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Abstract. We find that wintertime temperature anomalies near 4 hPa @Hd/S are related, through dynamics, to anomalies
in ozone and temperature, particularly in the tropicaltesphere, but also throughout the upper stratosphere asospigere.
These mid-latitude anomalies occur on timescales of up torgimand are related to changes in wave-forcing. A chantiesin
meridional circulation extends from the middle stratogphieto the mesosphere and forms a temperature-changeugaéelr
from equator to pole. We develop a dynamical index based trertted, deseasonalised mid-latitude temperature. When
employed in multiple linear regression, this index can aotdor up to 40% of the total variability of temperature armboe
and a doubling of the total coefficient of determination ia #guatorial stratosphere above 20 hPa. Further, the aimdgron
all multiple-linear regression coefficients can be redumedp to 45% and 25% in temperature and ozone, respectivelys@
this index is an important tool for quantifying current antifre 0zone recovery.

1 Introduction

Trend analysis, typically using multiple linear regress{dILR), is a key approach to understand drivers of long-tehanges

in the stratosphere (e.g. WMO (1994), Soukharev and Hood6(2@hiodo et al. (2014), Kuchar et al. (2015), Harris et al.
(2015)). Ozone and temperature have received most atteptotly because they have the longest observationaldecéem-
perature is important for understanding climate changdgvguantifying changes in the ozone layer is necessarytimate
future impacts of elevated, or reduced, ultraviolet (U\iation reaching the surface, especially following the lenpentation

of the Montreal Protocol to reduce halogen-containing eziepleting substances (HODSs) damaging the ozone layer.
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In MLR analysis, stratospheric variability is usually desed with six regressors that represent the solar cycle U¥ fl
changes (e.g., with the F10.7cm radio flux), volcanic enngi(stratospheric aerosol optical depth; SAOD), the EloNin
Southern Oscillation (ENSO) surface temperature varatibvo orthogonal modes of the dynamical quasi-biennizllaion
(QBO), and the equivalent effective stratospheric chi(BESC), which describes the long-term influence of HODSwone
concentration and temperature.

Ozone and temperature variations in the stratosphere axetlgimodulated by changes in solar flux, particularly ie th
UV (see e.g. (Haigh et al., 2010; Ball et al., 2016) and refees therein). Ozone concentration also responds to change
in the Brewer-Dobson circulation (BDC), whereby air risastlie tropics, advects polewards either on a lower, shallow-
(below ~50 hPa) or an upper, deep-branch, and descends at midkei{less tharn-60°) or over the poles, respectively
(Birner and Bonisch, 2011). The BDC is mainly driven by maditude upward propagating planetary and gravity waves tha
break and impart momentum, acting like a paddle to drive wilation (Haynes et al., 1991; Holton et al., 1995; Buttha
2014). Wave forcing depends on the mean-state of the flow,varedversa (Charney and Drazin, 1961; Holton and Mass,
1976); changes in either affect ozone transport by a chantpeispeed of the BDC that leads to adiabatic heating, omzpol
and directly affects chemistry through temperature-ddpaehreaction rates (Chen et al., 2003; Garcia-Herrera, 2@06;
Shepherd et al., 2007; Lima et al., 2012). As such, ozoneangérature have an inverse relationship in the equatarébs
sphere, which in turn has a dependence on dynamics (Stoddrak, 2012), although this is not always the case in theetfow
stratosphere (Zubov et al., 2013). Ultimately, then, dyicahperturbations at mid-to-high latitudes can directiflience the
variability of ozone and temperature (Sridharan et al. 220dath and Sridharan, 2015).

The stratospheric ozone layer has been damaged by the us@@$siand following a ban through the 1987 Montreal
Protocol (Solomon, 1999), levels of HODSs have declinedestheir peak in 1998 (Egorova et al., 2013; Chipperfield.et al
2015). However, the rate of ozone recovery is latitude dégety with southern mid-to-high latitudes expected to veco
by the end of the century, and northern regions by mid-cgnfd&fMO, 2011). The increase in ozone comes partly from
HODS reductions, but also because the BDC is expected tdeaatze (Garcia and Randel, 2008), which reduces the time
for ozone depletion to occur, leads to faster transport @hezout of the equatorial region, and therefore a reduction o
ozone over the equator and a prevention of a full recovery thestropics. Additionally, the cooling stratosphere vgilbw
ozone depletion in the gas phase with the result in the ntitlidges of a ‘super-recovery’ (WMO, 2014). However, estiesat
of ozone trends from 1998 have a high level of uncertaintyriisl@t al., 2015) because various long-term datasets ggovi
different pictures (Tummon et al., 2015), and we do not ustdexd much of the stratospheric variability on short-ticadss.
Anomalous, monthly variability, like that at the equatoisdswn in Figs. 7 and 8 in Shapiro et al. (2013), and which cbeld
related to high latitude variability (e.g. Kuroda and Kaalé2001) and Hitchcock et al. (2013)) may simply be consida®
noise in MLR trend estimates (and other regressors) whe&adt accounted for, which increases the uncertainty.

Our aim here is to provide an index (section 4) to account paradic, noise-like stratospheric variability in monthly
timeseries and, therefore, improve estimates of trendegr@ssor variability, and reduce their uncertaintiestiges). We do
this using model, reanalysis and observational data (se2)ito identify a source for the short-term variabilitydgen 3).
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2 Data and models
2.1 Chemsitry climate model in specified dynamics mode

To investigate temperature and ozone variability in thatsiphere and mesosphere at all latitudes, without dats, gap
simulate historical ozone and temperature variationsgugia Chemistry Climate Model (CCM) SOlar Climate Ozone Isink
(SOCOL; version 3 (Stenke et al., 2013)) in specified dynamiode, whereby the vorticity and divergence of the wind
fields, temperature and the logarithm of surface press@énadged’ using the ERA-Interim reanalysis (Dee et al., 101
between 1983-2012 and up to 0.01 hPa; see Ball et al. (20t6)lfcwudging details. Note that we use the Stratospheric
Processes and their Role in Climate (SPARC) Internatiohath& Atmospheric Chