al., 2011) .

::::
This

:::::
leads

::
to

::
a

::::::::
discussion

:::
of

:::
the

::::::::::::
representation

::
of

:::
the

::::
SOR

::
in

:::
the

::::::
ozone145

::::::
dataset

::::
being

:::::::
created

:::
for CMIP6 based on a synthesis of the results in the two parts.

:::::
model

:::::::::::
simulations

:::::::
(Hegglin

::
et
:::
al.,

::
in

::::::
prep.).

::

:::::
Given

:::
the

:::::::
potential

:::::::::
application

::
of

:::
the

::::::
results

::::::::
described

:::::
below

:::
for

:::
use

::
in

::::::
climate

::::::
model

::::::::::
simulations,

::

:
it
::
is

::::::
prudent

::
to
::::::
briefly

::::::
review

:::
the

::::::
typical

:::::::::::
requirements

::
of

::
an

:::::
ozone

:::::::
database

:::
for

::::::
models

:::
by

:::::::::
describing

::

::
the

:::::::
CMIP5

::::::
dataset

::
as

:
a
::::::::::::
representative

:::::::
example

::::::::::::::::::::
(Cionni et al., 2011) (see

::::
also

:::::::::::::::::::
Bodeker et al. (2013) ).

:::
150

::

:::
The

::::::
CMIP5

::::::
ozone

:::::::
database

:::::::
provided

:::::::
monthly

:::::
mean

:::::
ozone

::::::
mixing

:::::
ratios

::
on

::
a
::::::
regular

:::::::::::::
latitude/pressure

::

:::
grid

::
at

::
a
::::::::
horizontal

:::::::::
resolution

::
of

::::::
5�⇥5�

:::::::
(lon/lat)

:::
on

::
24

::::::::
pressure

:::::
levels

:::::::
covering

::::::
1000-1

:::
hPa

:::
for

:::
the

::

:::::
period

::::::::::
1850-2100.

::::
Data

:::::
were

:::::::
provided

:::
on

:::
the

::::::::
following

::::::::
pressure

:::::
levels:

:::::
1000,

::::
850,

:::::
700,

::::
600,

::::
500,

::

::::
400,

::::
300,

::::
250,

::::
200,

::::
150,

::::
100,

:::
80,

:::
70,

:::
50,

:::
30,

::::
20,

:::
15,

:::
10,

::
7,

::
5,

::
3,

::
2,

::::
1.5,

:
1

:::
hPa.

:::::::::::
Stratospheric

::::::
ozone

::

:::
data

:::
(at

::::::
p300

::::
hPa)

::::
were

:::::
given

::
as

:::::
zonal

::::
mean

::::::
values.

:::::::::
Therefore

:::
for

:::
any

:::::::::
description

::
of

:::
the

::::
SOR

:::::
must

:::
155

::

::::
fulfil

::::
these

:::
(or

:::::::
similar)

::::::
criteria

::
to

::
be

::::::
viable

::
for

::::
use

::
in

::::::
climate

::::::
models

::::
(i.e.

:::::
global

::::::::
coverage

::
at

:::::::
monthly

::

::::
mean

:::::::::
resolution

:::
and

::::
with

::::::::
sufficient

:::::::
vertical

:::
and

:::::::::
horizontal

::::::::
resolution

:::::::::
throughout

:::
the

::::::::::::
stratosphere).

::

2 Methods
::::::
Ozone

:::::::
datasets

2.1 Ozone datasets

The
::::::
satellite

:
ozone datasets examined in this study are summarised in Table 1. Unless otherwise

:::
160

::

stated, the analysis in Section 4 focuses on the 21year period January 1984 to December 2004, which
::

is a sampling period approximately common to most of the datasets considered. A detailed overview
::

of the satellite records, their spatial and temporal sampling characteristics and, where appropriate,
::

their merging procedures is provided by Soukharev and Hood (2006) , Tummon et al. (2015) , and
::

the references listed below. Here we briefly summarise their main properties.
:::::::::::::::::::::
Tummon et al. (2015) and

:::
165

::
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::::::::
references

:::::::
therein.

:::::
Their

::::
main

::::::::
properties

:::
are

::::::
briefly

::::::::::
summarised

::::::
below.

:::::
Since

:::
our

::::
goal

:
is
::
to
::::::
extract

::
a

::

:::::
signal

::::
with

:::::
power

:::
on

:
a
::::::::::::
quasi-decadal

::::::::
timescale,

::
it

:
is
::::::::
desirable

::
to

:::
use

:::
the

::::::
longest

::::::::
available

:::::::::
timeseries

::

:::
and

:::
we

::::::::
therefore

::::::
analyse

:::
all

:::::::
datasets

:::
for

::::
their

:::
full

::::
time

:::::::
periods.

::::
For

:::
the

::::::
longest

::::::
record

::::::::::
considered,

::

:::
this

:::::::
amounts

::
to

::::::::::::
approximately

:::::
three

::::
solar

::::::
cycles.

:::

2.0.1 SAGE II based records170

2.1
:::::
SAGE

::
II

:::::
based

:::::::
records

The SAGE II record forms the basis of many long-term ozone datasets (see e.g. Tummon et al.

(2015)). As a limb-viewing instrument, the spatial and temporal sampling of SAGE is fairly sparse,

with a given latitude measured approximately once per month; however, it is recognised as having

good long-term stability and a vertical resolution of ⇠1 km in the stratosphere, which are both key175

for studying the structures of decadal and multi-decadal variations in ozone. Data are available from

October 1984 to August 2005.
:::::::::::
characteristics

::::
that

:::
are

:::::
likely

::
to

::
be

:::::::::
important

:::
for

::::::::
analysing

:::
the

:::::
SOR.

We use zonal and monthly mean ozone data
::::
from

:::::::
October

:::::
1984

::
to

:::::::
August

::::
2005

:
provided through

the
::::::
WCRP/SPARC Data Inititive (SDI) (Tegtmeier et al., 2013).

The native retrieval
:::::::::
coordinate of SAGE II is in units of number density

::::
units

:::
of

:::::
ozone

:::::::
number180

:::::::
densities

:
on altitude levels; the data are post-processed to volume mixing ratios (vmr) on pressure

surfaces (see https://eosweb. larc.nasa.gov/project/sage2/).

The representation of the solar-ozone response
::::
levels

:::::
using

:::::::::::
temperatures

:::::
from

:
a
:::::::::::::
meteorological

::

::::::::
reanalysis

:::::::
dataset.

:::
The

::::::
SAGE

::
II

:::::::
retrieval

::::::::
algorithm

::::
was

:::::::
recently

:::::::
updated

::
as

::::
part

::
of

:::
the

:::::::
version

:::
7.0

::

::::::
release

:::::::::::::::::::
(Damadeo et al., 2013) .

::::
The

:::::
SOR in SAGE II version 6.2

::::
v6.2 data has been discussed in a

:::
185

::

number of studies: e.g. Randel and Wu (2007); Soukharev and Hood (2006); Gray et al. (2009) for
::

mixing ratios, and Remsberg and Lingenfelser (2010) for number densities. The SAGE II retrieval
::

algorithm was recently updated as part of the version 7.0 release (Damadeo et al., 2013) . Here this
::

most recent release is compared
::::
Here

:::
we

::::::::
compare

:::
the

::::
SOR

:::
in

:::
the

:::::
latest

::::
v7.0

::::::
release

:
to the pre-

::

vious version 6.2 in both number density and mixing ratio units. This comparison is important
:::
190

::

::::
v6.2

::
in

::::
units

::
of

:::::::
number

::::::::
densities

:::
and

:::::::
mixing

:::::
ratios.

::
It

::
is

::::::::
important

::
to
:::::::
conduct

::::
this

::::::::::
comparison

:::
for

::

::::
both

:::
sets

:::
of

::::
units

:
because the temperature dataset

:::::
record

:
used to convert SAGE II from its native

::

units of number density on altitude levels to mixing ratios on pressure levels was changed
:::
was

::

:::::::
changed

:::::::
between

::::
v6.2

:::
and

::::
v7.0

:
from National Meteorological Center/National Center for Environ-

::

mental Prediction (NMC/NCEP) to Modern Era-Retrospective Analysis for Research and Applica-
:::
195

::

tions (MERRA
::::::
version

:
1
::::::::::
(MERRA-1) reanalysis data.

:::
The

::::::
impact

::
of

::::
this

::::::
change

::
on

:::
the

:::::
SOR

:::
has

:::
not

::

::::
been

:::::::::
previously

::::::::
evaluated

:::
and

::
is

::::::::
described

::
in

:::::::
Section

:::
4.1.

:::

::
As

::
a

::::
solar

:::::::::
occultation

::::::::::
instrument,

::::::
SAGE

:
II
:::::::
profiles

:::
can

::
be

::::::::::
categorised

::
as

::
a

::::::
sunrise

::::
(SR)

::
or

::::::
sunset

::

::::
(SS)

:::::::::::
measurement.

:::::
There

:::
are

::::::
known

:::::::::
variations

::
in

:::
the

::::::
relative

::::::::
numbers

::
of

::::::
SR/SS

::::::::
retrievals

::::
over

:::
the

::

:::::
SAGE

::
II
::::::
record.

::::
For

::::::::
example,

::::::
SAGE

::
II

:::::::
obtained

:::::::
profiles

::
in

::::
two

::::::
narrow

:::::::
latitude

:::::
bands

:::::
each

::::
day,

:::
200

::
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::
15

::::
each

:::
at

::::::
sunrise

::::
and

::::::
sunset,

:::
but

::::
after

::::::::::
November

::::
2000

::::::
SAGE

::
II
:::::::::
measured

::::
only

:::
one

::::::
profile

::::
per

::

::::
orbit

::
at

:::::
either

:::
SR

::
or

::::
SS.

:::::
These

:::::::::
variations

::
in

::::::
SR/SS

::::::::
sampling

::::
have

::::
been

::::::
shown

::
to
::::::

affect
::::::::
estimates

::

::
of

::::::::::::
climatological

:::::
ozone

::::::
values

::::
due

::
to

:::::::
diurnal

:::::
cycle

::::::
effects

::::::::::::::::::
(Toohey et al., 2013) ,

:::
but

::::::
could

::::
also

::

:::::
affect

:::::::
temporal

:::::::::
variability

:::
in

:::::::
monthly

:::::
mean

::::::
ozone

::::::
values.

:::
To

:::::::
account

:::
for

:::
the

:::::::
possible

::::::
effects

:::
of

::

::::
these

::::::::
sampling

:::::
issues

:::
on

:::
the

::::::::
estimation

:::
of

::
the

:::::
SOR,

:::
we

::::
add

::
an

::::::::
additional

:::::
term

::
to

::
the

::::::::
multiple

:::::
linear

:::
205

::

::::::::
regression

::::::
model

:::
for

:::::
SAGE

::
II
::::
data

::::
that

::::::::
represents

:::
the

:::::::
fraction

::
of

:::
SR

::
to

::::
total

::::::::
(SR+SS)

::::::
profiles

:::::
used

::

::
to

:::::::
generate

::::
each

:::::::
monthly

:::::
mean

::::
data

::::
point

::::
(see

:::::::
Section

::
3).

:::

The SAGE II mission stopped measuring in 2005. Since then several satellites
::::::
satellite

::::::::::
instruments

have continued to measure ozone, and there are now a number of combined datasets that have ex-

tended the SAGE II record
:::::
SAGE

::
II

:
to near the present dayusing recent measurements. Here we210

analyse five such extended datasets that have been .
:::::
These

:::::::
datasets

:::::
were

:
recently analysed as part

of the
::::::
WCRP/SPARC SI2N assessment of

::::::
activity

::
to

:::::::
evaluate long-term stratospheric ozone trends ,

and which are described in detail by Tummon et al. (2015) and the references given below.

All of the extended ozone datasets considered here include SAGE II v7.0 vmr data, with the
::

exception of the Global OZone Chemistry And Related trace gas Data records for the Stratosphere
:::
215

::

(GOZCARDS) dataset, which uses SAGE II v6.2 (Froidevaux et al., 2015) . Therefore the results
::

:::::
ozone

:::::
trends

::::
(see

:::::::::::::::::::::
Tummon et al. (2015) and

:::::::::
references

:::::::
therein),

::::::::
including

:::::::::
SWOOSH

::::::::::::
(Stratospheric

::

:::::
Water

:::
and

::::::
OzOne

:::::::
Satellite

::::::::::::
Homogenized)

:::::::::::::::::
(Davis et al., 2016) ,

:::::::::::
GOZCARDS

:::::::::::::::::::::
(Froidevaux et al., 2015) ,

::

:::::::::::::
SAGE-GOMOS

:::::::
(Global

:::::
Ozone

::::::::::
Monitoring

::
by

::::::::::
Occultation

::
of

:::::
Stars)

::::::::::::::::::::::::::::::::::::
(Kyrölä et al., 2015; Penckwitt et al., 2015) ,

::

:::
and

:::::::::::::
SAGE-OSIRIS

:::::::
(Optical

:::::::::::
Spectrograph

:::
and

:::::::
Infrared

::::::
Imager

:::::::
System)

::::::::::::::::::::
(Bourassa et al., 2014) .

:::
As

:::
220

::

::::::::
mentioned

::::::
above,

::::::
SAGE

::
II
:::::::

mixing
:::::
ratios

:::
are

::::::::
produced

:::
by

::::::::::
conversion

::
of

:::::::
number

::::::::
densities

:::::
using

::

::
an

::::::::::
independent

:::::::::::
temperature

::::::
record.

::::
The

:::::::::::
uncertainties

::
in

:::
the

:::::
SOR

:::
that

::::::
result

::::
from

:::::
using

::::::::
different

::

::::::::::
stratospheric

::::::::::
temperature

::::::
records

:::
for

:::
this

:::::::::
conversion

:::
are

:::::::::::
demonstrated

:
in Section 4.1about differences

::

in the solar-ozone signals in versions of SAGE II should be kept in mind for some of the comparisons
::

of the extended datasets. Differences between
:
.
::::
This

:::::
leads

::
us

::
to

:::::
focus

:::
our

:::::::
analysis

::
of

:
the combined

:::
225

::

datasets are also likely to arise from the data sources
::::
SOR

::
on

::::
the

::::::::
extended

::::::
records

::::
that

:::::::
provide

::

:::::
ozone

::
as

::::::
number

::::::::
densities

:::
and

:::
are

::::::::
therefore

:::
less

:::::::::
dependent

::
on

:::
the

:::::::::
conversion

::::::
issues

:::
that

::::::::::
accompany

::

::
the

::::::
choice

:::
of

:
a
::::::::
particular

::::::::::
temperature

::::::
record

::::
(see

:::::::
Section

::::
4.2).

:::::
Since

:::::::::
SWOOSH

:::
and

::::::::::::
GOZCARDS

::

:::::::
currently

::::
only

:::::::
provide

:::::
ozone

::::::
mixing

:::::
ratios

:::
we

:::
do

:::
not

::::::
analyse

:::::
them

::::
here.

:::

:::
The

:::::
three

:::::::
extended

::::::
ozone

:::::::
datasets

::
all

:::::::
include

:::::
SAGE

::
II

::::
v7.0

:::::::
number

::::::::
densities.

::::::::::
Differences

::
in

:::
the230

::::
SOR

:::::::
between

:::
the

:::::::
datasets

::::
may

::::::::
therefore

::::
arise

::
as

::
a
:::::
result

::
of

:::
the

:::::
more

:::::
recent

::::::::::::
measurements

:
used to

extend SAGE and from how the various satellite recordsare merged.

Two datasets are analysed that
:
II

::::::
and/or

::::
from

:::
the

::::::::
methods

::::
used

::
to
::::::

merge
:::
the

::::::::
different

:::::::
satellite

::::::
records.

::::
Two

::
of

:::
the

:::::::
datasets extend SAGE II using GOMOS(Global Ozone Monitoring by Occultation

of Stars), which flew on the ENVISAT satellite and covers 2002-2012. Two combined SAGE-GOMOS235

datasets have been constructed so far, which
::::::::::
2002-2011,

:::
but take different approaches for combin-

ing the two records. Kyrölä et al. (2015) use GOMOS as a reference and adjust SAGE II sunrise

7



and sunset profiles separately at each latitude and altitude; this dataset will be referred to as SAGE-

GOMOS 1. Conversely, Penckwitt et al. (2015) use SAGE II as a reference and adjust GOMOS

data using seasonally-varying offsets at each latitude and altitude; this dataset will be referred to as240

SAGE-GOMOS 2.

Another dataset is analysed which
:::
The

:::::
third

::::::
dataset

::::::::
analysed

:
extends SAGE II with OSIRIS

(Optical Spectrograph and Infrared Imager System) data covering 2001-present
::::
using

:::::::
OSIRIS

::::
data

:::
and

:::::
covers

::::::::::
1984-2013 (Bourassa et al., 2014; Sioris et al., 2014). Latitude and altitude dependent off-

sets are calculated for the deseasonalised data during the
:::::::::
instrument overlap period (January 2002-245

August 2005), and the OSIRIS data are adjusted to produce a consistent combined SAGE II and

OSIRIS timeseries.

Two datasets that are comprised of more than two satellite records are also analysed. The SWOOSH

(Stratospheric Water and OzOne Satellite Homogenized) record includes SAGE II (v7.0), SAGE III

(2002-2005), HALOE (1991-2005), UARS MLS (1991-1999), and Aura MLS (2004 onwards), with250

Aura MLS used as a reference from which offsets for the other records are calculated (Davis et al., 2016) .

Finally, GOZCARDS includes data from SAGE I (1979-1982), HALOE, UARS MLS, Aura MLS,

and ACE-FTS (2003 onwards), in addition to the SAGE II v6.2 data, which is used as a reference to

which the other records are adjusted (Froidevaux et al., 2015) . The solar-ozone signals in these five

extended records are analysed for the period 1984-2009.255

2.2
:::::
SBUV

:::::
based

:::::::
records

2.2.1 SBUV based records

In addition to SAGE II, the other main long-term internally-calibrated satellite ozone dataset is com-

prised of data from the
:::::::::
Backscatter

:::::::::
Ultraviolet

::::::::::
Radiometer

::::::
(BUV)

:::
and

:
Solar Backscatter Ultraviolet

Radiometer (SBUV) instrument on the Nimbus satellite
:::::::::
instruments

:::
on

:::::
board

:::::::
Nimbus

:::::::
satellites

:
and260

the SBUV/2 instruments on various National Oceanic and Atmospheric Administration (NOAA)

satellites. Data are available as mixing ratios on pressure levels from January 1970 to near the present

day. As nadir-viewing instruments, SBUV has
:::
the

::::::::::
BUV/SBUV

:::::::
records

::::
have

:
more frequent global

coverage than the limb-viewing SAGE II, but its
::::
their vertical resolution is at least an order of mag-

nitude poorer at pressures greater than ⇠15 hPa rendering it more difficult to resolve detailed ozone265

structures in the mid and lower stratosphere. Since SBUV
::
the

:::::
entire

:::::::::::
BUV/SBUV

:::::
record

:
is comprised

of multiple separate records from different satellites, inter-instrument biases and drifts must also be

accounted for
::
to

:::::::
produce

:
a
:::::::::::
homogenised

::::::
record.

We analyse zonal and monthly mean data from the longstanding SBUV
:::::
SBUV

:::::::
Merged

::::::
Ozone

::::::
Dataset

::::::::::::
(SBUVMOD)

:
version 8.0 (VN8.0) dataset and the latest

::::::
release SBUV VN8.6 (McPeters270

et al., 2013; Bhartia et al., 2013), thereby complementing the analysis of SBUV
:::::::
previous

::::::::
analyses

::
of

::
the

:::::
SOR

::::
(e.g.

:::::::::::::::::::::::::
Soukharev and Hood (2006) ).

:::::::::::
SBUVMOD VN8.0 by Soukharev and Hood (2006) .
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The SBUV VN8.0 was accessed from
:::::
covers

:::
the

:::::
period

::::::::::
1970-2009

:::
and

::::
was

::::::::::
downloaded

::::
from

:

http://acd-ext.gsfc.nasa.gov/Data_services/merged/data/sbuv.70-09.za.v8_prof.vmr.rev1.txt.

Two versions of the
:::::
SBUV

:
VN8.6 record have been produced so far: the SBUV Merged Ozone275

Dataset (SBUVMOD )
::::::::::
SBUVMOD VN8.6 dataset from NASA (Frith et al., 2014)

:::::
which

::::::
covers

:::::::::
1970-2012

::::::::::::::::
(Frith et al., 2014) , and the SBUV Merged Cohesive dataset from NOAA

:::::
which

::::::
covers

:::::::::
1978-2012 (Wild and Long, 2015). These are identical to the datasets analysed as part of the SI2N

ozone trend activity (e.g. Tummon et al. (2015)). The
:::
two

:
SBUV VN8.6 datasets differ in terms

of which SBUV instruments are included in particular time periods
::::::
contain

:::::
some

:::::::::
differences

:::
in280

::
the

:::::
data

:::
that

:::
is

:::::::
included

:::::
from

::::::::
different

::::::::::
instruments

::::::
within

::
a
::::::::
particular

::::::
period

::::
(see

::::::
Figure

::
1
:::

in

:::::::::::::::::::
Tummon et al. (2015) ), and in the

:::::::
methods

:::
for

:
averaging and merging carried out. The

::::
these

:::::
data.

SBUV Merged Cohesive VN8.6 dataset uses data from a single instrument in any time period; the

individual records are then bias-corrected to produce a continuous record (Wild and Long, 2015).

In contrast, the SBUVMOD VN8.6 data set is constructed by averaging all available data for a285

particular period (Frith et al., 2014) .

In addition to
:::::
within

::
a
:::::::::
particular

::::
time

:::::::
window

:::::::::::::::::
(Frith et al., 2014) .

::::
The

::::::::::
SBUVMOD

::::::::
datasets

:::::
extend

:::::
back

::
to

:::::
1970

::
by

:::::::::
including

::::
data

::::
from

::::
the

::::
BUV

::::::::::
instrument

::
on

:::::::
Nimbus

::
4
:::::
from

::::::::::
1970-1976,

:::::::
whereas

::
the

::::::
SBUV

:::::::
Merged

:::::::
Cohesive

::::::
dataset

:::::
starts

::::
from

:::::
1978

:::
with

:
the ‘raw’ SBUV versions described

above, we also analyse the ozone dataset from McLinden et al. (2009) , which uses SAGE I and290

SAGE II v6.2 data to correct for instrument drifts and inter-instrument biases in the SBUV VN8.0

dataset ; this therefore benefits from the improved long-term stability of the SAGE II data, but

retains the improved spatial sampling of SBUV. Note that the SAGE II v6.2 data employed by

McLinden et al. (2009) differs from the version described in Section 2.1, which has been used in

most previous solar cycle studies (e.g. Soukharev and Hood (2006); Randel and Wu (2007); Gray et al. (2009); Cionni et al. (2011) ).295

McLinden et al. (2009) discuss how the temperature profiles provided in the SAGE data files, which

as described above came from the NMC/NCEP (re)analysis, contain apparently spurious long-term

trends in the upper stratosphere, as compared to observations. McLinden et al. (2009) therefore convert

the SAGE II data to mixing ratios using a temperature climatology with an estimate of the long-term

stratospheric temperature trend from observations superposed. Section 4.1 addresses the importance300

of uncertainties in past stratospheric temperatures for the conversion of SAGE II data in more detail.

:::
first

::::::
SBUV

:::::::::
instrument

::
on

:::::::
Nimbus

::
7.

:::

2.2.1 Other ozone records

We also present results for the shorter (October 1991 to November 2005) Upper Atmosphere Research

Satellite (UARS) Halogen Occultation Experiment (HALOE) v19 record (Grooß and Russell (2005) ;305

http://haloe.gats-inc.com/download/index.php). Results are also shown for the Binary DataBase of

Profiles (BDBP) Tier 0 dataset (Bodeker et al., 2013) (available from http://www.bodekerscientific.com/data/the-bdbp),

which covers 1979-2007 and consists of multiple satellite records, including SAGE I and II (v6.2),

9



HALOE, Polar Ozone and Aerosol Measurement (POAM) II and III and Improved Limb Atmospheric

Spectrometer (ILAS) I and II data, as well as ozone sondes and ground-based measurements.310

2.3 The multiple linear regression model

3
:::
The

::::::::
multiple

:::::
linear

::::::::::
regression

:::::
model

Following numerous earlier studies (e.g. Frame and Gray (2010); Mitchell et al. (2015a)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Frame and Gray (2010); Soukharev and Hood (2006); Mitchell et al. (2015a) ),

the solar-ozone responses in observations are diagnosed using a multilinear
:::
SOR

::
is
:::::::::
diagnosed

:::::
using

:::::::
multiple

:::::
linear

:
regression (MLR)technique; this ;

::::
this

::::::::
technique

:
enables the signals of

:::::::::
associated315

::::
with different forcings within a single timeseries to be separated.

The ozone data are first deseasonalised by removing the long-term monthly mean at each latitude

and pressure (or altitude). As in past studies, we then perform an MLR analysis on the timeseries of

monthly mean
:::::
ozone anomalies at each location, O

0

3(t), to diagnose the 11 year solar cycle compo-

nent:320

O
0

3(t) =A⇥F10.7(t)+B⇥EESCCO2
:::

(t)+C ⇥QBOEESC
::::::

(t)

+D⇥QBO
orthog

ENSO
::::::

(t)+E⇥AOD
volc

QBO
A

::::::
(t)+F ⇥Nino3.4QBO

B

::::::
(t)+ r(t), (1)

where r(t) is a residual. The analysis mainly focuses on the annual-mean signals, which are calcu-

lated by regressing all months as a single timeseries.

The basis functions used in the MLR

:::
The

:::::::
monthly

:::::
basis

::::::::
functions are: the F10.7cm radio solar flux325

(http://lasp.colorado.edu/lisird/tss/noaa_radio_flux.html),
:::
the

::::
CO2:::::::::::

concentration
::
at

::::::
Mauna

::::
Loa

::::::::::::::::::::::::::::::::::::::::::::
(http://www.esrl.noaa.gov/gmd/ccgg/trends/data.html),

:::
the

:
equivalent effective stratospheric chlo-

rine (EESC), two orthogonal quasi biennial oscillation (QBO) indices, defined as the first two

principal components of ERA-Interim tropical (10�N-10�S) zonal monthly mean winds between

70 and 5hPa (Dee et al., 2011) , the global aerosol optical depth at 550nm (AOD
volc

) updated from330

Sato et al. (1993) , and the
::
the

:
Nino 3.4 index derived

::::::::
calculated

:
from the Extended Reconstructed

Sea Surface Temperature (ERSST) v3b dataset

(http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html). ,
:::
and

::::
two

::::
quasi

:::::::
biennial

:::::::::
oscillation

::::::
(QBO)

::::::
indices

::::::::::
representing

:::::::
tropical

:::::
zonal

:::::
winds

::
at

::
30

::::
and

::
50

:::
hPa

:

:::::::::::::::::::::::::::::::::::::
(http://www.cpc.ncep.noaa.gov/data/indices/). Figure 1 shows example timeseries of these indices335

from 1984-2004
::::::::
1970-2015

:
in arbitrary units. The coefficients A-F are calculated using linear least

squares regression.

We use the

:::::
ENSO

::
is

:::
the

::::
main

::::::::
regressor

:::
for

:::::
which

:
a
::::::
lagged

:::::::
response

::
in
:::::::::::
stratospheric

:::::
ozone

:::::
might

:::
be

::::::::
expected;

::

:::::::
however,

:::
we

::::
find

::::
that

:::
the

::::
SOR

::
is

:::
not

::::::::
sensitive

::
to

:::::::
lagging

:::
the

:::::
ozone

:::::::::
anomalies

::::
with

::::::
respect

:::
to

:::
the

:::
340

::

::::
Nino

:::
3.4

::::::
index

::
by

:::::
0-12

:::::::
months.

:::
We

::::::::
therefore

:::
do

::::
not

::::::
include

::::
any

::::
lags

::
in
::::::::

Equation
:::

1.
:::
We

:::::
have

::

:::
also

:::::
tested

::::
the

::::::::
sensitivity

:::
of

:::
the

::::::::
diagnosed

:::::
SOR

::
to

:::
the

:::
use

:::
of

:
a
::::::::::::::
spatially-varying

::::::
EESC

::::
field

:::::
using

::

10



:::::
output

::::
from

:::
the

::::::::::
UM-UKCA

:::::::::::::::
chemistry-climate

::::::
model

:::::::
REF-C1

:::::
CCMI

::::::::::
integration.

::::::::
However,

::::
this

:::
has

::

:::::::
virtually

::
no

:::::
effect

:::
on

:::
the

::::
SOR

::::::::
compared

::
to

:::
the

:::
use

::
of

::
a
:::::
single

:::::
EESC

:::::::::
timeseries

:::
for

::
all

::::::::
locations,

::::
and

::

::
we

::::::::
therefore

:::::
adopt

:::
the

:::::
latter

:::::::
approach

:::
for

:::::::::
simplicity.

::::
345

::

:::
We

::
do

::::
not

::::::
include

::
a

:::::::
volcanic

::::
term

:::
in

:::
the

:::::::::
regression

::::::
model,

:::
but

::::::
instead

:::::::
choose

::
to

:::::::
exclude

::::
data

::

::::
from

:::
the

::
2
::::
year

:::::::
periods

::::::::
following

:::
the

::::
two

::::::
major

:::::::
tropical

:::::::
volcanic

::::::::
eruptions

::::::
during

:::
the

::::::::
analysis

::

:::::
epoch:

:::
El

:::
Chić

:::
hon

::::
(data

::::::::
excluded

:::::
from

::::
April

:::::
1982

:
-
::::::
March

:::::
1984)

:::
and

::::
Mt.

:::::::
Pinatubo

:::::
(data

::::::::
excluded

::

::::
from

::::
June

:::::
1991

:
-
::::
May

::::::
1993).

:::::
These

::::::
periods

:::
are

::::::::
excluded

:::::
from

:::
the

:::::::
analysis

::
for

::::
two

:::::::
reasons:

::::::
firstly,

::

::::
some

::
of

:::
the

:::::::
datasets

::::::::
analysed

::::::::
implicitly

:::::::
exclude

::::
data

::
in

:::::
these

::::::
periods

:::
for

::::::
quality

::::::
control

:::::::::
purposes,

:::
350

::

:::::::
whereas

:::::
others

::
do

::::
not.

:::
For

::::::::::
consistency,

:::
we

:::::::
therefore

:::::::
exclude

:::::
these

::::::
periods

:::
for

::
all

:::::::
datasets.

:::::::::
Secondly,

::

::::::::
removing

::::
these

:::::::
periods

::::::
reduces

:::
the

:::::::::
likelihood

::
of

:::::::
aliasing

:::::::
between

:::::::
volcanic

:::
and

:::::
solar

::::::
signals,

::::::
which

::

:::
can

::
be

:::
an

::::
issue

::::::
within

::::::::
relatively

::::
short

:::::::
climate

:::
data

:::::::
records

::::::::::::::::::
(Chiodo et al., 2014) .

::

:::
We

:::::
adopt

:::
the

:::::
widely

:::::
used F10.7cm flux to represent solar activity because it

::::
solar

::::
flux

::
as

::
a

:::::
proxy

::
for

:::::
solar

::::::
activity

::
in

:::
the

:::::
MLR

::::::
model.

::::
This

:
is a more appropriate proxy for UV radiation

:::::::
measure

:::
for355

::::::::
variations

::
in

:::
the

::::
UV

::::::
spectral

::::::
region, the key driver of the stratospheric ozone response, than other

indices such as sunspot number or total solar irradiance (Gray et al., 2010). The results presented

in Section 4 assume a difference of
:
;
::::::::
however,

:
it
::::::

should
:::

be
:::::
noted

::::
that

:::
the

::::::::
F10.7cm

::::
flux

::
is

:::
not

::
a

:::::
direct

:::::::::::
measurement

::
of
::::

UV
::::::::::
variability,

:::
but

:::::
rather

::
is
::

a
::::::
proxy

:::
for

::::::::
variations

:::
at

::::
these

::::::::::::
wavelengths.

:::::::::
Throughout

::::
the

:::::::::
manuscript

:::
the

:::::
SOR

::
is

::::::::
expressed

::
as

:::::::
percent

:::::
ozone

::::::
change

::::
per 130 solar flux units360

(1 SFU = 10�22 Wm�2Hz�1) to represent the difference between the 11 year solar cycle maximum

and minimum.

:::
The

:::
95%

::::::::
confidence

::::::::
intervals

::
on

:::
the

:::::
SORs

:::
are

::::::::
estimated

::::
by:

A± t
↵/2,n�(k+1)

p
C

AA

,
::::::::::::::::::::

(2)

:::::
where

::
A

::
is

:::
the

:::::
solar

:::::::::
regression

:::::::::
coefficient

::
in

::::::::
Equation

::
1,

:::::::::::
t
↵/2,n�(k+1)::

is
:::

the
:::::::

critical
::::::
t-value

::
at

::
a

:::
365

::

:::::::::
confidence

:::::
level,

::
↵,

:::
of

::::
0.05

::::
with

:::::::
degrees

::
of

::::::::
freedom

::::::::::
n� (k+1)

:::::
where

::
n
::
is
:::
the

:::::::
number

:::
of

::::
data

::

:::::
points

::
in

:::
the

::::::::::
regression,

:
k
::

is
::::

the
::::::
number

:::
of

:::::::::
regressors,

::::
and

::::
C

AA::
is
:::
the

::::::::
variance

::
of

:::
the

:::::::::
estimated

::

::::
solar

:::::::::
regression

::::::::
coefficient

:::
A.

::

::
As

:::::::::
mentioned

:::
in

::::::
Section

::::
2.1,

:::
the

::::::
SAGE

::
II

::::::
record

::
is

:::::::
affected

::
by

::::::::
irregular

:::
SR

::::
and

:::
SS

::::::::
sampling

::

::
as

:
a
:::::::
function

:::
of

::::
time.

::::
This

:::::
could

:::::::::
introduce

:::::::
spurious

:::::::::
variability

::
in

:::
the

:::::::
monthly

:::::
mean

::::::
ozone

::::::
values,

:::
370

::

:::::::::
particularly

:::
in

:::
the

:::::
upper

:::::::::::
stratosphere,

:::
as

:
a
:::::

result
:::

of
:::
the

:::::::
diurnal

:::::
cycle

::
in

::::::
ozone.

::::::::
However,

::::::
many

::

:::::::
previous

:::::::::
regression

::::::
studies

::
of

::::::
SAGE

::
II

::::
data

::::
have

:::
not

:::::::::
accounted

:::
for

:::
the

::::::::::::::
non-stationarity

::
in

::::::
SR/SS

::

:::::::
sampling

:::::
(e.g.

::::::::::::::::::::
Randel and Wu (2007) ).

:::::
Here,

:::
we

:::::::
account

:::
for

:::
this

:::
by

::::::::
including

:::
an

::::::::
additional

:::::
term

::

::
in

:::::::
Equation

::
1
::::
that

::::::::
quantifies

:::
the

::::
ratio

:::::::
between

:::
the

:::::::
number

::
of

:::
SR

::::
and

:::
the

::::
total

::::::::
(SR+SS)

::::::
number

:::
of

::

::::::
profiles

::::
used

::
to

:::::::
produce

::::
each

:::::::
monthly

:::::
mean

::::::
SAGE

::
II

:::
data

::::::
point;

:::
this

:::::
index

:::
can

::::
take

::::::
values

:::::::
between

:::
375

::

:
0
:::
and

:::
1.

:::
An

:::::::
example

::
of

::::
this

:::::
index

:::
for

:::
the

::::::
SAGE

:
II
:::::

v7.0
::::::
dataset

::
at

:
1

:::
hPa

:::::::
averaged

:::::
over

:::
the

::::::
tropics

::

::::::::::
(30�S-30�N)

::
is
::::::
shown

::
in

::::::
Figure

::
2.

::

11



One important issue for MLR analysis , and for
:
is

:::
the

::::::::
handling

::
of

:::::::
possible

:::::::::::::
autocorrelation

::
in

:::
the

::::::::
regression

::::::::
residuals

:::
and

::
its

::::::
effects

:::
on the estimation of statistical uncertainties, is .

::
A

:::::::::::::
Durbin-Watson

:::
test

::::
does

:::
not

:::::
reveal

:::::::::
significant

::::::::::::
autocorrelation

::
in
:::
the

:::::::::
regression

::::::::
residuals

:
at
:::::
most

::::::::
locations;

::::::::
however,380

:::
this

::
is

::::::
likely

::
to

:::
be

:::::::
because

:::::
there

::
is

::
a
:::::::::::
considerable

:::::::
fraction

::
of

:::::::
missing

:::::
data

:::::
points

:::
in

:::::
many

:::
of

::
the

::::::::
datasets

::::::::
analysed.

::
In
::::

the
:::::::
analysis

:::
of

:::::::::::::::
chemistry-climate

::::::
model

::::::::::
simulations

::
in

::::
Part

::
II
:::

of
::::
this

:::::
study,

:::
for

:::::
which

:::::
there

::
is
:::::::

implicit
::::::::

complete
::::::

spatial
::::

and
::::::::
temporal

::::::::
sampling,

::
a
:::::::::::::
Durbin-Watson

::::
test

::::::
reveals

:::::::::
significant

:::::
serial

:::::::::
correlation

:::
in the handling of possible autocorrelation in the regression

residuals . Here we include
::
in

:::::
many

::::::::
locations

::
for

::::
lags

:::
of

:::
one

::::
and

:::
two

:::::::
months,

::::::::::
particularly

:::
in

:::
the385

:::::
lower

::::::::::
stratosphere

:::
and

:::::::::::
mesosphere.

::::
This

::::::::::::
autocorrelation

::::
can

::::
lead

::
to

:::::::
spurious

::::::::::::
overestimation

:::
of

:::
the

::::::::
statistical

::::::::::
significance

::
of

:::
the

::::::::
regression

::::::::::
coefficients

:::
and

:::
we

::::::::
therefore

::::::
include

:::
an

::::::::::::
autoregressive

::::
term

::
in

:::
the

::::
MLR

::::::
model.

::::::
Given

:::
the

:::::::::
significant

:::::
serial

:::::::::
correlation

::
of

:::
the

::::::::
residuals

::
in

:::
the

:::::::::::::::
chemistry-climate

::::::
models

::
at

::
up

::
to

::::
two

::::::
months

:::
lag

::
in

:::::
some

:::::::
regions, a second order autoregressive noise process (AR2)

:
is
::::
used, which assumes the residuals r(t) have the form:390

r(t) = ar(t� 1)+ br(t� 2)+w(t), (3)

where a and b are constants and w(t) is a white noise process;
::::
this

::
is

:::
the

::::
same

::::::::
approach

:::::::::
employed

::
in

:::
the

:::::
recent

:::::::
SPARC

::::
SI2N

:::::::
analysis

::
of

::::::
ozone

:::::
trends

:::::::::::::::::::::::::::::::::::
(Tummon et al., 2015; Harris et al., 2015) . The

inclusion of a first-order AR1 noise process was found to not remove all the autocorrelation between

the monthly residuals. The use of an AR1 or AR2 process is not generally found to alter the mean395

signals, but it does affect the computation of statistical significance, which is carried out using a

two-tailed Student’s t-test
:::
this

::::
term

:::
has

::
a

:::
very

::::::
minor

::::
effect

:::
on

:::
the

:::::
results

:::
for

:::
the

:::::::::::
observational

:::::::
datasets

::
in

:::
Part

::
I,

:::
but

:::
has

:
a
::::::
greater

:::::
effect

:::
for

:::
the

:::::
model

::::::
results

::
in

:::
Part

::
II.

:::
We

::::::::
therefore

::::::
include

::
it
::
in

:::
the

:::::::
analysis

:::
here

:::
for

::::::::::
consistency

:::::::
between

::::
both

:::::
parts

::
of

:::
the

:::::
study.

4 Results400

4.1 The
::::
SOR

:::
in SAGE II record

:::::::
datasets

Figure 3 shows timeseries of monthly
:::
and

:
tropical (30�S-30�N) mean percent ozone anomalies from

1984 to 2004 at select pressure (or approximately equivalent altitude) levels (1, 3, 5, 10, 30hPa)

::::::::::
stratospheric

:::::
levels

:
for SAGE II versions 6.2 and 7.0

::::
v6.2

:::
and

::::
v7.0 in units of mixing ratio

:::::
ratios (on

pressure surfaces) and number density (on
:::::::
densities

:::
(on

::::::::::::
approximately

:::::::::
equivalent altitude surfaces).405

::::
Data

:::
are

::::
only

::::::
plotted

:::::
where

::
at

::::
least

:::
1/2

:::
of

:::
the

:::::
points

::::::
within

:::
the

::::::
tropical

:::::
band

::::
have

:::::
values

::
in
::
a
:::::
given

::::::
month. The lowest panel shows the monthly mean F10.7 cm solar flux for reference.

The number density data
::::::::
anomalies

:::
in

:::
the

:::
two

::::::
ozone

:::::::
number

::::::
density

:::::::
datasets

:
(blue and green

lines) are in close agreement for the two versions of SAGE II in the mid stratosphere
::
in

:::
the

:::::::::::::
mid-stratosphere

(24, 31 and 36 km) both in terms of high frequency fluctuations and long-term changes. At 31 km,410

there are variations which
::::
ozone

:::::::::
variations

:::
that

:
are consistent with a QBO influence, but there are

12



no clear quasi-decadal fluctuations in phase with the solar cycle. At 36 and 40 km, an apparent solar

cyclesignal becomes more evident
::::
there

:::
are

::::::::
variations

::::
that

:::
are

::::::
visibly

::
in

:::::
phase

::::
with

:::
the

::::
solar

:::::
cycle,

with relatively low
:::
high

:
ozone values from 1994 to 1998 during an 11 year solar cycle minimum,

and higher values from 1989 to 1992 at solar maximum. However, the data
::::
1992

::::::
during

::::
solar

:::::
cycle415

::
22

:::::::::
maximum,

::::
and

:::::
lower

::::::
ozone

::::::
values

::::
from

:::::
1994

:::
to

::::
1998

::::::
during

::::
the

:::::
cycle

:::::::::
minimum.

::::
The

::::
data

::::
show

::::::
greater

::::::::
variance in the early and later parts of the records are noisier and clear variations

:::
and

:::::::::
fluctuations

:
in phase with the solar signal are not immediately evident

::::
cycle

:::
are

:::
not

::::::
evident

:::::
from

:::
the

::::::::
timeseries

:::::
alone.

The two SAGE II ozone mixing ratio datasets (black and red lines) are also in reasonable agree-420

ment for long-term changes in the mid stratosphere, although there are differences in the interannual

variations
:::::::::::::
mid-stratosphere

::::
(10

:::
and

:::
30

::::
hPa). However, in the upper stratosphere (1 and 3 hPa) there

are substantial differences in both the long and short-term variations. At these levels
::::
short

:::
and

::::::::
long-term

::::::::
variations.

::::
For

:::::::
example, SAGE II v6.2 (black

:::
line) shows persistent negative anomalies in the early

part of the record which are not evident in v7.0 (red
:::
line). These coincide with the 11 year solar cycle425

::
21

:
minimum from 1985 to 1988. Furthermore, in the latter part of the record, v6.2 shows relatively

large amplitude fluctuations with a persistent positive mean anomaly
::::
mean

:::::::
positive

::::::::
anomalies

:
from

2002 to 2004which coincides ,
::::::
which

:::::::
coincide

:
with the peak and subsequent downward

::::::::
declining

phase of solar cycle 23. Thus, there are differences
:
in
::::

the
::::::::
evolution

:::
of

:::::
ozone

:
between the two

SAGE II vmr datasetsin the quasi-decadal evolution of ozone in the tropical
::::::
mixing

::::
ratio

::::::::
datasets,430

:::::::::
particularly

::
in

:::
the

:
upper stratosphere. Overall, the two versions of SAGE II number density data are

in much
:::::::
densities

:::
are

::
in closer agreement than the two vmr datasets

::::::
mixing

::::
ratio

::::
data.

Figures 4(a) and (b) show latitude-altitude plots of the percentage differences in ozone number

density between solar maximum and minimum
::::
SOR for SAGE II v6.2 and v7.0

:::::::
number

:::::::
densities,

respectively. The solar-ozone signals in
::
95%

::::::::
confidence

::::::::
intervals

::
for

:::
the

:::::
SORs

::
in

::::::
Figure

:
4
:::::::::
expressed435

::
as

::::::
percent

:::::
ozone

:::::::::
anomalies

:::
are

::::::
shown

::
in

::::::
Figure

::
5.

::::
The

:::::
SORs

::
in

::::::
Figures

::::
4(a)

::::
and

:::
(b)

:::
are

::::::::
generally

::::::::
consistent

:::
for the two datasetsare highly consistent and show an increase ,

::::
and

::::
show

:::::::
positive

::::::
values

of 2-4% across the tropical and subtropical stratosphere, except for a
::::::
region

::
of small (<1%) decrease

:::::::
negative

:::::
values at 30 km in the tropics. There is a relative maximum

:
in

:::
the

::::
SOR

:
of 3-4% in the tropics

at 50 km, and two off equatorial peaks of a similar magnitude at ⇠40 km and ±35�. These findings440

are consistent with Remsberg and Lingenfelser (2010) and Remsberg (2014), who found similar 11

year solar-like signals in tropical upper stratospheric ozone number density in the
:::::::
densities

::
in

::::::
SAGE

:
II
:
v6.2 and v7.0datasets.

:
.
:::
The

:::::::::
confidence

:::::::
intervals

:::
for

:::
the

:::::
SORs

::
in

:::::::
Figures

:::
5(a)

::::
and

:::
5(b)

:::::
show

:::
the

:::::
largest

::::::::::
uncertainty

::
at

:::
the

::

::::::
equator

::
at

::::
⇠45

::::
km,

:::::
which

::
is

:::::
close

::
to

:
a
:::::::::
maximum

::
in

:::
the

:::::
SOR.

::::
The

::::::::::
uncertainties

::::::::
between

:::::
35-45

:::
km

:::
445

::

::
are

:::::::
slightly

:::::
larger

::
in

:::
the

:::::::
northern

:::::::::
subtropics

:::::::::
compared

::
to

:::
the

:::::::
southern

:::::::::
subtropics.

::::
The

:::::::::::
uncertainties

::

::
in

:::
the

:::::
lower

::::::::::
stratosphere

:::::::
between

:::::
22-28

::
km

:::
are

:::::::
smaller

::
in

:::::::::
magnitude,

:::
but

::::
this

::
is

:::::
partly

:::::::
because

:::
the

::

::::
SOR

::
is

:::
also

:::::::
smaller

::::
here

::::
(note

:::
the

:::::::::
confidence

::::::::
intervals

:::
are

::::::::
expressed

::
as

::::::
percent

::::::
ozone

::
to

::
be

:::::::
directly

::

13



:::::::::
comparable

::
to

::::::
Figure

:::
4).

:::::::
Overall,

::
the

:::
95%

:::::::::
confidence

:::::::
intervals

:::
are

::::::
around

:::::
30-50%

::
of

:::
the

:::::::::
magnitude

::

::
of

:::
the

::::
‘best

::::::::
estimate’

::::
SOR

::
in

::::::
Figure

:
4
:::::::::
indicating

:::
that

::::
there

:::
are

:::::::::::
considerable

::::::::::
uncertainties

::
in
:::
the

:::::
SOR

:::
450

::

::
in

:::
the

:::::
SAGE

::
II

:::::::
datasets.

::::
This

::::
has

::::::::::
implications

:::
for

::::::::::::
understanding

:::
the

::::::::::
contribution

::
of

:::
the

:::::
SOR

::
to

:::
the

::

::::::
climate

:::::::
response

::
to
:::
the

:::::
solar

:::::
cycle.

::

Figures 4(c) and
:
4(d) show equivalent plots to 4(a) and

:
4(b) for SAGE II in units of mixing ratios

on pressure surfaces. The ozone responses
:::::
levels.

::::
The

:::::
SORs

:
between ⇠50-10 hPa are very similar

in the two versions , and strongly resemble Figures 4(a) and 4(b), with an increase
:
a
:::::::
positive

:::::
SOR455

in the tropical lower stratosphere of ⇠1-2%. The structure of the ozone signals
::::::::
structures

::
of
::::

the

::::
SOR between 20 and 5

:::
⇠7 hPa are also similarin the two versions, with subtropical maxima of 1-2%

and a distinct equatorial minimum. However, the ozone signals
:::::
SORs

:
in the upper stratosphere are

markedly different
:::::::
between

::::
v6.2

::::
and

::::
v7.0. Polewards of ±20� the structures

:::::::
structure

::
of

:::
the

::::::
SORs

are similar in both datasets, but the magnitude is ⇠1% larger in v6.2compared to 7.0. In the tropics,460

the v6.2 data show a large maximum in the
::::
peak

::
in

:::
the

:::::
SOR

::
in

:::
the uppermost stratosphere of up to

5%, whereas the v7.0 data show a smaller increase
::::
SOR of 1% in this region.

This is broadly consistent with the evolution of the ozone timeseries at 1hPa in Figure 3 and the

presence or lack of a quasi-decadal variations that are approximately in phase with the solar cycle.

:::
The

:::::::::
confidence

:::::::
intervals

:::
for

:::
the

::::::
SAGE

:
II
:::::::
mixing

::::
ratio

:::::
SORs

::
in

::::::
Figures

::::
5(c)

:::
and

::::
5(d)

:::
are

::::::::
generally

:::
465

::

::::::
similar

::
to

:::::
those

:::
for

:::::::
number

::::::::
densities,

::::
with

:::
the

:::::::::
exception

::
of

::::
the

:::::::::::
uncertainties

:::::
being

:::::::::::
considerably

::

:::::
larger

::
in

:::
the

:::::::
tropical

:::::
upper

:::::::::::
stratosphere

::
in

:::::
both

:::::::
datasets,

::::
but

::::::::::
particularly

::
in

::::::
SAGE

::
II

:::::
v6.2.

::::
The

::

:::::::
relatively

:::::
large

::::::::::
uncertainties

::
in

:::
the

::::
‘best

::::::::
estimate’

::
of

:::
the

::::
SOR

::::::
would

:::
feed

:::::::
through

::
to

::::::
similar

:::::::::::
uncertainties

::

::
in

::
the

::::::::::
contribution

:::
of

::
the

:::::
SOR

::
to

::
the

:::::::::::
atmospheric

:::::::
response

::
to

:::
the

::::::
11-year

::::
solar

:::::
cycle

::::::::::::::::::::::::::::::::::::::
(Gray et al., 2009; Shibata and Kodera, 2005) .

::

:
It
::
is
::::::::
therefore

::::::::
important

:::
to

:::::::::
understand

:::
the

::::::
causes

::
of

:::
the

::::::::::
differences

::
in

:::::
SOR

:::::::
between

:::
the

::::::
SAGE

::
II

:::
470

::

::::
v6.2

:::
and

::::
v7.0

::::::::
datasets,

::::
since

::
it
:::::::
presents

::
a
::::::::
limitation

:::
for

::::::::::::
understanding

::::
and

:::::::::
simulating

:::
the

:::::::
climate

::

:::::::
response

::
to

::::
solar

:::::::
forcing

::::
(e.g.

:::::::::::::::::::::::::::::::::::::
Ermolli et al. (2013); Mitchell et al. (2015b) ).

::::
This

::
is
::::::::
explored

::
in

:::
the

::

:::
next

:::::::
section.

:::

4.1.1 Sensitivity to
:::::::::
Differences

::
in

::::::::::::
NMC/NCEP

:::
and

::::::::::
MERRA-1

::::::::::::
stratospheric temperature

record
::::::
records475

Since the ozone signals in the two versions of SAGE II are comparable in number density units
:::::
show

:::::::::
comparable

::::::
SORs

:::
for

::::::
number

::::::::
densities, the differences between Figures 4(c) and 4(d) must be re-

lated to the conversion of SAGE II to
:::
data

::
to

:::::
ozone

:
mixing ratios. As described in Section 2.1,

:::::
SAGE

:
II
:
v6.2 employed NMC/NCEP temperature data for this conversion, but this was changed to MERRA

reanalysis data
::::::::
MERRA-1

:
for v7.0 (see Damadeo et al. (2013) for details). The differences in the480

solar-ozone signals
::::
SOR

:
in the upper stratosphere must therefore be related to the use of different

temperature analyses
::::::
records

:
in the conversion. It is known that the evolution of upper stratospheric

temperatures in some reanalyses show unphysical
::::::::
variability

::::
and trends (Mitchell et al., 2015a), and

these have been corrected for in some solar-climate studies (e.g. Frame and Gray (2010); Hood et al.
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(2015)). Spurious variations in upper
:::::::
However,

:::
the

:::::
effect

:::
of

:::::::::::
temperatures

::
on

:::
the

:::::
SOR

::
in

::::::
SAGE

::
II485

:::
data

:::
has

::::
not

::::
been

:::::::::
considered

:::::::::
previously.

:::::::
Indeed,

:::::::
spurious

::::::::
variations

::
in

:
stratospheric temperatures in

meteorological analyses and reanalyses
:::::::::
reanalyses

:::::::
datasets, which are introduced through changes

in the observing system over time, may therefore
::::
could

:
mask or enhance the signal of the 11 year

solar cycle in the SAGE II record
:::::
SAGE

::
II

:::::
ozone

::::::
mixing

:::::
ratios.

Figure 6 shows timeseries of annual and tropical mean temperature anomalies at select pressure
:::
490

::

::::::::::
stratospheric

:
levels (1, 2, 5, 10, 30 hPa) for the NMC/NCEP and MERRA datasets.

:::::::::
MERRA-1

::

:::::::
datasets.

::::
The

::::::::::
NMC/NCEP

:::::::::::
temperatures

::::
are

::::
those

::::::::
provided

::::
with

:::
the

:::::::::
published

::::::
SAGE

::
II

::::
data

::::
files

::

:::
and

:::::
cover

::::::::::
1985-2003.

::::::::::
MERRA-1

::::
data

:::::
were

::::::::::
downloaded

:::
for

::::::::::
1979-2013

::::
from

::::
the

::::::
NASA

::::::
GFSC

::

:::::::
website. At 30 hPa, the evolution of the two

::::::::::
temperature

:
records is nearly identical

:::::
during

::::
the

::

:::::
period

::
of

:::::::
overlap, with a long-term cooling trend of ⇠0.6 K decade�1 and a warming

:::
that

::
is

:::::::
strongly

:::
495

::

::::::::
connected

::
to
:::

an
::::::::
apparent

::::::::
step-wise

:::::::
cooling

:
of ⇠0.5

:
2 K around the time of the Mount Pinatubo

::

volcanic eruption in 1991.
:::::::
between

:::::
1992

:::
and

:::::
1994. However, at pressures less than 30 hPa there are

::

substantial differences between the records. In the upper stratosphere at 1hPa, the
:::
The NMC/NCEP

::

data show a long-term warming trend of 1.6
:::::::::
exceptional

:::::::::
behaviour

:::::::
between

::::::::
2000-03.

:::
At

:
1 K

::::
hPa,

::

::::
there

::
is

::
a
::::::::
warming

::
of

:::::
more

::::
than

::
3 decade�1

:
K

::::
over

::::
this

:::::
short

::::::
period, which is in contrast to the

:::
500

::

cooling trend of
::::::::
coincident

::::
with

:
a
::::::::

warming
::
of

:::
⇠1 K

:
at
::
2 decade�1 in MERRA. The MERRA data

::

also show an exceptional cooling
:::
hPa.

::
In

::::::::
contrast,

::
at

:
5
::::

and
:::
10

:::
hPa

:::::
there

:
is
::

a
:::::::
cooling

::
of

:::::
more

::::
than

::

:
4
::::
and

:
2
::
K,

:::::::::::
respectively,

::::
over

::::
this

::::::
period.

::::
The

:::::::::
magnitude

:::
and

:::::::
vertical

:::::::
structure

:::
of

::::
these

:::::::
changes

:::
in

::

::
the

:::::::::::
NMC/NCEP

::::::
record

::::::
seems

::::::::::
inexplicable

:::
as

::
to

:::
be

::::::
related

::
to
::::

any
:::::::
physical

::::::::
process,

::::::::::
particularly

::

::::
when

:::::::::
compared

::
to

:::
the

::::::::
variations

:::::
found

::
in

:::
the

:::::::::
remainder

::
of

:::
the

::::::
record.

:::::
Some

::
of

:::::
these

:::::
issues

::::
may

:::
be

:::
505

::

:::::
related

:::
to

::
the

:::::::
method

::::
used

::
to

::::::::
construct

:::
the

:::::::::::
NMC/NCEP

::::::::::
temperature

::::::
record

:::::
itself.

:::::
NCEP

:::::::::
reanalysis

::

:::
data

:::::
were

::::
only

::::::::
available

:::
for

:::::::::
pressures

::::::
greater

::::
than

:::
10

::::
hPa,

::::::::
requiring

:::
the

:::::::
addition

:::
of

::::::::::
operational

::

:::::::
analyses

::
to

::::::
extend

:::
the

::::
data

::
to

:::
the

::::::::::
stratopause.

::::
Data

::::
from

:::
an

::::::::::
atmospheric

::::::
model

:::
was

:::::
used

::
to

::::::
further

::

:::::
extend

:::
the

:::::::::::
temperature

::::
data

::
to

:::
the

:::::::::::
mesosphere,

:::
but

:::::
these

:::::
levels

:::
are

::::
not

:::::::::
considered

::::
here

::::
(see

::::
e.g.

::

:::::::::::::::::::::
Damadeo et al. (2013) for

::::
more

:::::::
details).

::::
The

::::::::::
NMC/NCEP

::::::::::
temperature

::::::
record

::::
used

::
to

::::::
convert

::::::
SAGE

:::
510

::

:
II
::
is
::::::::
therefore

::::::::::
constructed

::::
from

::::::
several

::::::::::
component

:::::::
datasets.

:::::::::
Regardless

::
of

:::
the

:::::
exact

::::::
cause,

:
it
::::::
seems

::

:::::
likely

:::
that

:::::
some

::
of

:::
the

::::::::::
temperature

:::::::::
variations

::
in

:::
the

:::::::::::
NMC/NCEP

:::::
record

:::
are

::::::::
spurious

:::
and

::::
this

::::
may

::

:::::
impact

:::
on

:::
the

::::::::
diagnosed

:::::
SOR

::
in

:::
the

::::::
SAGE

:
II
::::
v6.2

:::::::
mixing

::::
ratio

::::
data.

:::

:::
The

::::::::::
temperature

:::::::::
variations

:::
in

:::::::::
MERRA-1

::::
over

::::
the

::::::
period

:::::::::
1985-2003

:::
are

:::::::::
generally

::::::
smaller

:::
in

::

::::::::
magnitude

:::::
than

:::::
those

:::::
found

::
in

::::::::::::
NMC/NCEP,

::::
with

:::
the

:::::::::
exception

::
of

::
a

::::::
marked

:::::::
cooling

::
at

::
1
:::
hPa

:
of

:::
515

::

⇠3 K over a 3 yearperiod at
:::::::
between

:::::::::
2001-2003,

::::::
which

::
is

:::::::
opposite

::
to

:::::
what

:
is
:::::
seen

::
in

:::::::::::
NMC/NCEP.

::

::::
This

::::::
cooling

::
in
::::::::::

MERRA-1
:::::
leads

:::
the

::::::
decline

::
in
:::::

solar
::::::
forcing

::::::
during

:::
the

::::::::::
downward

:::::
phase

::
of

:::::
solar

::

::::
cycle

:::
23

::
by

::::::
around

::
a

::::
year,

:::
and

::
is

::::
also

:::::
larger

::
in

::::::::
amplitude

::::
than

::::::
typical

:::::
solar

::::::
signals

::
in

::::::::::
temperature

::
at

::

:::
this

::::
level

::::::::::::::::::::
(Mitchell et al., 2015a) .

::::::::
However,

:::
the

::::
sign

:
is
::
at

::::
least

:::::::::
consistent

::::
with

:::
the

:::::::
expected

::::::::
tendency

::

::
of

:::::
upper

::::::::::
stratospheric

:::::::::::
temperatures

::::::
during

:::
the

::::::::
declining

:::::
phase

::
of

:::
the

::::
solar

::::::
cycle.

:::
520

::
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:
A
:::::

valid
::::::::
question

:
is
::::::

which
::::::::::::
representation

::
of

::::
past

:::::::::::
stratospheric

:::::::::::
temperatures

::
is
:::::
likely

:::
to

::
be

:::::
most

:::::::
realistic?

:::::::::::::::::::::::::::
Mitchell et al. (2015a) compared

:::::::::
MERRA-1

::
to

:::::::::::
Stratospheric

::::::::
Sounding

::::
Unit

:::::
(SSU)

:::::::
satellite

:::
data

::::
and

:::::
found

:::::::::::
considerable

:::::::::
differences

::
in
::::::

upper
::::::::::
stratospheric

:::::::::::
temperature

::::::::
variability

::::::::
between

:::
the

:::
two

:::::::
records.

:::::::::
However, the end of the timeseries during the downward phase of solar cycle 23,

while the NMC/NCEP data show a marked warming in this period. There are therefore substantial525

differences in both the long- and short-term variations of tropical temperatures throughout the middle

and upper stratospherebetween the two records
::::::::
long-term

::::::::
warming

:::::
trend

::
in

:::
the

:::::
upper

:::::::::::
stratosphere,

:::::
which

::
is

:::::::
opposite

:::
to

:::
the

::::::
cooling

::::::::
expected

:::::
from

:::::::::
increasing

::::::::::
atmospheric

:::::
CO2 :::

and
::::::::
declining

::::::
ozone

:::::::::
abundances

::::
over

:::
this

::::::
period.

:::::
Both

::::::
records

::::::::
therefore

:::::
appear

::
to

::::::
exhibit

:::::::::
differences

:::::::::
compared

::
to

:::::::
observed

::::::::::
stratospheric

::::::::::
temperature

:::::::
changes.530

The evolution of temperature
::::::::::
atmospheric

:::::::::::
temperatures will affect the

::::::::
geometric

:
altitude of a

::

given pressure surface, as well as the conversion from number density to mixing ratio. It is well
::

known that a long-term cooling will lower the altitude of pressure surfaces, a so-called ‘atmospheric
::

shrinking’ effect. Therefore the presence of cooling near the stratopause in MERRA
:::::::::
MERRA-1

::

would tend to lead to a greater atmospheric shrinking than for the NMC/NCEP temperatures. Fur-
:::
535

::

thermore, the conversion from number density to mixing ratio is proportional to temperature, so a
::

positive correlation between number density and temperature over the solar cycle would tend to in-
::

crease the mixing ratio signal
::::::::
magnitude

:::
of

:::
the

::::
SOR

:
on a given pressure surface. Figure 7 shows

::

the
:::::
annual

:::::
mean

:
solar cycle signals in stratospheric temperatures derived for (a)

:::
the NMC/NCEP

::

and (b) MERRA
::::::::
MERRA-1

:::::::
datasets

::::
over

:::
the

::::::
period

:::::::::
1985-2003. Although the broad structure

::::
sign

:::
540

::

of the temperature signals are largely consistent
::::::::
consistent

::
in

::::
most

:::::::
regions, the maximum warming

::

in the tropics
:
at

:::::
solar

::::::::
maximum

:
occurs at 4 hPa in MERRA

:::::::::
MERRA-1

:
as compared to 2 hPa in

::

NMC/NCEP. The peak warming
::::::::
magnitude

:::
of

:::
the

::::
solar

:::::
cycle

::::::::::
temperature

::::::::
response is also around

::

25% smaller in MERRA compared to in
:::::::::
MERRA-1

::::::::
compared

::
to

:
NMC/NCEP.

:::
The

::::::
impact

::
of

:::::
these

::

:::::::::
differences

::
on

:::
the

:::::
SOR

::
in

:::::
SAGE

::
II
::::::
mixing

:::::
ratio

:::
data

:::
are

::::::::
explored

::
in

:::
the

::::
next

::::::
section.

::::
545

::

A valid question is thus which representation of past stratospheric temperatures is likely to be

most realistic. Mitchell et al. (2015a) compared MERRA temperatures to Stratospheric Sounding

Unit (SSU) data in the upper stratosphere and found considerable differences in the long-term and

decadal variations between the records.

However, the550

4.1.2
::::::::::
Dependence

::
of
:::::
SOR

::
in

::::::
SAGE

::
II

:::::::
mixing

:::::
ratios

:::
on

:::::::::::
temperature

::::::
record

::
To

:::
test

::::
the

::::::
impact

::
of

:::
the

::::::::::
differences

:::::::
between

:
NMC/NCEP data show a long-term warming in the

upper stratosphere, which is in contrast to the cooling expected from increasing atmospheric CO2

and declining ozone abundances over this period. Nevertheless, there remain uncertainties in the

observed evolution of upper stratospheric temperatures over the reanalysis era (Thompson et al., 2012) ,555
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which makes it more challenging to evaluate which temperature dataset, if any, is likely to be

realistic.

In light of these uncertainties, we conduct
::
and

::::::::::
MERRA-1

:::::::::::
temperatures

:::
on

:::
the

:::::
SOR

::
in

::::::
SAGE

::
II,

:::
we

:::::::
perform

:
our own conversion of SAGE II

::
the

::::::
SAGE

::
II

::::
v6.2

::::
data

:
from number densities to

mixing ratiosto test the impact of the NMC/NCEP and MERRA temperature fields on the solar-ozone560

signal. Each monthly and zonal mean ozone profile is first converted to number density
:::::::
densities

:
on

pressure levels , using the hydrostatic relation
:::::::
equation, and then to mixing ratios

::
on

::::::::
pressure

:::::
levels

using the ideal gas law. The MLR in Equation 1 is then applied to the converted ozone mixing ratio

timeseries
::::
ratios

:
to derive a solar-ozone signal

::::
SOR

:
that can be compared to the original SAGE II

datasets
::::::::
published

::::::
SAGE

::
II

::::::
mixing

::::
ratio

:::::::
datasets

::::::::
discussed

:::::
above

::::
and

:::::
shown

::
in

::::::
Figure

:
4.565

As a first test, we convert the SAGE II v6.2 number density profiles
:::::::
densities

::
to

::::::
mixing

:::::
ratios using

the full timeseries of temperatures from NMC/NCEP and MERRA to test how our
:::::::::
MERRA-1

::
in

::::
turn.

:::
The

:::::
SORs

:::::::::
diagnosed

::::
from

:::::
these

:
‘post-hocconverted data compares to the original records. These

:
’

::::::::
converted

:::::::
datasets

:
are shown in Figures 8(a) and

:
8(b) for NMC/NCEP and MERRA

:::::::::
MERRA-1,

respectively, which
:::
with

:::
the

:::::::::
difference

:::::::
between

:::::
them

:::::
shown

::
in

::::::
Figure

::::
8(c).

::::::
These can be compared570

to Figures 4(c)and (d
:::
-4(e). We stress that differences

:
in

:::
the

::::::
SORs are to be expected, since in the

original datasets each
::::::::
published

:::::
SAGE

::
II

:::::::
datasets

::::
each

:::::
ozone

:
profile is converted separately before

averaging is performed, whereas here we convert
::::
have

::::::::
converted

:
the monthly, zonal

::::::
zonally

:
and

latitudinally averaged
:::::
ozone

::::::
number

::::::
density

:
profiles.

The converted
::::
SOR

::
in

:::
the

::::::::
post-hoc

::::::::
converted

::::
data

:::::
using

:
NMC/NCEP data show a

:::::::::::
temperatures575

::::::
(Figure

::::
8(a))

::::::
shows

:
a
:
qualitatively similar structure to Figure 4(c), but the magnitude of the signal

::::
peak

:::::::::
magnitude

:
is underestimated by around

:
⇠2% in the tropics. Also the signal in the tropical

lower stratosphereis overestimated, which is an issue in all of the post-hoc converted fields. The

::::::
tropical

:::::
upper

:::::::::::
stratosphere.

:::
The

:::::
SOR

::
in

:::
the data converted using MERRA

:::::::::
MERRA-1 temperatures

(Figure 8(b)) also agrees well
::::::::
compares

:::::
more

::::::
closely with the original dataset in the mid and upper580

stratosphere
::::::
SAGE

::
II

::::
v7.0

::::
vmr

::::::
dataset

:
(Figure 4(d)). In particular, the reduced magnitude of the

solar-ozone signal
::::
SOR in the tropical upper stratosphere is captured. This comparison indicates that

our conversion method is reasonable for exploring the sensitivity of the SAGE II data to stratospheric

temperatures in the mid and upper stratosphere, but is probably not suitable for comparison in the

lower stratosphere.585

We now explore the impact of different properties of the temperature records on the solar-ozone
::

signals. As was discussed above, the
:
,
:::::
which

::::::
allows

:::
us

::
to

::::::
explore

::::
how

::::::::::
differences

::
in

:::::
linear

::::::
trends

::

:::
and

::::
solar

:::::
cycle

::::::
signals

::
in
:::::::::::

temperature
:::::::
between NMC/NCEP and MERRA datasets show markedly

::

different long-term trends and some differences in their solar cycle variability in temperatures. The
::

impact of these differences on the solar-ozone signal is tested by converting the
:::::::::
MERRA-1

::::::
impact

:::
590

::

::
on

:::
the

:::::::::
diagnosed

::::
SOR.

:::
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::::::
Figures

::::
8(d)

:::
and

::::
8(e)

:::::
show

:::
the

::::
SOR

:::
for

:::
the

:
SAGE II v6.2 number density data

:::
data

:::::::::
converted to

::

mixing ratios using a monthly temperature climatology
::::
from

:::::::::
MERRA-1 added to a

:::::::::::::::
latitude-height-time

::

::::::::
dependent

:
linear trend and solar signal component, which are extracted from each dataset as a

::

function of latitude and pressure. The solar-ozone signals for these trend + solar converted datasets
:::
595

::

are shown in
:::::
cycle

::::
term

:::
(see

::::::
Figure

::
7)

::::::::
extracted

::::
from

:::::
either

:::::::::::
NMC/NCEP

::::::
(Figure

::::
8(d))

::
or
::::::::::
MERRA-1

::

::::::
(Figure

:::::
8(e)).

:::
The

:::::::::
difference

:::::::
between

:
Figures 8(c

:
d) and 8(d) . The data converted using

:
e)

::
is

::::::
shown

::

::
in

::::::
Figure

:::
8(f)

:::
for

:::::::::
reference.

:::::::
Figures

:::::
8(d-f)

::::
are

::::
very

::::::
similar

:::
to

::::::
Figures

::::::
8(a-c)

:::::::::
indicating

:::
that

::::
the

::

:::::::
majority

::
of

:::
the

::::::::
difference

::
in
:::::
SOR

::
in

::::::
Figure

:::
8(c)

::::
can

::
be

::::::::
intepreted

:::
as

:::
due

::
to

:::::::::
differences

::
in

:::::::::
long-term

::

:::::
trends

:::
and

:::::
solar

:::::
cycle

::::::::
variability

::
in
:::::::::::

temperatures
::::::::
between NMC/NCEP temperatures show a larger

:::
600

::

solar-ozone signal in the tropical upper stratosphere by 1-2compared to that using MERRA
:::
and

::

:::::::::
MERRA-1. Further tests (not shown) , show that this is

::::
show

::::
that

:::
the

:::::::::
diagnosed

:::::
SORs

:::
are

:
not

::

affected by differences in the temperature climatologies between the datasets, but is rather associated
::

with the time-dependent trend and solar cycle components.
:::
the

:::::
choice

::
of

::::
base

::::::::::
temperature

::::::::::
climatology

::

:::
(i.e.

:::::::::
MERRA-1

:::
or

:::::::::::
NMC/NCEP).

::::
605

::

The remaining panels in Figure 8
::::::
Figures

::::::
8(g-i)

:::
and

:::::
8(j-l)

:
show equivalent results to Figures

8(c,d
::
d-f), but for data converted using either the trend (e,f)or solar (g,h)component of the temperature

::::
with

:::
the

:::::::::
conversion

::
to

:::::::
mixing

:::::
ratios

:::::::::
performed

::::
with

:::
the

::::::::::
temperature

:::::::::::
climatology

:::::
added

::
to
::::::

either

::
the

:::::
linear

:::::
trend

:::::::
(Figures

::::::
8(g-i))

::
or

:::::
solar

::::
cycle

:::::::
(Figures

::::::
8(j-l))

::::::::::
components

::
of

::::::::::
temperature

:::::::::
variability

::::
from

:::
the

:::
two

:
datasets. In both cases, the data converted using NMC/NCEP show a larger solar-ozone610

signal
:
of

:::::
these

::::::
further

:::::
tests,

::::
the

::::
SOR

:
in the tropical upper stratosphere compared to that using

MERRA
:
is
::::::

larger
:::
for

:::
the

::::::
SAGE

::
II
:::::

data
::::::::
converted

:::::
using

:::::::::::
NMC/NCEP

::::
data

::::::::
(Figures

::::::
8(g,j)). This

indicates that both the long-term trend and solar cycle variations in temperature
:::::::::
components

:::
of

::
the

:::::::::::
temperature

::::::::
variability

:
contribute to the differences between the solar-ozone signals in Figures

8(a)and 8(b)
:
in
:::::
SOR

::
in

::::::
Figure

:::
8(c).615

In conclusion, the solar-ozone signals
:::::
SORs in SAGE II are highly consistent across the two

versions
::::
v6.2

:::
and

::::
v7.0

:::
are

:::::
much

:::::
more

::::::::
consistent

:
in terms of number densities on altitude surfaces .

However, the upper stratospheric signals in mixing ratio units are extremely
:::
than

::::
they

:::
are

:::
for

::::::
mixing

::::
ratios

:::
on

::::::::
pressure

:::::::
surfaces.

::::
The

::::::::::
differences

::
in

:::::
SORs

:::
in

:::
the

:::::
latter

:::::
occur

::::::::::
particularly

::
in

:::
the

::::::
upper

::::::::::
stratosphere,

:::
and

:::::
these

::::
have

::::
been

::::::
shown

::
to

::
be

:
sensitive to the

:::::
details

::
of

:::
the

:
temperature records used620

for conversion. We have shown that much of this sensitivity is related to differences in the long-term

trends and solar cycle variability in the temperature records. The long-term warming trend in the

upper stratosphere in NMC/NCEP data is at odds with our
:::
the understanding of recent changes in

atmospheric composition and their impact on stratospheric temperatures
::::::::::
stratospheric

:::::::::::
composition

:::
and

::
its

::::::
impact

:::
on

:::::::::::
temperatures

:::::::::::::::::
(Randel et al., 2009) ; however, the peak of the solar cycle signal in625

stratospheric temperatures
:
in

:::::::::
MERRA-1

:
is at lower altitude in MERRA than predicted from theory

and models. Recent analysis suggests that the anticipated photochemical relationship between ozone

and temperature in the upper stratosphere is
:::
that

::
is

:::::::::
anticipated

:::::
from

::::::::::::
photochemical

::::::
theory

::
is

:
more
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realistic for the
:::::
SAGE

::
II
:
v7.0 mixing ratio data than for v6.2 (Dhomse et al., 2015). These substantial

open questions around
:::::::::::
Nevertheless,

::::
there

::::::
remain

:::::::::
questions

::::::
around

:::::
which

:::
of the SAGE II mixing630

ratio datasets raise questions around the approach adopted for representing the solar-ozone signal in

the SPARC ozone dataset for
::
is

:::::
likely

::
to

::
be

::::
most

:::::::
credible

:::
for

:::::::::
diagnosing

:::
the

:::::
SOR.

:::::
These

:::::
results

:::::
raise

:::::
issues

:::
for

:::
the

::::::::::::
representation

::
of

:::
the

::::
SOR

::
in
::::

the CMIP5 , which largely relied upon
:::::
ozone

::::::::
database,

:::::
which

::::
was

::::::
largely

:::::
based

::
on

:
SAGE II v6.2 vmr data. This will be discussed further in Part II of this

study (
::::::
mixing

:::::
ratios

::::::::::::::::::
(Cionni et al. (2011) ;

:::
see

::::
also Maycock et al., in prep.).635

4.2 Recent extensions to
::::
The

::::
SOR

::
in

:::::::::
extended SAGE

::
II

:::::::
datasets

Figure 10 shows the solar-ozone signals for 1984-2009 in the five
:::::
Given

:::
the

::::::::::
uncertainties

::
in
:::
the

:::::
SOR

::

::
for

:::
the

::::::
SAGE

::
II

::::::
mixing

::::
ratio

:::::::
datasets

::::::::
discussed

::::::
above,

::
we

:::::
focus

:::
our

:::::::
analysis

::
of

:::
the

::::::::
extended

::::::
SAGE

::

:
II
:::::::
records

:::
on

:::
the

::::
three

:::::
SI2N

:::::::
datasets

::::
that

:::
are

::::::::
currently

:::::::
available

:::
as

::::::
number

::::::::
densities

::::
(see

:::::::
Section

::

::::
2.1):

:::::::::::::
SAGE-GOMOS

:::
1,

::::::::::::::
SAGE-GOMOS

::
2,

:::
and

::::::::::::::
SAGE-OSIRIS.

:::::::::
Extending

::::::
SAGE

::
II

:::::
using

:::::
these

:::
640

::

::::
more

:::::
recent

::::::::::::
measurements

::::::::
increases

:::
the

::::::
number

::
of

::::
data

:::::
points

::::::::
included

::
in

::
the

:::::
MLR

::::::
model

::
by

::::::
almost

::

:
a
:::::
factor

::
of

::
2
::
in

:::
the

::::::
tropics

:::
and

:::
by

::::
⇠50%

::
in

:::
the

:::::::::
subtropics

:::
(see

:::::::::::::
Supplementary

:::::::
Material

:::::::
Figures

:::
S1

::

:::
and

::::
S2).

::::::
Figure

:
9
::::::
shows

::::::::
timeseries

:::
of

:::::::
monthly

:::::::
tropical

::::::
percent

:::::
ozone

:::::::::
anomalies

::
at

:::::
select

::::::::
altitudes

::

::
for

:::
the

:::::
three

:::::
SI2N

:::::::
datasets.

::::
The

:::::::
datasets

::
do

::::
not

::::
agree

::::::::
perfectly

::::
over

:::
the

::::::
SAGE

::
II

:::
era

:::::::::::
(1984-2004)

::

::::::
because

::::
the

::::::::
anomalies

::::
are

::::::
defined

:::::::
relative

::
to

:::
the

::::::
entire

:::::::::
timeseries,

:::
but

::::::
overall

::::
they

:::::
show

:::::::
similar

:::
645

::

::::::::
behaviour

::
to

::::::
SAGE

::
II

::::
v7.0

::::::
number

::::::::
densities

:::::
(green

:::::
line)

::
in

::::::
Figure

::
3,

::
as

::::::::
expected.

::
In

:::
the

:::::::::
post-2004

::

::::::
period,

:::::
where

:::::
either

::::::::
GOMOS

::
or

:::::::
OSIRIS

::::
data

:::
are

::::::::
included,

:::
the

:::::::
datasets

:::::
show

::::::::
generally

:::::::::
consistent

::

::::::::
behaviour

::
in

:::
the

::::::::::::::
mid-stratosphere

:::::
during

:::
the

::::::
overlap

::::::
period

::
up

::
to

:::::
2011.

::::::::
QBO-like

:::::::::
variations

::
in

:::::
ozone

::

::
are

::::::
visible

::
in
:::
the

:::::::::
timeseries

::
at

:::
24

:::
and

:::
31

:::
km.

::
At

:::
36

:::
km,

:::::
there

::
is

:
a
:::::::
decline

::
in

:::::
ozone

::::
from

::::::::
2004-09

::
in

::

::
all

::::
three

::::::::
datasets,

::::
with

:::::::
increases

::::::::::
subsequent

::
to

::::
this.

::::::::
However,

::
in

::
the

:::::
upper

:::::::::::
stratosphere

:::
(48

:::
km)

:::::
there

:::
650

::

::
are

:::::
more

:::::::::
substantial

:::::::::
differences

::::::::
between

:::
the

:::::::
datasets,

::::::::::
particularly

:::::::
between

:::
the

:::::::::::::
SAGE-GOMOS

::::
and

::

::::::::::::
SAGE-OSIRIS

:::::::
records.

:::::::::::::
SAGE-OSIRIS

:::::
shows

:::::
mean

:::::::
positive

:::::::::
anomalies

::::
from

::::::::
2004-13,

::::::::::
particularly

::

::
in

:::
the

::::
latter

::::
part

::
of

:::
the

:::::::
record,

:::::::
whereas

:::
the

:::
two

::::::::::::::
SAGE-GOMOS

:::::::
datasets

:::::
show

:::::::
negative

:::::::::
anomalies

::

:::::::
between

:::::::
2007-10,

::::::
which

:::::::
coincide

::::
with

:::
the

:::::::::
minimum

::
of

:::::
solar

::::
cycle

:::
23.

::::::
These

:::::::::
differences

::
in

::::::
ozone

::

::::::::
variability

::::::
during

:::
the

:::::::::
post-SAGE

::
II
::::::
period

::::
may

:::::
affect

:::
the

:::::
SORs

:::::::::
diagnosed

::
in

:::
the

:::::::
extended

::::::::
datasets,

:::
655

::

::
as

::::::::
compared

::
to

::::
that

:::::
found

:::
for

:::
the

:::::
SAGE

::
II

::::
v7.0

::::
data

:::::
alone

::::::
(Figure

:::::
4(b)).

:::

::::::
Figures

:::::::
10(a-c)

:::::
show

:::
the

:::::
SORs

:::
in

:::
the

:::::
three

:
extended SAGE II datasets described in Section

2.1. The
::
and

:::::::
Figures

:::::::
10(d-f)

::::
show

:::::
their

:::::::::
associated

:::
95%

:::::::::
confidence

:::::::
intervals

::
in
::::::

terms
::
of

:::::::
percent

:::::
ozone.

:::
An

:::::::::
indication

:::
of

:::
the

:
importance of how the separate satellite records are merged for the

solar-ozone signal is immediately apparent when comparing Figure
::::
SOR

::::
can

::
be

::::
seen

:::
by

:::::::::
comparing660

::::::
Figures

:
10(a) and

::
10(b), which show

:::
the

::::
SOR

::
in

:
SAGE-GOMOS 1 and SAGE-GOMOS 2, respec-

tively.
:::
The

:::::
SOR

::
in

:
SAGE-GOMOS 1 shows consistently smaller ozone increases by ⇠1

:
a
::::::::
generally

:::::::
smoother

:::::::
spatial

:::::::
structure

:::
as

:
compared to SAGE-GOMOS 2, which has typical magnitudes of

2-3
:::::::
although

:::
the

:::::::::
magnitudes

:::
are

:::
not

:::::::::::::
distinguishable

::::
from

:::
one

:::::::
another

:::::
given

::
the

:::::::::
estimated

:::::::::
confidence
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:::::::
intervals

:::::::
(Figures

::::::::
10(d-e)).

:::::::::::
Nevertheless,

:::::
since

::::::::
statistical

::::::::::
uncertainties

:::
in

:::
the

::::
SOR

:::
are

:::
not

::::::::
typically665

::::::::
accounted

:::
for

::
in

:::::::::::
solar-climate

:::::::
studies

:::
(e.g

::::::::::::::::
Gray et al. (2009) )

:::
or

::
in

:::::::
climate

:::::
model

::::::
ozone

:::::::
datasets

::::
(e.g.

:::::::::::::::::
Cionni et al. (2011) ),

::::::::::
differences

::
in

::
the

:::::
‘best

::::::::
estimate’

::
of

:::
the

::::
SOR

:::::::
between

:::
the

:::::::
datasets

::::::
remain

::::::::
important

::
to

::::::::::
characterise. The differences of the two merging procedures

::
in

::::
SOR

:::::::
between

::::::::::::::
SAGE-GOMOS

:
1
:::
and

::
2
::::
must

:::::
arise

::::
from

:::::::::
differences

::
in

:::
the

::::
data

:::::::
merging

::::::::::
procedures,

:::::
which

:
are summarised by Tum-

mon et al. (2015), and are described in more detail by Kyrölä et al. (2015) and Penckwitt et al.670

(2015). However, it is difficult to identify which factors in the merging procedure are likely to be

most important for the differences in the solar-ozone responses. Analysis of the
::::
SOR

::
in

:::
the

::::
two

:::::::::::::
SAGE-GOMOS

:
datasets over the SAGE II period alone

::::::::::
(1984-2004) reveals similar differences

::
in

::::::::
magnitude

::::
and

:::::::
structure

:
(not shown), which suggests that the use of SAGE II or GOMOS as a refer-

ence , to which the other record is adjusted , is a key factor which can alter the SAGE II signal itself.675

::
for

:::
the

::::::::::
differences

::
in

::::
SOR.

::::
The

:::::::::::
uncertainties

::
in

::
the

:::::
SOR

::
in

:::::::::::::
SAGE-GOMOS

::
2

:
(Figure 10(c)shows

the merged SAGE II OSIRIS dataset. These data mostly show significant increases in ozone at solar

maximum in the southern subtropics and in the tropics. This is similar to the results of Bourassa et al. (2014) ,

but they also find that the increase in the northern midlatitudes is statistically significant for the680

period 1985 to near present day (see their Figure 9). The absence of a significant change in ozone in

the Northern hemisphere in the SAGE II OSIRIS dataset is also in contrast to the two
::
e))

:::
are

::::::
similar

::
to

::::
those

:::::
found

::
in
:::
the

::::::
SAGE

::
II

::::
v7.0

::::::
number

::::::
density

::::::
dataset

:::::::
(Figure

:::::
5(b)),

:::::::
whereas

:::
the

:::::::::
magnitude

::
of

:::
the

::::::::::
uncertainties

::
in

:::
the

::::
SOR

::
in
:
SAGE-GOMOS datasets, which both show significant increases in ozone

in this region at pressures less than ⇠10hPa. Hubert et al. (2015) identified a significant positive drift685

of 5-8decade�1 in OSIRIS data above 35km compared to ozonesondes and lidar measurements; this

may contribute to the differences in the solar-ozone signal between
:
1
:::::::
(Figure

:::::
10(d))

::::
are

:::::::
reduced

::::::::
compared

::
to SAGE II v7.0and SAGE-OSIRIS,

::::::::::
particularly

::
in

:::
the

:::::
upper

::::::::::
stratosphere.

The SWOOSH record
::::
SOR

::
in

:::
the

::::::::::::
SAGE-OSIRIS

::::::
dataset

:
(Figure 10(d

:
c)) shows a much smoother

and continuous increase in ozone of 1-3across the tropics and subtropics between 2-5hPa. Since the690

SAGE II v7.0 vmr data do not show a significant increase in ozone at these levels between ±10�

(see Figure 4(d)), this part of the signal must arise from the other data included in SWOOSH over

this period. The response in SWOOSH is most similar to that in SAGE-GOMOS 1.

Finally, GOZCARDS shows a fairly smooth increase in ozone across the tropics, which maximises

with a magnitude of 3at
::::::::
significant

:::::::
positive

::::::
values

::
in
::::

the
:::::::::
subtropics

:::::::
between

:
⇠3

:::::
30-40 hPa. The695

signal at these levels extends to ±50� and appears to be consistent with the larger increase in ozone

at these levels in
:::
km.

::::
This

::
is
:::::::::
consistent

::::
with

:::
the

::::::
results

::
of

::::::::::::::::::::::
Bourassa et al. (2014) who

:::::::::
conducted

::
a

::::::
similar

::::
MLR

:::::::
analysis

::
to

:::::
assess

:::::::::
long-term

:::::
ozone

:::::
trends

::
in

::::::::::::
SAGE-OSIRIS

::::
(see

::::
also

:::::::::::::::::::
Tummon et al. (2015) ).

::::::::
However, the

:::
SOR

::
is
:::::::

smaller
::::
and

:::
less

::::::::::
significant

::
in

:::
the

:::::::
tropical

:::::
upper

:::::::::::
stratosphere

:::
and

::::::::
northern

:::::::::
extratropics

:::
as

::::::::
compared

::
to

:::
the

::::
two

:::::::::::::
SAGE-GOMOS

:::::::
datasets

::::
and

:::
the SAGE II v6.2 data compared700

to v7.0 , which is used in the other four extended records. There is also a strong and statistically

20



significant increase in ozone in the lower tropical stratosphere of up to 5at 50
::::
data.

::::::::::::::::::::::::
Hubert et al. (2015) identified

:
a
:::::::::
significant

:::::::
positive

::::
drift

::
of

:::
5-8 hPa. The signal in GOZCARDS has a similar structure to that in

SWOOSH, but is around 1%larger.

There are several common features in the solar-ozone signals across the five extended datasets.705

These include a statistically significant increase in ozone in the mid and upper stratosphere, and an

absence of ozone changes in the tropical mid stratosphere at ⇠10 hPa.

Most of the extended SAGE II datasets also show significant increases in ozone in the tropical

lower stratosphere of a few percent. It has been hypothesised that positive ozone anomalies could

occur in this region as a result of changes in the large-scale stratospheric circulation during the solar710

cycle (Kuroda and Kodera, .

::::::::
decade�1

::
in

:::::::
OSIRIS

:::
data

::::::
above

::
35

::
km

::::::::
compared

:::
to

::::::::::
ozonesondes

::::
and

::::
lidar

::::::::::::
measurements,

::::::
which

::

:::
may

:::::::::
contribute

::
to

:::
the

:::::::::
differences

::
in
:::::
SOR

::
in

:::
the

:::::
upper

:::::::::::
stratosphere.

::

Although there are some similarities between the five extended
:::::
broad

:::::::::
similarities

:::
in

:::
the

:::::
SOR

:::::::
between

:::
the

::::
three

::::::::
extended

::::::
SAGE

::
II

:
datasets there are also marked

::::
some

:
differences. This is de-715

spite the fact that four of the five datasets use the same version of SAGE II
::
all

::
of

:::
the

:::::::
datasets

::::
use

:::::
SAGE

::
II

::::
v7.0

::::::
number

::::::::
densities as a basis, indicating that the procedures for combining records have

an important role in determining the differences. In some regions, .
::::::
There

::
is

:::::::
therefore

::
a
::::::::
trade-off

:::::::
between

::::::::
generating

:::
the

::::::
longest

:::::::
climate

:::
data

::::::
record

:::::::
possible,

::::::
which

:
is
::::::::
desirable

:::
for

::::::::
analysing

:::::::::::
quasi-decadal

::::::
signals,

::::
and

:::
the

::::::::::
introduction

::
of

:::::::::
additional

::::::
sources

::
of
::::::::::

uncertainty
:::::
from

:::::::::
combining

:::::::
multiple

:::::::
satellite720

::::::
records

::::
with

:::::::
different

::::::::
sampling

:::::::::
properties

:::
and

::::::
drifts.

:::::
There

::::::
appear

::
to

:::
be

::::::::
variations

::
in

:::::
ozone

:::
in the

magnitudes of
::::::
OSIRIS

::::::
record

:::
that

::::::
reduce

:::
the

:::::::::
magnitude

::
of

:::
the

::::
SOR

::
in
:::
the

::::::::
extended

:::::::::::::
SAGE-OSIRIS

:::::
record

:::::::::
compared

::
to

:
the solar-ozone signals differ by up to a factor of 3-4. These differences will

have implications for the contribution of the solar-ozone response to stratospheric heating. They

may therefore be important for understanding the climate response to solar forcing, including the725

contribution of the ‘top-down’ pathway to the surface climate response. From the results in this

section, we conclude that whilst longer ozone records can be obtained by merging multiple datasets,

this does not necessarily reduce the uncertainty in the solar-ozone response owing to the dependence

of the signals on data selection and merging procedures.

:::::
SAGE

::
II

::::::
period

:::::
alone.

:::::
When

:::
the

::::::::::::::
SAGE-GOMOS

:::::::
datasets

:::
are

:::::::
analysed

::::
over

:::
the

::::::
SAGE

::
II

::::::
period

:::
730

::

::::::::::
(1984-2004),

::::::::::::::
SAGE-GOMOS

::
1

:::::
shows

:::
the

:::::::
greatest

:::::::::::
resemblance

::
to

:::
the

:::::::
original

::::::
SAGE

::
II

::::
v7.0

::::
data

::

::
in

::::::
Figure

::::
4(b)

::::
(not

::::::
shown)

::::
and

:::
we

::::::::
therefore

::::::::
conclude

:::
that

::::
this

::::::
record

::
is

:::::
likely

:::
the

:::::
most

:::::::
reliable

::

:::::::
estimate

::
of

:::
the

::::
SOR

:::::
from

::
the

:::::::
datasets

::::::::::
considered.

::

4.3 The SBUV record

4.3
:::
The

::::
SOR

:::
in

:::::
SBUV

:::::::
records735
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In addition to SAGE, the other long-term satellite record for stratospheric ozone is the SBUV

dataset, which extends from 1970 to near the present day. Unlike for SAGE II , which represents

measurements from a single instrument in continuous orbit, the SBUV record is formed from multiple

instruments which have been launched on various satellite platforms. Thus, whilst the nadir-viewing

SBUV instruments provide greater spatial and temporal sampling than the limb-viewing SAGE II ,740

there are issues around inter-instrument calibration and merging the separate records. Owing to its

viewing geometry, the vertical resolution of SBUV below ⇠15hPa is much poorer than for SAGE II

making it more challenging to extract information about ozone in the middle and lower stratosphere.

Figure 11 shows timeseries of monthly percent ozone anomalies at select pressure
:::::::::::
stratospheric

::

levels (as in Figure 3) for the SBUV
::::::::::
SBUVMOD

:
VN8.0 (black

:::
line), SBUVMOD VN8.6 (red

:::
line),

:::
745

::

and SBUV Merged Cohesive VN8.6 (blue
:::
line) datasets. The differences between the SBUV records

::

tend to increase with increasing pressure. At 1 hPa, the three
::::
ozone

:::::::::
anomalies

::
in

:::
the

:::::::
different datasets

::

are in reasonable agreement between 1984-1994, but start to diverge after this. The most notable
::

difference is that
::::
good

:::::::::
agreement

:::::::
between

::::::::::
1979-1994.

:::::
After

:::::
1994,

:::
the

:::::
main

:::::::::
differences

:::
are

::::::
found

::

:::::::
between

:::
the

::::::::
SBUMOV

::::::
VN8.0

::::
and

:::
the

:::
two SBUV VN8

::
.6

:::::::
datasets,

:::
the

::::
latter

:::::
being

::::::
largely

:::::::::
consistent

:::
750

::

::::
with

:::
one

:::::::
another.

::
In

:::::::::
particular,

::::::::::
SBUVMOD

:::::
VN8.0 shows a larger positive trend

::
in

:::::
ozone

:
from the

::

mid-1990s to the mid-2000s than in the two SBUV VN8.6 records; this partly coincides with the
::

ascending phase of solar cycle 23. At 5
:
3 hPa, the SBUV

:
a
::::::::::
comparison

:::
of

:::
the

::::
three

::::::
SBUV

:::::::
records

::

::::::
reveals

::::::::
somewhat

::::::::
different

:::::::::
behaviour.

:::::
Here,

:::
the

::::::::::
SBUVMOD

::::::
VN8.0

::::
and

::::::
SBUV Merged Cohesive

::

VN8.6 record shows a larger negative trend from the mid-1980s to the late-1990s than in the other
:::
755

::

datasets , with
::::::
datasets

:::::
show

::::
more

::::::
similar

::::::
ozone

:::::::::
variations,

:::
and

::::::
instead

:
the SBUVMOD VN8.6 and

::

SBUV VN8.0 records being more consistent with one another. At 30
:
is
:::
an

::::::
outlier

::::::::
exhibiting

::
a

:::::
larger

::

::::::
decline

::
in

:::::
ozone

:::::::::
compared

::
to

:::
the

::::
other

::::
two

::::::
records

:::
of

::::
⇠7-8%

:::
over

::::::::::
1979-2012.

:::
At

:
5 hPa, all of the

::

records
:::
the

:::::
three

:::::
SBUV

:::::::
datasets

::::::::
generally

:
show similar temporal variations in the 1980s, but with

::

different offsets which come from the more divergent long-term
:::::
ozone

::
in

:::
the

::::
early

::::
and

::::
latter

:::::
parts

::
of

:::
760

::

::
the

:::::::
records,

::::
with

:::::
some

:::::::::
differences

::
in

::::::
offsets

:::::
linked

::
to

:::::::
different

:
behaviours in the

:::
late 1990s and

::::
early

::

2000s . At this pressure level, the SBUV VN8.0 shows a larger negative trend over the entire period
::

than in the SBUV VN8.6 records.
:::::
when

::::
data

::::
come

:::::
from

:::
the

:::::::::
NOAA-11,

:::
14,

:::
16

:::
and

:::
17

::::::::
satellites.

:::
At

::

::
30

::::
hPa,

:::
the

::::
three

::::::
SBUV

:::::::
records

::
are

:::::::
largely

::::::::
consistent

::::
with

::::
one

::::::
another

::
in

::::
their

:::::
short

:::
and

:::::::::
long-term

::

::::::::
variations,

::::
with

:::::
some

:::::::::
exceptions

::::::
during

:::
the

:::::
1990s

:::::
when

:::
the

::::
data

:::::
come

::::::
mainly

:::::
from

:::
the

:::::::::
NOAA-11

:::
765

::

:::
and

:::::::::
NOAA-14

:::::::
satellites

::::
(see

:::
e.g.

::::::::::::::::::::
Tummon et al. (2015) ).

::

Figure 5shows zonal and annual mean cross sections of the solar-ozone responses
::::::
Figures

::::::
5(a-c)

::::
show

:::
the

::::::
annual

:::::
mean

:::::
SORs

:
in the (a) SBUV

::::::::::
SBUVMOD

:
VN8.0, (b) SBUVMOD VN8.6, and (c)

SBUV Merged Cohesive VN8.6 datasets. The SBUV VN8.0 and SBUV Merged Cohesive VN8.6

records show larger increases in ozone at solar maximum of up to 2-3in the upper stratosphere770

peaking at ⇠3hPa. In contrast, SBUVMOD VN8.6 only shows statistically significant increases

of 1-2in the subtropics at around ±30�. All of the records show an equatorial minimum in the
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mid stratosphere, although this is at higher pressure (5-10hPa) in SBUV VN8.0 compared to the

SBUV VN8.6 records (3-5hPa). Between 10-50hPa, the SBUV VN8.6 based records show generally

smaller positive anomalies (1-2) in
::::::
Figures

:::::
5(d-f)

:::::
show the southern subtropics than in SBUV VN8.0775

(
::::::::
associated

:::
95%

:::::::::
confidence

:::::::
intervals

::
in
::::::

terms
::
of

:::::::
percent

::::::
ozone.

:::
All

:::::
three

::::::
SBUV

::::::
records

:::::
show

::
a

::::::::
significant

:::::::
positive

:::::
SOR

::
in

:::::
some

::::
parts

:::
of

:::
the

:::::
upper

::::::::::
stratosphere

:::
of

::
up

:::
to 2-3%). There is also an

increase in ozone in the northern extratropics in SBUV Merged Cohesive VN8.6, which is present to

a lesser extent in .
::::

The
:::::
SOR

::
in the

::::::
tropical

:::::
upper

:::::::::::
stratosphere

:
is
:::::::
smaller

:::
and

:::
not

::::::
highly

::::::::::
statistically

::::::::
significant

::
in
:
SBUVMOD VN8.6dataset, but which is absent in SBUV VN8,

::::::
which

::
is

::
in

:::::::
contrast

::
to780

::
the

::::
two

::::
other

:::::::
records

:::
and

:::::::::
somewhat

::::::::
resembles

:::
the

::::
SOR

::
in

::::::
SAGE

::
II

::
v7.0 . However, we note that the

poor vertical resolution (⇠10km) of the SBUV instruments at pressures greater than ⇠15hPa means

that there are large uncertainties in these features.

A comparison of the previous SBUV VN8.0 and the latest SBUVMOD VN8.6 records from

NASA reveals a decrease in the magnitude of the solar-ozone signal in the upper stratosphere in785

the newer dataset
:::::
mixing

:::::
ratios

:::::::
(Figure

::::
4(d)). The modifications to the data processing algorithm be-

tween the two versions
::::::::::
SBUVMOD

::::::
VN8.0

::::
and

::::::::::
SBUVMOD

::::::
VN8.6 are documented by Bhartia et al.

(2013); these include the use of new ozone absorption cross-sections, a new a priori ozone climatol-

ogy, and a new cloud-height climatology. In addition, changes were also made to the inter-instrument

calibration, which is now achieved at the radiance level during periods of overlap between the SBUV790

instruments (DeLand et al., 2012; Bhartia et al., 2013). It seems likely that the calibration changes

would have the greatest
:::::::
plausible

::::
that

:::::::::
calibration

:::::::
changes

:::::
could

:
impact on the diagnosis of quasi-

decadal variability in ozone, and it seems possible that the new procedures
:::::::::
processing

:::::::::
procedure

may have smoothed out the solar-ozone signal in the
:::
part

::
of

:::
the

:::::
SOR

::
in

:::
the

:::::
upper

::::::::::
stratosphere

:::
in

SBUVMOD VN8.6.795

With regard to the comparison of the two SBUV
::::
Note

:::
that

::::
the

::::::::
difference

::
in

:::::
SOR

::
in

:::
the

:::::::
tropical

:::::
upper

::::::::::
stratosphere

:::::::
between

::::
the

:::
two

:::::::
SBUV VN8.6 datasets, Figure 5 highlights that a key issue

for isolating the solar-ozone response relates to how the different records are merged to create a

coherent timeseries. The selection of data included in a given time window, along with treatment

of inter-instrument offsets and drifts, can have a substantial impact on the apparent variability and800

trends in ozone. Thus despite the same input data being used by the two SBUV
::::::
records

:::::::
remains

::::
when

:::::::::::
SBUVMOD

:
VN8.6 records, they show markedly different solar-ozone signals in the upper

stratosphere . Tummon et al. (2015) found that the SBUV Merged Cohesive
:
is
::::::::

analysed
::::
over

::::
the

::::::
shorter

:::::::::
1978-2012

::::::
period

:::
(not

:::::::
shown),

:::
so

:::
this

::::
does

::::
not

:::::
result

::::
from

:::
the

::::::::
inclusion

::
of

:::
the

:::::
early

:::::
BUV

:::::::::::
measurements

:::
in

::::::::::
SBUVMOD

:
VN8.6dataset shows substantially different long-term ozone trends805

compared to a range of other satellite records . For example, in the tropical upper stratosphere SBUV

Merged Cohesive VN8.6 showed a positive ozone trend over 1984-1997, whereas almost all other

datasets analysed showed a substantial decline of several percent per decade. In constrast, they found

that the trends in SBUVMOD VN8.6 were more consistent with the other records. However, it is not
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necessarily the case that the long-term behaviour will characterise the variability on quasi-decadal810

timescales. Further work is therefore required to assess the impact of the data selection and merging

procedures on quasi-decadal variability in the two SBUV VN8.6 datasets.

4.4 Other satellite-based records

We now evaluate the representation of the solar-ozone response in other datasets which either combine

information from multiple satellites or are shorter records than SAGE and SBUV. Figure ?? shows815

the annual mean solar-ozone responses for the (a) SAGE corrected SBUV VN8.0 dataset from

McLinden et al. (2009) , (b) BDBP Tier 0, which is the raw measurement component of the BDBP

dataset (see Bodeker et al. (2013) ), and (c) HALOE v19 data (Grooß and Russell, 2005) . Figures

??(a-b) show the period 1984-2004, while Figure ??(c) shows 1991-2004. For comparison with

HALOE, Figure ??(d) shows the SAGE II v7.0 vmr data analysed for the same 1991-2004 period.820

The McLinden et al. (2009) dataset in Figure ??(a) shows broadly similar changes to the SBUV

VN8.0 dataset (Figure 5(a)) at pressures less than 5
:::
The

::::::
SORs

::
in

:::
the

:::::
three

::::::
SBUV

:::::::
records

:::::
show

:::::
further

::::::::::
differences

:::::::
between

::::::
10-50 hPa. However, in the Northern hemisphere there are significant

increases in ozone of 1-3between 5-40hPa which are not present in the original SBUV
:::
hPa,

:::::
with

::::::::::
SBUVMOD VN8.0 data. Both the McLinden et al. (2009) and SBUV

::
.6

:::::::
showing

::
a

:::::
larger

:::
and

:::::
more825

::::::::
significant

:::::
SOR,

::::::::::
particularly

:::
in

:::
the

::::::::
northern

::::::::::
extratropics,

:::::
while

::::::
SBUV

:::::::
Merged

:::::::::
Cohesive VN8.0

datasets show insignificant changes in ozone in the tropics at
::
.6

:::::
shows

::
a
::::::
weaker

:::::
SOR.

:::::::::
However,

::
we

::::
note

::::
that

:::
the

::::
poor

::::::
vertical

:::::::::
resolution

:::
(⇠10 hPa with an increase below between 20-50

::::
km)

::
of

:::
the

:::::
SBUV

::::::::::
instruments

::
at
::::::::
pressures

:::::::
greater

::::
than

::::
⇠15 hPa, although the vertical resolution of SBUV at

these levels is relatively poor. Since McLinden et al. (2009) used a different temperature record to830

convert the SAGE II v6.2 to mixing ratio units (see discussion in Section 2.1), a direct comparison

between Figure ??(a) and SAGE II v6.2 vmr data in Figure 4(c)is not possible.

The BDBP dataset in Figure ??(b)shows significant increases in ozone across the tropical upper

stratosphere. The latitudinal structure is relatively noisy compared to most of the other datasets in

this study; this is
:::
hPa

:::::
makes

::
it
::::::::::
challenging

::
to
:::::::

resolve
:::::::
features

::
in

:::
the

::::
mid

::::
and

:::::
lower

:::::::::::
stratosphere.835

::::
Note

::::
that

:::
the

:::::::::
confidence

::::::::
intervals

:::
for

:::
all

:::
the

::::::
SBUV

:::::::
records

:::
are

::::::
smaller

:::::
than

:::::
those

:::
for

::::::
SAGE

::
II

:::::
based

::::::
records

::::
(see

:::::
Figure

::
5

:::
and

:::::::
Figures

:::::::
10(d-f)).

::::
This

::
is likely to be because the offsets between the

individual records that make up the dataset have not been accounted for B.

Hassler, pers.comms, 2015 . Nevertheless, there is a general resemblance to the SAGE II v6.2
::

vmr data, which is consistent with this data forming a large portion of the long-term tropical upper
:::
840

::

stratospheric ozone measurements in the BDBP dataset.
::::::
number

::
of

::::
data

::::::
points

::::::::
included

::
in
::::

the
::

::::
MLR

:::::::
analysis

::
is
:::::::

around
:::
2-3

:::::
times

::::::
higher

:::
for

:::
the

::::::
SBUV

:::::::
datasets

::::
than

:::
for

:::
the

::::::
SAGE

:::::::
records

::::
(see

::

::::::::::::
Supplementary

:::::::
Material

:::::::
Figures

::
S1

::::
and

::::
S3).

::

The solar-ozone response in HALOE (Figure ??(c)) is distinct from
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:
It
::
is
::::::::
desirable

:::
for

:::
the

::::::::
purposes

:::
of

:::
e.g.

:::::::::::::::
chemistry-climate

::::::
model

:::::::::
evaluation

::
to

:::::::::
determine

::::::
which845

:::::
SBUV

::::::
dataset

::::::
might

::
be

:::::
most

::::::
reliable

:::
for

:::::::::
estimating

:::
the

::::::
annual

:::::
mean

:::::
SOR.

:::::::::::::::::::
Lean (2014) analysed

::::
total

::::::
column

::::::
ozone

::::::::::::
measurements

::::
from

:::::::::::
SBUVMOD

::::::
VN8.0

::::
and

::::::::::
SBUVMOD

::::::
VN8.6

::::
and

:::::
found

::
a

::::::
smaller

:::::
SOR

::
in

:::::::::::
SBUVMOD

::::::
VN8.6

::::::::::
near-global

::::::
column

::::::
ozone,

::::::
which

::::::::
appeared

::
to
:::

be
::::::
related

:::
to

:::::::::
instrument

:::::
effects

:::::::
around

:::
the

::::
1996

:::::
time

:::::
frame.

:::::::::
However,

:::::::::::::::::::
Hood (1997) analysed

:::
the

::::
SOR

::
in
:::::

total

::::::
column

:::::
ozone

::::
data

:::
and

:::::
found

::::
that most of the other datasets in this study. It is one of the only datasets850

that does not show a significant increase in ozone anywhere in the tropical upper stratosphere , the

other exception being the combined SAGE II OSIRIS dataset.

Instead, the main features in HALOE consist of increases in ozone in the subtropics of 3 maximising
::

at 5
:::::
signal

::
is

:::::::::
associated

::::
with

:::::
ozone

:::::::
changes

:::
in

:::
the

:::::
lower

::::::::::
stratosphere

::::
that

:::
are

:::::
linked

:::
to

:::::::::
dynamical

::

::::::::
processes.

:::::::
Column

:::::
ozone

::::::::::::
measurements

:::
are

:::::::
therefore

:::::::
unlikely

::
to

:::
be

:::::::::
particularly

::::::
helpful

:::
for

::::::::::
constraining

:::
855

::

::
the

:::::
SOR

::
in

::
the

:::::
upper

::::::::::
stratosphere

::::::
where

:::::::::
differences

:::
are

:::::
found

:::::::
amongst

:::::
many

::
of

:::
the

::::::
datasets

::::::::
analysed

::

:::
here

::::
and

:::::
where

:::
the

:::::
SOR

:
is
:::::::
strongly

::::::::::
determined

::
by

:::::::::::::
photochemical

::::::::
processes.

:::

:::::::::::::::::::::::::
Tummon et al. (2015) analysed

:::::::
vertical

:::::::
profiles

::
of

:::::::::
long-term

:::::
ozone

::::::
trends

::
in
::::::::

satellite
:::::::
datasets

:::
and

:::::
found

::::
that

::::::
SBUV

:::::::
Merged

::::::::
Cohesive

:::::::
VN8.6

:::::::
showed

::::::::
negligible

::::::
ozone

::::::
trends

::
at

::
2 hPa in the

Southern hemisphere and 15hPa in the Northern hemisphere. This structure would be difficult to860

rationalise in the context of a photochemical equilibrium response to an increase in UV radiation.

Nevertheless, the SAGE II v7.0 vmr shows a broadly similar structure when analysedover the same

time period (Figure ??(d)), but with a larger magnitude by 1-2. The SAGE II v6.2 vmr and
::::
over

:::::::::
1984-1997,

:::::::
whereas

::::::
almost

:::
all

:::::
other

:::::::
datasets

::::::::
analysed,

::::::::
including

:
SBUVMOD VN8.6datasets also

show a comparable structure to HALOE ,
:::::::
showed

:
a
:::::::::
significant

::::::
decline

::
of

::::::
several

:::::::
percent

:::
per

::::::
decade865

over this period(not shown). Therefore the differences between HALOE and the other records may be

related to differences in sampling period rather than fundamental differences in instrument sampling

properties.

4.3.1 Sensitivity to time period

To further test the effect of sampling period on the diagnosis of the solar-ozone signal, we conduct870

MLR analysis on 21year sub-periods taken from a single satellite record. The SBUVMOD
:
.
:::::::
Instead,

:::::
SBUV

:::::::
Merged

::::::::
Cohesive

:
VN8.6 dataset is chosen for this analysis because it extends for more

than 40
::::::
showed

:::::
larger

::::::::
negative

:::::
ozone

::::::
trends

:::
that

:::
the

:::::
other

:::::::
datasets

:::::::
between

:::::
5-10 years, and shows

long-term ozone trends that compare more closely with other independent satellite records (Tummon et al., 2015)
:::
hPa.

:::::::::::::::::::::
Wild and Long (2015) and

:::::::::::::::::::::::::
Tummon et al. (2015) explain

:::
how

:::
the

::::::::::
adjustments

::::
used

:::
to

:::::::
combine

::::
data875

::::
from

:::
the

:::::::::
ascending

::::
node

:::
of

:::::::::
NOAA-11

::::
with

::::::::
NOAA-9

:::
and

::::::::::
NOAA-14

::
in

::::::
SBUV

:::::::
Merged

::::::::
Cohesive

:::::
VN8.6

:::::
were

::::::::::
determined

:::::
from

:::
the

::::::
overlap

:::
of

:::
the

::::::::::
descending

:::::
node

::
of

:::::::::
NOAA-11

:::::
with

:::::::::
NOAA-16

::::::
because

::
of

::::::
known

:::::
issues

::::
with

:::
the

::::::
quality

::
of

::::
data

::::
from

::::::::
NOAA-9

:::
and

:::::::::
NOAA-14

:::::::::::::::::::::
(Kramavora et al., 2013) .

::::
Since

:::
the

::::::::
NOAA-9

::::
and

:::::::::
NOAA-14

::::
data

:::::::
coincide

::::
with

:::
the

::::
end

::
of

:::
the

:::::
trend

:::::::
analysis

::::::
period

::::
used

:::
by
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::::::::::::::::::
Tummon et al. (2015) ,

::::
this

:::::
could

::::
have

::::
had

::
a

:::::::::
particularly

:::::::::::
pronounced

::::::
impact

::
on

:::::
their

:::::
linear

:::::
trend880

::::::::::
calculations,

:::
but

::::
may

:::
not

::
be

:::
as

::::::::
important

:::
for

:::::::::
diagnosing

:::
the

::::
SOR.

Figure ?? shows the annual mean solar-ozone signal in the
::::
From

:::
the

:::::::::
timeseries

::
of

::
1
:::
hPa

::::::
ozone

::::::::
anomalies

::::::
shown

::
in
::::::

Figure
::::

11,
::
it

:::::
would

:::::::
appear

:::
that

::::::::::
differences

:::::::
between

::::
the

:::
two

::::::
SBUV

:::::::
VN8.6

::::::
datasets

:::
in

:::
the

::::
early

::::::
2000s

::::
may

::
be

:::::
more

:::::::::
important

:::
for

::::::::::
determining

:::
the

::::::::::
differences

::
in

::::
SOR

:::
in

:::
the

::::::
tropical

:::::
upper

:::::::::::
stratosphere.

::::::
During

::::
this

::::::
period,

::::::
which

::::::::
coincides

::::
with

:::
the

:::::::::
maximum

::
of

:::::
solar

:::::
cycle885

:::
22,

::::::::::
SBUVMOD

:::::::
VN8.6

:::::
shows

::::::::::
persistently

:::::
more

::::::::
negative

:::::
ozone

:::::::::
anomalies

:::::
than

::::::
SBUV

:::::::
Merged

:::::::
Cohesive

:::::::
VN8.6.

::::::
Further

:::::::
analysis

:::
of

:::
the

::::
SOR

:::
for

:::
the

::::::
period

::
up

:::
to

:::
the

::::
year

::::
2000

::::
(not

::::::
shown)

:::::
does

::::::
produce

::
a
::::::
slightly

:::::
larger

::::
and

::::
more

:::::::::
significant

::::
SOR

:::
in

::
the

:::::::
tropical

:::::
upper

::::::::::
stratosphere

::
in

:
SBUVMOD

VN8.6dataset for successive 21 year periods separated by 2 year intervals covering 1979-2009.

Figure ??(g) shows the full 1979-2009 period for comparison. The signals diagnosed in the earlier890

part of the record show larger increases in ozone in the upper stratosphere and tropical lower

stratosphere than are found in the later periods. The magnitude of the signal extracted for the full 31

year period lies in between these two representations. All of the six sub-periods shown in Figures

??(a-f) include the two major tropical volcanic eruptions that have occurred in the past 35 years (El

Chichn in April 1982 and Mt Pinatubo in June 1991), so it is unlikely that the differences amongst895

them are related to volcanic effects. The MLR in Equation
:
,
:::
but

:::
the

:::::::::
magnitude

::
is

::::
still

::
⇠1does not

include a linear trend term to represent CO2 because for much of the period being considered EESC

is also increasing%
::::::
smaller

::::
than

:::
in

::::::
SBUV

::::::
Merged

:::::::::
Cohesive

::::::
VN8.6

::::::::
indicating

::::
that

:::
the

:::::::::
post-2000

:::::
period

:::::
alone

:::::
does

:::
not

::::::
explain

:::
all

::::::::::
differences

:::::::
between

:::::::
Figures

::::
5(b)

:::
and

:::::
5(c).

:::::
Based

:::
on

:::
the

::::::
above

::::::
factors,

::
it

::
is

:::::::
difficult

::
to

:::::
assert

:::::
which

:::
of

:::
the

::::::
SBUV

::::::
VN8.6

:::::::
datasets

::
is

:::::
likely

::
to

:::
be

::::
most

:::::::
reliable

:::
for900

::::::::
estimating

:::
the

:::::
SOR. However,

:
in
:::::::
practice

:::
the

::::::::::
differences

:::::::
between

:::
the

:::::
SORs

::
in the decline in EESC

since the mid-1990s (see Figure 1(c)) , which has occurred alongside a continued increase in CO2,

could affect the results. To test this , we add a linear trend term into the MLR; however, this does not

strongly affect the results as compared to Figure ?? (not shown). Therefore the differences between

the six sub-periods must arise from other time-dependent factors, such as inter-instrument calibration905

and merging, or indeed time-dependence of the solar-ozone signal itself.

These results highlight the challenges associated with extracting a quasi-decadal signal from a

relatively short observational record.

::::::
tropical

:::::
upper

:::::::::::
stratosphere

::
in

:::
the

::::::
SBUV

::::::
records

:::
are

:::::
small

:::::::::
compared

::
to

:::
the

:::::::::
associated

::::::::
statistical

::

::::::::::
uncertainties

:::::::
(Figures

::::::
5(d-f))

::::
and

::::
small

:::::::::
compared

::
to

:::
the

:::::::::
differences

::
in

::::
SOR

::::::::
between

:::
the

:::
two

::::::
SAGE

:::
910

::

:
II
:::::::

mixing
::::
ratio

:::::::
datasets

::
in
::::

this
::::::
region.

::::
We

::::::::
therefore

::::::::
conclude

:::
that

:::::
using

::::
the

::::::
longest

:::::::
climate

::::
data

::

:::::
record

::
is

::::
most

:::::::::
favourable

:::
for

::::::::::
diagnosing

:::
the

:::::
SOR,

:::::::::
particularly

:::
on

:::::::
seasonal

:::::::::
timescales

::::
(see

:::::::
Section

::

::::
4.4),

:::
and

::
in

::::
this

::::
case

::::
that

::
is

::::::::::
SBUVMOD

:::::::
VN8.6.

::
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4.4 Seasonality
:
in

::::
the

::::::::::
solar-ozone

::::::::
response

The analysis so far has focused on
::::
thus

::
far

::::
has

::::::::
described

:
the annual mean solar-ozone signals in

:::
915

::

satellite observations
::::
SOR

:
in
:::::::
satellite

:::::
ozone

:::::::
datasets. However, there are likely to be seasonally-dependent

::

variations in the signal that will be influenced by, and could feedback onto, the high latitude dynamical
::

::
the

:::::
SOR

:
is
::::::::
expected

::
to

::::::
exhibit

:
a
:::::::
seasonal

:::::::::::
dependence;

::
for

::::::::
example,

::
in

::::::
regions

:::::
close

::
to

::::::::::::
photochemical

::

:::::::::
steady-state

:::
the

::::::
annual

:::::
cycle

::
in

::::
solar

::::::
zenith

::::
angle

::::::
would

::
be

::::::::
expected

::
to

:::::::
produce

:
a
:::::
larger

:::::
SOR

::
in

:::
the

::

::::::
summer

::::::::::
hemisphere

:::::::::::::
(Haigh, 1994) .

:::::::::::
Furthermore,

::::
given

:::
the

:::::::::
hypothesis

::::
that

::::
solar

::::::::
variability

::::::::
modifies

:::
920

::

::
the

:::::::
strength

::
of

:::
the

:::::::::::
stratospheric

::::
polar

::::::
vortex

:::::::::::::::::::::::
(Kuroda and Kodera, 2002) ,

:::::
there

::::
may

:::
also

::
be

::::::::
seasonal

::

::::::::
signatures

::
in
::::

the
::::
SOR

::::::
arising

:::::
from

:::::::::
dynamical

:::::::::
processes,

::::::::::
particularly

::
in
::::

the
:::::
winter

::::::::::::
hemispheres.

::

:::::::
Seasonal

:::::::::
variations

::
in

:::
the

:::::
SOR

:::::
could

::::::::::
potentially

::::::::
influence

:::
the

::::::
overall

:::::::
climate

:
response to solar

::

variability (Hood et al., 2015) .Constraining the solar-ozone response
::::::
forcing

:::::::
through

:::::::
coupling

:::
to

::

:::::::
radiation

::::
(e.g.

:::::::::::::::::
Hood et al. (2015) ),

:::
and

::
it

::
is

:::::::
therefore

:::::::::
important

::
to

::::::::::
characterise

::::
these

::
in

:::::::::::
observations

:::
925

::

:::
and

:::::::::::::::
chemistry-climate

:::::::
models.

::

::::::::::
Constraining

:::
the

:::::
SOR

:
on seasonal timescales requires high spatial and temporal

:::
data

:
coverage;

this is to ensure that any seasonal component of the signal can be resolved, but also to increase the

number of degrees of freedom (i.e. the number of datapoints
:::
data

::::::
points) available for the regression.

Such coverage is not adequately provided by limb-viewing instruments, such as SAGE II, which930

only have relatively sparse and infrequent sampling. The coverage is considerably better for nadir-

viewing instruments , such as the
:::
like SBUV; however,

::
as

::::::::
described

:::::
above their vertical resolution is

much poorer in the middle and lower stratospherethan for limb-viewers. There is therefore a trade-off

between the information that can be usefully extracted from different data sources.

In light of the much improve
:::::
Given

:::
the

::::::
denser

:
sampling of SBUV compared to SAGE II, we935

focus here on the SBUVMOD VN8.6 dataset to examine the seasonality of the solar-ozone signal

in observations
::::
SOR. Figure 5 shows the monthly mean solar-ozone signals in the

::::
SOR

::
in
:

SBU-

VMOD VN8.6 dataset for the period 1984-2004. These have been calculated by regressing individual

monthsseparately
:::::::::
1970-2012.

:::::
These

::::::
values

:::
are

:::::::::
calculated

::
by

::::::::
applying

:::
the

::::
MLR

::::::
model

::
to

:::::::::
timeseries

::
for

:::::::::
individual

::::::
months, and therefore no autocorrelation term has been includedin the MLR, since sep-940

arate months are found to be approximately uncorrelated from year-to-year. We note that the precise

magnitudes of the localised ozone changes are somewhat
::::::
detailed

::::::::::
magnitudes

::::
and

:::::::
structure

:::
of

:::
the

:::::::
monthly

:::::
SORs

:::
are

:::::
more

:
sensitive to the sampling period (see e.g. discussion in Section ??

::::::
choice

::
of

:::::::
analysis

:::::
epoch

::::
than

:::
for

:::
the

::::::
annual

:::::
mean

:::::
SOR

::::
(not

:::::
shown), but the broadscale structures

:::::
broad

::::::
features

:
are generally consistent. The key point to take from Figure 5 is that there are much larger945

localised changes in ozone of up to ⇠10in the upper stratosphere in individual months, which are

associated with substantially enhanced meridional and vertical gradients
:
in
::::

the
:::::::
monthly

:::::
SORs

:::
as

compared to the annual mean signal
::::
SOR for SBUVMOD VN8.6 shown in Figure 5(b). This point

was also noted
::
is

::::::
similar

::
to

:::
the

:::::::::
conclusion

:::::::
reached by Hood et al. (2015).
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If the ozone response was determined by photochemical processes alone, one would expect a950

seasonal component associated with the annual cycle in solar zenith angle, with the largest anomalies

expected in the summer hemisphere (Haigh, 1994) . However, away from regions in approximate

photochemical steady-state localised ozone anomalies are also intimately tied to stratospheric dynamical

variability, particularly in the winter hemisphere where intraseasonal variability in the polar vortex

is a key driver. Given the hypothesis that solar variability can modify the strength of the polar vortex955

(Kuroda and Kodera, 2002) , it follows that there may be a dynamical signature in the ozone changes,

particularly in the winter hemisphere. This is evident in Figure 5 where there are particularly large

gradients in ozone across the extratropics in July in the Southern hemisphere and in March in the

Northern hemisphere.

Although much of the localised changes in ozone are clearly driven by
::::::::
variations

::
in

:::
the

:::::
SOR960

::
are

::::::
driven

:::
by dynamical processes, it is also possible that they could feedback onto circulation

through their impact
::
the

::::::::
radiative

::::::
impacts

:::
of

:::::
ozone on stratospheric heating rates and temperatures.

Hood et al. (2015) concluded that the three chemistry-climate models from CMIP5 that simulated

:::::::
simulate strong gradients in ozone in the winter upper stratosphere, which more closely resembled

observations, tended
::::
most

::::::
closely

::::::::
resemble

:::::::::::
observations,

::::
tend

:
to have high latitude dynamical re-965

sponses that compared more favourably with
:::
are

::::
most

::::::
similar

::
to

:
reanalysis data. It may therefore be

important for such seasonal aspects of the solar-ozone response to be included in model simulations

that lack interactive chemistry
:::::::
Seasonal

::::::::
variations

::
in
:::
the

:::::
SOR

::::
may

:::::::
therefore

::::
play

::
a

:::
role

::
in

:::
the

::::::
ability

::
of

:
a
::::::
model

::
to

:::::::
simulate

:::
the

:::::::
climate

::::::::
response

::
to

::::
solar

:::::::::
variability. However, given the tight coupling

between ozone and dynamics, attribution of the importance of such radiative feedbacks is particu-970

larly challenging. To our knowledge
:
, the importance of this two-way coupling for the solar-climate

response
::::::
climate

::::::::
response

::
to

::::
solar

:::::::::
variability has not been explicitly tested. This is important to clar-

ify for modeling the impact of solar variability on climate because it is not known whether it is suffi-

cient to simply prescribe a seasonally-varying solar-ozone signal
::::
SOR, or whether a

::::
fully

:::::::::
interactive

chemistry-climate model is required which can
:
to
:
capture the coupling and feedbacks between com-975

position, radiation and dynamics
::::
over

:::
the

::::
solar

:::::
cycle. The representation of the solar-ozone response

in global atmospheric
:::
SOR

::
in
::::::
global

::::::
climate models is discussed in more detail in Part II of this study

(Maycock et al., in prep.).

5 Discussion

5 Conclusions980

The representation of the annual mean solar-ozone response has been analysed in many of the

available satellite ozone datasets. Despite there being considerable differences between individual

instruments and the techniques adopted to merge multiple records, there are some consistent features

in all of the datasets. Every dataset shows a statistically significant increase in ozone at solar maximum
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somewhere in the region 1-50hPa, ±60�. The magnitude of the peak increase in ozone ranges from985

⇠1-5. An increase in ozone upon an increase in solar ultraviolet radiation is consistent with our

understanding of photochemical processes in the stratosphere and results from chemistry-climate

models (Haigh, 1994; Austin et al., 2008) .

However, despite all the datasets showing an increase in ozone there are marked differences in

the vertical and horizontal structures of the signals. Some of the differences have been shown to be990

particularly sensitive to the post-processing of data; for example, the importance of the stratospheric

temperature record for the conversion of SAGE II from number density to mixing ratio (see Section

4.1) , or the method employed for merging SBUV records to create a consistent timeseries (see

Section 4.3). More recent combined ozone datasets, which append other records to the SAGE II

timeseries, can provide a longer record which is useful for constraining quasi-decadal signals. However,995

the results from these records are also sensitive to the methods for combining independent records,

as demonstrated by the differences between two versions of the SAGE-GOMOS dataset.

The differences in the magnitude and structure of the solar-ozone response across datasets have

important implications for understanding the
:::::
(SOR)

::::::
forms

::
an

::::::::
important

::::
part

::
of

:::
the climate response

to solar variability. The impact of changes in irradiance and ozone on stratospheric heating rates,1000

and therefore on stratospheric temperatures , are strongly height-dependent. Therefore the different

solar-ozone signals would lead to different solar cycle signatures in stratospheric temperatures
:::::::
11-year

::::
solar

:::::
cycle

:::::::::
variability

:::::::
through

::
its

:::::::
impact

::
on

:::::::::::
stratospheric

:::::::::::
temperatures

:
(e.g. Shibata and Kodera

(2005); Gray et al. (2009)). Since one of the leading ‘top-down’ mechanisms for solar-climate

coupling is related to radiatively-driven changes in meridional temperature gradients in the upper1005

stratosphere (e.g. Gray et al. (2010) ), it is important to constrain the contribution of ozone to this

anomalous heating.

Soukharev and Hood (2006) concluded from their MLR analysis of 3-month mean ozone data that

the solar signals in SAGE II v6.2 vmr, SBUV VN8.0 and HALOE were comparable enough to create

a multi-instrument mean response; this was subsequently used to evaluate the CCMVal-1 models1010

(Austin et al., 2008) . However, the analysis presented here shows that the differences between individual

records, which have recently been reprocessed in different ways, are often as large as the mean

response, and we conclude that this precludes the formulation of a multi-instrument mean signal.

Chemistry-climate modelsmay be useful tools for constraining the solar-ozone response, at least in

the annual mean; however, there remain considerable uncertainties in the characteristics of spectral1015

solar irradiance (SSI) variability (Ermolli et al., 2013) , which must be prescribed in models, and

which will therefore strongly determine the solar-ozone response (Haigh et al., 2010) . Other studies

have developed methods aimed at using ozone observations to constrain SSI variability (Ball et al., 2014) ,

but as has been shown here, the differences between individual records are typically too large to

provide a stringent constraint.1020
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This two part study is in support of the WCRP/SPARC SOLARIS-HEPPA task group that has

been formed to assist the Chemistry-Climate Model Initiative (CCMI) in the production of an ozone

dataset for CMIP6 (see also Maycock et al., in prep; Hegglin et al. , in prep.)
:::
This

::::::
papers

::::::
forms

::
the

::::
first

:::
of

:
a
::::::::

two-part
:::::
study

::::
that

:::::
aims

::
to

:::::::
quantify

::::
the

::::
SOR

:::
in

::::::
current

:::::::
satellite

:::::::::::
observations

::::
and

::::::::::::::
chemistry-climate

:::::::
models. This first part has focused on evaluating the solar-ozone signal in current1025

satellite observations. Changes in stratospheric ozone are an important component of the atmospheric

response to solar variability.

It is therefore important to quantify the solar-ozone signal to improve our understanding and

ability to model the influence of solar variability on climate. Many global climate models, such as

those participating in CMIP exercises, do not currently represent stratospheric chemical processes.1030

As a result, several ozone databases have been created for long-term climate model studies. To allow

for a realistic representation of the impacts of solar variability on climate, these datasets must include

a solar-ozone signal. Such a signal could be derived from observations and
::::
Part

:
I
:::
has

:::::::
focused

:::
on

:::::::::
comparing

::
the

:::::
SOR

::
in

:::::::
recently

:::::::
updated

:::
and/or from chemistry-climate model simulations.

::
or

:::::::
extended

:::::::
versions

::
of

:::::::::
long-term

::::::
satellite

:::::
ozone

:::::::
datasets

::::
(e.g.

:::::
SAGE

:::
II,

::::::
SBUV)

::::
with

::::
their

:::::::
previous

::::
1035

::

::::::::::
counterparts

::::
(e.g.

:::::::::::::::::::::::::::::::::::::::::
Soukharev and Hood (2006); Austin et al. (2008) ).

:::

The SAGE II dataset has been widely used for ozone studies because of its long-term stability.
::

The representation of the solar-ozone signal in the SPARC CMIP5 ozone dataset was based on
::

analysis of the SAGE II
:::::
SAGE

::
II

:::::
ozone

::::
data

:::
are

::::::::
available

::
as
:::::::

number
::::::::
densities

:::
on

::::::
altitude

::::::
levels

::

:::
and

::::::::::::
post-processed

::
to
:::::::

mixing
:::::
ratios

::
on

::::::::
pressure

:::::
levels.

::::
The

::::::
SAGE

::
II

::::::
version

:::
6.2

:
(v6.2mixing ratio

::::
1040

::

data (along with some data from SAGE I). These data show an increase in stratospheric ozone
::

at solar maximum with a peak
:
)
::::::
mixing

::::
ratio

:::::::
dataset

:::::
shows

::
a
:::::::
positive

::::::
annual

:::::
mean

:::::
SOR

::::
with

::
a

::

::::
peak

:::::::::
magnitude

:
of ⇠5% near the tropical stratopause. However, the more recent SAGE II v7.0

::

mixing ratio data show a markedly different solar-ozone signal, with smaller increases
:::::
dataset

::::::
shows

::

:
a
:::::::::::
substantially

::::::
smaller

::::
SOR

:
at the tropical stratopause of ⇠1%. The two versions of SAGE II show

::::
1045

::

much greater consistency in their native number density on altitude coordinates; this demonstrates
::

:::::::::
Conversely,

:::
the

::::::
SORs

::
in

:::
the

::::::::
equivalent

::::::
SAGE

::
II

::::::
number

:::::::
density

:::::::
datasets

:::
are

:::::
much

::::
more

:::::::::
consistent

::

::
for

::::
v6.2

::::
and

:::::
v7.0,

:::
and

:::::
show

:
a
:::::
three

::::::
peaked

::::::::
structure

::
in

:::
the

:::::::::::::::
tropics/subtropics

::::
with

:
a
:::::::::
magnitude

:::
of

::

::
up

::
to

:::
3-4%.

:::

::
By

::::::::
applying

:
a
::::::::

post-hoc
:::::::
method

::
to

::::::
convert

::::::
SAGE

::
II

:::::::
number

:::::::
densities

:::
to

::::::
mixing

:::::
ratios,

:::
we

:::::
have1050

:::::
shown

:
that the differences must

:
in
:::::
SOR

::::::
mostly arise from the change in the temperature fields used

::::::::::
independent

::::::::::
temperature

:::::
record

::::
used

:::
by

:::
the

:::::
SAGE

::
II
:::::
team to convert number densities to mixing ra-

tiosfrom
:
:
::::
v6.2

::::
uses NMC/NCEP at v6.2 to MERRA at

:::
and

:
v7.0 . A post-hoc conversion of monthly

and zonal mean SAGE II data from number density to mixing ratios revealed that differences in

both the
:::
uses

::::::::::
MERRA-1

:::::::::::
temperatures.

::::::::::
Differences

:::::::
between

::::
these

:::::::::::
temperature

::::::
records

::
in

::::
both long-1055

term trends and solar cycle variations in temperature between NMC/NCEP and MERRA likely con-

tribute to the differences in solar-ozone signals. It is not currently known which temperature dataset
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is
:::::::
changes

::
in

:::::
SOR

::::::::
described

::::::
above.

:::::
Since

:::::
both

::::::::::
temperature

:::::::
records

:::::::
contain

::::::
known

:::::
issues

:::::
(e.g.

::::::::::::::::::::::::::::::::::::::
Damadeo et al. (2013); Mitchell et al. (2015a) ),

::::
we

::::::::
conclude

:::
that

::::
the

:::::
latest

::::::
SAGE

::
II

::::
v7.0

::::::
ozone

::::::
number

::::::::
densities

:::
are

:
likely to be most realistic, however, other recent research suggests that the1060

expected relationship between ozone and temperature in the tropical upper stratosphere is more

representative in SAGE II v7.0 (Dhomse et al., 2015)
::::::
reliable

:::
for

:::::::::
estimating

:::
the

::::
SOR

::
at
:::
the

:::::::
present

::::
time.

::::
This

::
is
:::
an

::::::::
important

:::::::::
conclusion

:::::::
because

::::::
several

:::
of

:::
the

:::::::
existing

:::::
ozone

:::::::
datasets

:::::::::
developed

:::
for

:::
use

::
in

::::::
global

::::::
climate

:::::::
models

::::
have

:::::
been

:::::
based

:::
on

::::::
SAGE

::
II

::::
v6.2

::::::
mixing

:::::
ratio

::::
data,

::::::::
including

::::
the

::::::
dataset

::::::::
developed

:::
for

::::::
CMIP5

::::::::::
simulations

:::::::::::::::::
(Cionni et al., 2011) .1065

The solar-ozone responses were also analysed for the period 1984-2009 in five combined ozone
::

datasets that have
:::
We

::::::
further

::::::::
analysed

:::
the

::::::
annual

::::::
mean

::::
SOR

:::
in

::::
three

:
extended SAGE II using

::

more recent satellite measurements from GOMOS , OSIRIS , MLS and ACE-FTS. These datasets
::

all show increases in ozone in the stratosphere at solar maximum. However, the peak magnitudes
::

vary by several percent amongst them. The importance of data selection and merging processes for
::::
1070

::

the solar-ozone response is exemplified by the differences between two
::::::
datasets

::::
that

::::
have

:::::::
merged

::

::::
more

::::::
recent

::::::::
GOMOS

::::::::
(2002-11)

:::
or

:::::::
OSIRIS

::::::::
(2002-13)

::::
data

:::::
with

:::::
SAGE

::
II
:::::

v7.0
::::::
number

:::::::::
densities.

::

:::
Two

::::::::::::::
SAGE-GOMOS

:::::::
datasets

:::::
were

:::::::
analysed

::::
that

:::::
adopt

:::::::
different

::::::::
methods

:::
for

:::::::
merging

:::
the

:::::::
satellite

::

::::::
records

::::::::::::::::::::::::::::::::::::
(Kyrölä et al., 2015; Penckwitt et al., 2015) .

:::::
These

:::::::
records

::::
show

:::::::
broadly

::::::
similar

::::::
SORs,

:::
but

::

::
the

:::::::
dataset

:::
that

::::
uses

::::::
SAGE

::
II

::
as

::
a

::::::::
reference

:::
and

::::::
adjusts

::::::::
GOMOS

:::::
using

::::::::::::::::
seasonally-varying

::::::
offsets

::::
1075

::

:
at
:::::
each

::::::
latitude

::::
and

::::::
altitude

:::::::::::::::::::::::
(Penckwitt et al., 2015) was

:::::
found

::
to

:::::
have

:
a
::::
SOR

::::
with

::
a
::::::
noisier

::::::
spatial

::

:::::::
structure.

::::
The

:::::::::::::
SAGE-OSIRIS

:::::::
dataset

::::::::::::::::::::::::
(Bourassa et al., 2014) shows

:
a
::::::::::

significant
:::::::
positive

::::
SOR

:::
of

::

:::
⇠2%

:::::::
between

:::::
30-40

:::
km,

:::
but

::
a
::::::
weaker

::::
and

::::
less

:::::::::
significant

::::
SOR

::
in

:::
the

:::::::
tropical

:::::
upper

:::::::::::
stratosphere

::

:::
than

:::
is

:::::
found

::
in
::::

the
:
SAGE-GOMOS datasets, which have the same underlying data records as

::

their basis, but which have magnitudes that differ by around a factor of two.
:
.
:::::
Thus

:::
the

::::::::
inclusion

::::
1080

::

::
of

:::::::
OSIRIS

::::
data

::::::
results

::
in

::
a
::::::::
markedly

::::::::
different

::::
SOR

:::
to

::::
that

:::::
found

::
in

::::
the

:::::
SAGE

:::
II

::::
v7.0

:::::::
number

::

:::::::
densities

::::
that

:::::::
underpin

:::
the

::::
first

::::
part

::
of

:::
the

::::::
record.

:::::
Given

:::::
these

:::::::
various

:::::
issues,

:::
we

::::::::
conclude

::::
that

:::
the

::

:::::::::::::
SAGE-GOMOS

::
1

::::::
dataset

:::::::::::::::::::
(Kyrölä et al., 2015) is

:::::
likely

::
to

:::
be

:::
the

::::
most

:::::::
reliable

::::::::
extended

::::::
SAGE

::
II

::

::::::
dataset

::
for

:::::::::
estimating

:::
the

:::::
SOR

:
at
:::
the

:::::::
present

::::
time.

:::

Analysis of the recent
:::::::
recently

:::::::
released

:
SBUVMOD VN8.6 data produced by NASA show a

::::
1085

::

smaller increase in upper stratospheric ozone at solar maximum
::::
SOR

::
in

:::
the

:::::::
tropical

::::
upper

:::::::::::
stratosphere

::

by ⇠1% compared to the previous
::::::::::
SBUVMOD VN8.0 data (Soukharev and Hood, 2006). However,

::

the SBUV Merged Cohesive VN8.6 dataset from NOAA, which takes a different approach for com-
::

bining individual SBUV
::
the

:::::::::
individual

::::::
SBUV

::::::
VN8.6 records, shows a signal which

::::
SOR

:::
that

:
more

::

closely matches the SBUV
::::::::::
SBUVMOD VN8.0data. There is therefore an outstanding question as to

::::
1090

::

which of the available versions of SBUV is most reliable for diagnosing the solar-ozone response.
::

HALOE data show a markedly different structure to most of the records presented here, but this has
::

been shown to be at least partly related to its shorter sampling period.
::::::::::
Nevertheless,

:::
the

::::::::::
differences

::

::
in

:::
the

:::::::::
magnitude

::
of

:::
the

:::::
SOR

:::::::
between

:::
the

:::::::
various

:::::
SBUV

:::::::
records

:::
are

::::::::
generally

:::::::
smaller

::::
than

:::::
those

::
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:::::::
between

:::
the

:::::
SAGE

::
II
::::
v6.2

::::
and

::::
v7.0

::::::
mixing

::::
ratio

:::::::
datasets

:::
and

:::
are

:::
not

::::::
highly

::::::::::
statistically

:::::::::
significant

::::
1095

::

::::
given

:::
the

:::::::::
estimated

::::::::::
uncertainties

:::
in

:::
the

::::
SOR

:::::
from

:::
the

::::::::
regression

::::::
model.

::::
We

:::::::
therefore

:::::::
suggest

::::
that

::

::
the

:::::::::::
SBUVMOD

::::::
VN8.6

::::::
dataset

::
is

::::
most

::::::::::
appropriate

:::
for

::::::::
analysing

:::
the

:::::
SOR

::::
since

::
it
::
is

:::
the

::::::
longest

:::
of

::

::
the

::::::::
currently

::::::::
available

::::::
SBUV

::::::
records

:::::::::::
(1970-2012).

::

To better constrain the observed solar-ozone response it is clearly desirable to have as long a
::

timeseries as possible. However, this will almost certainly require combining multiple records,
::::
1100

::

which as shown here can considerably increase uncertainties. We therefore encourage instrument
::

teams to undertake a detailed comparison of instrument offsets and drifts on decadal timescales and
::

their importance for diagnosing the solar-ozone response in combined satellite datasets.
:::::::
Analysis

::

::
of

:::
the

::::
SOR

:::
on

:::::::
monthly

:::::::::
timescales

::
in

:::
the

:::::::::::
SBUVMOD

::::::
VN8.6

::::::
dataset

::::::
reveals

:::::
larger

:::::::::
horizontal

::::
and

::

::::::
vertical

::::::::
gradients

::
in
::::

the
:::::
SOR,

::::::::::
particularly

::
in

:::
the

::::::
winter

:::::::::::
extratropics.

:::::::::::::::::::::::
Hood et al. (2015) analysed

::::
1105

::

::::::
CMIP5

::::::
models

::::
with

:::::::::
interactive

::::::::
chemistry

::::
and

::::::::
concluded

::::
that

:::
the

::::::
models

::::
with

:::::::
seasonal

:::::::::
variations

::
in

::

::
the

:::::
SOR

::::
that

:::
best

::::::::
matched

:::::::::::
observations

::::::::
simulated

:::::::
changes

::
in

::::
high

:::::::
latitude

:::::
zonal

:::::
winds

::::
that

:::::
more

::

::::::
closely

:::::::
resemble

:::::::::
reanalysis

::::
data.

::::::::
Seasonal

::::::::
variations

::
in

:::
the

:::::
SOR

::::
may

:::::::
therefore

:::
be

::::::::
important

:::
for

:::
the

::

::::::
climate

:::::::
response

::
to

:::::
solar

::::::::
variability,

:::
but

:::
the

::::::::::
quantitative

:::::::::
importance

::
of

::::
this

:::::::
feedback

:::
for

:::::::::::
stratospheric

::

::::::::
dynamics

::::::
remains

:::
to

::
be

::::::
tested.

::::
1110

::

The
::
To

:::::
allow

:::
for

:
a
:::::::
realistic

::::::::::::
representation

:::
of

:::
the

::::::
climate

:::::::
impacts

::
of

:::::
solar

:::::::::
variability

::
in

:::::::
models,

:::::::::
simulations

::::::
should

:::::::
include

:::
the

::::::
effects

::
of

::::
both

::::
the

::::
SOR

::::
and

::::::::
variations

:::
in

::::::
spectral

:::::
solar

:::::::::
irradiance

::::::::::::::::::
(Matthes et al., 2016) .

::::
Our results raise issues for how to best include the effects of solar variability

on stratospheric ozone in climate models, since current approaches range from implictly including

them as part of chemistry-climate models (Hood et al., 2015) , prescribing them as part of an imposed1115

ozone field (Cionni et al., 2011) , to excluding them altogether (Ineson et al., 2014) . It is therefore

extremely likely that
:::::::
represent

:::
the

::::
SOR

::
in

::::::::::::::
‘non-interactive’

::::::
climate

:::::::
models

::
for

::::::
which

::
the

:::::
SOR

:::::
much

::
be

::::::::
externally

::::::::::
prescribed.

:::
For

::::::::
example,

:::::
ozone

::::::::
databases

:::
for

::::::
climate

::::::
models

:::
are

:::::::
usually

::::::
created

:::::
using

:
a
::::::
variety

::
of

::::::
ozone

::::::::::::
measurements,

:::
and

::::::::
therefore

:::::::::
implicitly

::::::
include

::
a

:::::::::::
representation

:::
of

:::
the

::::
SOR

::::
that

:::::::
emerges

::::
from

:::::::::
whichever

:::::::::::
combinations

::
of

:::
data

:::
are

::::::::
included

:::
(e.g.

::::::::::::::::::::::::::::::::::::
Cionni et al. (2011); Bodeker et al. (2013) ).1120

::::::::
However,

::
the

:
differences in the implementation of the solar-ozone signal contributed to the

::::::::
magnitude

:::
and

:::::::
structure

:::
of

::
the

:::::
‘best

::::::::
estimate’

::::
SOR

:::::::
between

:::
the

:::::::
various

::::::
satellite

:::::::
datasets

::::::::
presented

::::
here

::::::
would

:::::
likely

::::
result

:::
in

:::::::
different

::::::
climate

::::::::
responses

:::
to

::::
solar

:::::::
forcing.

:::::
There

::
is

:::::::
therefore

::
a
::::
need

:::
for

::::
new

::::::
studies

::
to

::::::
explore

:::
the

::::::
effects

::
of

:::::::::::
uncertainties

::
in

:::
the

::::
SOR

:::
for

:::::::
climate

:::::::::
simulation,

::::::::::
particularly

::
in

::::
light

:::
of

:::
the

:::::::::
substantial,

:::
but

:::::::
largely

::::::::::
unexplained,

:
spread in stratospheric temperature responses across CMIP51125

models (Mitchell et al., 2015a) . This should therefore be improved in CMIP6. It is also desirable for

seasonal effects , which were excluded in models without chemistry in CMIP5 (see Maycock et al.,

in prep.; Hood et al. (2015) ), and which are evident in the available observational records (Figure 5),

to be incorporated, although the importance of having full coupling between chemistry and dynamics

remains unclear. We conclude that if a more consistent representation of the solar-ozone response can1130
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be achieved in CMIP6 it will aid in understanding the response to solar variability in models
::::::
climate

::::::::
responses

::
to

:::
the

::
11

::::
year

::::
solar

:::::
cycle

:::::
across

::::::
CMIP5

::::::
models

:::::::::::::::::::::::::::::::::::
(Mitchell et al., 2015b; Hood et al., 2015) .
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Figure 1. Timeseries of the six basis functions used in most of the MLR analysisshown here. (a) Solar forcing

based on F10.7cm
::::
solar

::::
radio

:
flux; (b) Volcanic forcing

:
a
::::
trend

::::
term

:
based on the Sato AOD index

::::::
monthly

:::
CO2:::::::::::

concentration
::
at

:::::
Mauna

::::
Loa; (c) Equivalent effective stratospheric chlorine; (d)

::
the

::::
Nino

:::
3.4

:::::
index

:::
for

ENSObased on ERSST dataset; (e, f) two orthogonal QBO indices defined as the first two principal component

timeseries of ERA-Interim
:::::
based

::
on

:
tropical

::::
zonal

:
winds

:
at

::
50

::::
and

::
30

::
hPa. The timeseries are in units of

standard deviation
::
and

:::
the

:::
time

:::::
period

::
is

::::::::
1970-2015.

:
A
:::::::
volcanic

::::
term

:
is
:::
not

::::::
included

:::::::
because

::
the

:
2
::::
year

::::::
periods

:::::::
following

:::
the

:::
two

:::::
major

::::::
tropical

:::::::
eruptions

::
in

:::
this

:::::
epoch

::
(El

:::
Chić

:::
hon

:::
and

:::
Mt

:::::::
Pinatubo)

:::
are

:::::::
excluded

::::
from

:::
the

:::::::
regression

:::::::
analysis.
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Figure 2. Timeseries of percent tropical
::
the

::::::
fraction

:::
of

:::::
sunrise

:::
to

:::
total

:
(
:::::
sunrise

::
+

:::::
sunset)

:::::::
profiles

::::
used

::
to

::::::
generate

:::::::
monthly

::::
mean

:::::
ozone

:::::
values

::
in

:::
the

:::::
tropics

:
(30�S-30�N) ozone anomalies for 1984-2004 at (a) 1 hPa

::
for

:::
the

:::::
SAGE

:
II
::::

v7.0
:::
vmr

::::::
dataset.
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Figure 3.
::::::::
Timeseries

::
of

::::::
percent

:::::::
tropical

::::
mean

::::::::::
(30�S-30�N)

::::::
ozone

::::::::
anomalies

:::
for

::::::::
1984-2004

::
at
:::

(a)
::
1

:::
hPa

::
(48

:::
km),

:::
(b)

:
3
:::
hPa

:::
(40

::::
km),

::
(c)

::
5

:::
hPa

:::
(36

:::
km),

:::
(d)

::
10

:::
hPa

:::
(31

::::
km),

:::
and

::
(e)

:::
30

:::
hPa

:::
(24

:::
km).

::::
Data

:::
are

:::::
shown

:::
for

:::::
SAGE

:
II
::::
v6.2

::::::
volume

:::::
mixing

::::
ratios

:::::
(vmr)

::::::
(black),

:::::
SAGE

:
II
::::
v7.0

:::
vmr

:::::
(red),

:::::
SAGE

:
II
::::
v6.2

::::::
number

::::::
densities

::::
(nd)

:::::
(blue),

:::
and

:::::
SAGE

::
II

:::
v7.0

:::
nd

::::::
(green).

:::
The

::::
thick

:::
red

::::
lines

::::::
denote

::
the

::::::
periods

:::::::
excluded

::::
from

:::
the

::::
MLR

:::::::
analysis

:::::::
following

:::::
major

::::::
tropical

::::::
volcanic

::::::::
eruptions.

:::
The

:::::
bottom

:::::
panel

:::::
shows

::
the

:::::::
F10.7cm

::::
solar

:::
flux

:::
for

::::::::
reference.
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Figure 4.
:::
The

::::::
percent (48km%) ,

:::::
annual

:::::::::
solar-ozone

:::::::
response

:
(b

::::
SOR) 3hPa (40

::
per

:::
130 km

:::
SFU) ,

::
for

:::
the

(c) 5hPa (36km)a, (d) 10hPa
:::::
SAGE

::
II

::::
v6.2

:::
data

::::
and

:
(31km

::
b,

:
e)

::::
SAGE

::
II
::::

v7.0
::::

data
::

in
:::::

terms
:::

of
::
(a,

::
b)

:::::
number

::::::::::::
density-altitude

:::::
units and (

::
d, e) 30hPa (24km). Data are shown for SAGE II v6.2 volume mixing

ratio
::::::::::
ratio-pressure

::::
units.

::::
Panel

:
(vmr

:
c)

:::::
shows (blackb) , SAGE II v7.0 vmr

::::
minus

:
(reda), SAGE II v6.2 number

density
::
and

:::::
panel (ndf)

:::::
shows (blue

:
e) , and SAGE II v7.0 nd

::::
minus

:
(green

:
d).

::
The

::::::
contour

::::::
interval

::
is
:
1%.

::::
The

::::::
hatching

::::::
denotes

::::::
regions

:::::
where

:::
the

::::
SOR

::
is

:::
not

::::::::
statistically

::::::::::::
distinguishable

::::
from

::::
zero

::
at

::
the

:::
95%

::::::::
confidence

::::
level.
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Figure 5. The percent (
:
95%

::::::::
confidence

:::::::
intervals

::::::
(CI95%) differences

:
on

:::
the

:::::
SORs

:::::::::::
(SOR±CI95%)

::::::
shown in

ozone per 130SFU
:::::
Figure

:
4
:

for the (a, c) SAGE II v6.2 data and (b, d) SAGE II v7.0 data in terms of (a, b)

number density-altitude units and (c, d) volume mixing ratio-pressure units. The contour interval is 1
::
0.5%. The

hatching denotes regions that are not statistically significant at the 95confidence level
::
is

:
as
::

in
:::::
Figure

::
4.
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Figure 6. Timeseries of tropical mean temperature anomalies
:::
(K) from the NMC/NCEP (dashed) and MERRA

::::::::
MERRA-1 (solid) datasets for (top-to-bottom) 1, 2, 5, 10, 30 hPa, respectively.

::
The

::::
time

:::::
period

::
is

:::::::::
1979-2013.

:::
The

::::
thick

::
red

::::
lines

:::::
denote

:::
the

::::::
periods

:::::::
excluded

:::
from

:::
the

::::
MLR

:::::::
analysis

:::::::
following

::::
major

:::::::
volcanic

:::::::
eruptions.

::::
The

:::::
bottom

::::
panel

:::::
shows

:::
the

:::::::
F10.7cm

::::
solar

:::
flux

:::
for

:::::::
reference.
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Figure 7. The annual mean 11 year solar cycle signals in temperature
:
(K

:
) from the (a) MERRA

::::::::
MERRA-1 and

(b) NMC/NCEP datasets.
::::::
Shading

::
as

::
in

:::::
Figure

::
4. The contour interval is 0.25 K. These

:::::::::
temperature fields are

used in the independent
:::::::
‘post-hoc’

:
conversion of SAGE II v6.2 from number density

::::::
densities

:
to mixing ratio

::::
ratios (see Section 4.1.1

:::
4.1.2

:
for details).
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Figure 8. The annual percent (%) differences in ozone
:::::
annual

:::::::::
solar-ozone

:::::::
response

:::::
(SOR)

:
(per 130 SFU

:
)

in SAGE II v6.2 data using the post-hoc conversion
::::::
onverted

:
from number density

::::::
densities

:
to mixing

ratio
::::
ratios

:
for the period 1985-2003

::::
using

:::
the

::::::
method

::::::::
described

::
in
:::::::

Section
::::
4.1.2. The conversions are

::::::::
conversion

:
is
::::
first conducted using full time-dependent

:::::::
timeseries

::
of monthly (a) NMC/NCEP and (b) MERRA

::::::::
MERRA-1

:
temperatures.

::::
Panel

:::
(c)

:::
(b)

:::::
minus

:::
(a). A comparison of these

:::::
panels

::::
(a-c)

:
with Figures 4(a

::
a-c)

and (b) gives an indication
::::::::::
demonstrates

::
the

::::::::::
performance

:
of how the

:
‘post-hoc’

:
conversionmethod described

in Section 4.1 performs. Panels (c,d
::
d-f) show

::
As

::
in
::::

(a-c)
:::

but
::::

with
:
the same data converted

::::::
number

::::::
density

:
to
::::::

mixing
::::

ratio
:::::::::

conversion
::::::::
performed

:
using a monthly temperature climatology from MERRA

::::::::
MERRA-1

added to a linear trend and solar signal in stratospheric temperatures extracted from (c
:
d) NMC/NCEP and

(d
:
e) MERRA

::::::::
MERRA-1. The remaining pairs of panels

:::
rows

:
show the same as (c,d

::
d-f) but for

:::
with the SAGE

II conversion using
::::::::
performed

:::
with

:
the (e,f

::
g-i) linear trend or (g,h

:
j-l) solar cycle components of the temperature

datasets
::::
terms

:
alone. The shading is as is Figure 4.

::
The

::::::
contour

::::::
interval

::
is

:
1%

::
in

:::
the

::
left

::::
and

:::::
middle

:::::::
columns

:::
and

::
0.5%

::
in

::
the

::::::::
right-hand

:::::::
column.
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Figure 9.
::
As

::
in

:::::
Figure

::
3,
:::

but
:::

for
:::
the

::::
three

:::::::
extended

::::::
SAGE

::
II

::::::
number

::::::
density

:::::::
datasets:

::::::::::::
SAGE-GOMOS

::
1

::::::
(black),

::::::::::::
SAGE-GOMOS

:
2
:::::::
(orange),

:::
and

:::::::::::
SAGE-OSIRIS

::::::
(green).

:
The annual percent

:::
time

:::::
period

::
is

:::::::::
1984-2013.
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Figure 10. (
::
a-c) differences

::
As in ozone per 130SFU

:::::
Figure

::
4,

:::
but for the

::::::
extended

:::::
SAGE

::
II

::::::
number

::::::
density

::::::
datasets:

:
(a) SAGE-GOMOS 1, (b) SAGE-GOMOS 2, (c) SAGE OSIRIS, (d) SWOOSH, and (e) GOZCARDS

datasets
:::::::::::
SAGE-OSIRIS. Signals

::::
SORs

:
are derived from a multiple linear regression analysis for

::::::
different

::::::
periods

:
as
:::::

stated
::
in

:
the period 1984-2009 inclusive

::::::
headers. The contour interval is 1%. The hatching denotes regions

that are not statistically significant at
:::
(d-f)

:::
As

:
in
::::::

Figure
:
5,
:::
but

:::
for the 95

:::::
datasets

::
as

:::::
shown

::
in

::::
(a-c).

::::
The

::::::
contour

:::::
interval

::
is
:::
0.5%confidence level.
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Figure 11. As in Figure 3, but for the SBUV
:::::::::
SBUVMOD

:
VN8.0 (black), SBUVMOD VN8.6 (red), and SBUV

Merged Cohesive VN8.6 (blue) datasets.
:::
The

:::
time

:::::
period

::
is

:::::::::
1970-2015.
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The percent () differences in ozone per 130SFU for the (a
::
a-c) SAGE II corrected SBUV(/2) data

(McLinden et al., 2009) , (b) Binary Data Base of Profiles (BDBP) Tier 1.0 (Bodeker et al., 2013) , (c)

Halogen Occultation Experiment (HALOE) v19 (Grooß and Russell, 2005) ,
:
is
::
1% and (d) SAGE II v7.0 vmr

dataset. Signals are derived for the period 1984-2004 inclusive, except in (c
::
d-f) and (d) which are for

1991-2004. The contour interval is 1
::
0.5%.The hatching denotes regions that are not statistically significant at

the 95confidence level.

The percent () differences in ozone per 130SFU for the (a
:::
a-c) SAGE II corrected SBUV(/2) data

(McLinden et al., 2009) , (b) Binary Data Base of Profiles (BDBP) Tier 1.0 (Bodeker et al., 2013) ,

(c) Halogen Occultation Experiment (HALOE) v19 (Grooß and Russell, 2005) ,
:
is

:
1% and (d) SAGE

II v7.0 vmr dataset. Signals are derived for the period 1984-2004 inclusive, except in (c
:::
d-f) and (d)

which are for 1991-2004. The contour interval is 1
:::
0.5%.The hatching denotes regions that are not

statistically significant at the 95confidence level.

Figure 12. The annual percent () differences
::
As in ozone per 130SFU

::::
Figure

::
10

:
for the (a

::
,d) SBUV

:::::::::
SBUVMOD

VN8.0(McPeters et al., 1994) , (b
:
,e) SBUVMOD VN8.6dataset (McPeters et al., 2013; Frith et al., 2014) , and

(c
:
,f) SBUV Merged Cohesive VN8.6 datasets(Wild and Long, 2015) . Signals

:::::
SORs are derived for

::::::
different

:::::
periods

::
as
:::::

stated
::
in
:

the period 1984-2004 inclusive
:::::
headers. The contour interval is 1. The hatching denotes

regions that are not statistically significant at the 95confidence level.

The percent () differences in ozone per 130SFU for the (a
::
a-c) SAGE II corrected SBUV(/2) data

(McLinden et al., 2009) , (b) Binary Data Base of Profiles (BDBP) Tier 1.0 (Bodeker et al., 2013) , (c) Halogen

Occultation Experiment (HALOE) v19 (Grooß and Russell, 2005) ,
:
is

:
1% and (d) SAGE II v7.0 vmr dataset.

Signals are derived for the period 1984-2004 inclusive, except in (c
::
d-f) and (d) which are for 1991-2004. The

contour interval is 1
:::
0.5%.The hatching denotes regions that are not statistically significant at the 95confidence

level.
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The monthly percent
::::::::

solar-ozone
:::::::
response (

:::
SOR) differences in ozone

:
(per 130 SFU

:
) in the SBUVMOD

VN8.6 dataset for the period 1984-2004
:::::::
1970-2012. The contour interval is 1%. The grey shading denotes

regions that are
::::
where

:::
the

::::
SOR

::
is not statistically significant

:::::::::::
distinguishable

::::
from

::::
zero at the 95% confidence

level.

The monthly percent
:::::::::
solar-ozone

::::::::
response (

::::
SOR) differences in ozone

:
(per 130 SFU

:
) in the SBU-

VMOD VN8.6 dataset for the period 1984-2004
::::::::
1970-2012. The contour interval is 1%. The grey

shading denotes regions that are
::::
where

:::
the

:::::
SOR

::
is not statistically significant

::::::::::::
distinguishable

:::::
from

:::
zero

:
at the 95% confidence level.

Figure 13. (a-f) The percent (%) differences in ozone per 130SFU in the SBUVMOD VN8.6 dataset for 21 year

periods separated by 2 year intervals covering 1979-2009. Panel (g) shows the result for the full 1979-2009

period. The contour interval is 1. The hatching denotes regions that are not statistically significant at the

95confidence level.

The monthly percent
:::::::::
solar-ozone

::::::
response

:
(
::::
SOR) differences in ozone

:
(per 130 SFU

:
) in the SBUVMOD VN8.6

dataset for the period 1984-2004
:::::::

1970-2012. The contour interval is 1%. The grey shading denotes regions that

are
::::
where

:::
the

::::
SOR

:
is
:
not statistically significant

:::::::::::
distinguishable

::::
from

:::
zero

:
at the 95% confidence level.
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Dataset Type Time period Units Reference

SAGE II v6.2
Raw satellite product: solar oc-

cultation instrument
1984 - 2004

:::::::::
ppmv/cm�3 Wang et al. (2002)

Combined satellite

product, including

SAGE II v6.2

1984 - 2009

Froidevaux et al. (2015)
SAGE II v7.0

Raw satellite product: solar oc-

cultation instrument
1984 - 2004

:::::::::
ppmv/cm�3 Damadeo et al. (2013)

SAGE-GOMOS 1
Combined satellite product, in-

cluding SAGE II v7.0

1984 - 2009
::::
2011

::::
cm�3

:
Penckwitt et al. (2015)

SAGE-GOMOS 2
Combined satellite product, in-

cluding SAGE II v7.0

1984 - 2009
::::
2011

::::
cm�3

:
Kyrölä et al. (2015)

SAGE-OSIRIS
Combined satellite product, in-

cluding SAGE II v7.0

1984 - 2009
::::
2013

::::
cm�3

:
Bourassa et al. (2014)

Combined satellite

product, including

SAGE II v7.0

1984 - 2009

Davis et al. (2016)
SBUVMOD VN8.0

Raw satellite product: nadir-

viewing instrument

1984
::::
1970 - 2004

::::
2009 ::::

ppmv
:

Combined raw satellite

product 1984 - 2004

McLinden et al. (2009)

SBUVMOD VN8.6
Raw satellite product: nadir-

viewing instrument

1984
::::
1970 - 2004

::::
2012 ::::

ppmv
:

McPeters et al. (2013);

Frith et al. (2014)

SBUV Merged Co-

hesive VN8.6

Raw satellite product: nadir-

viewing instrument

1984
::::
1978 - 2004

::::
2012 ::::

ppmv
:

Wild and Long (2015)

Raw satellite product:

solar occultation

instrument 1991 - 2004

Grooß and Russell (2005) Combined

raw satellite, ozone

sonde and ground

based observation

product 1984 - 2004

Bodeker et al. (2013)
Table 1. Details

:::::::
Overview

:
of the

::::::
satellite ozone datasets used in this study.
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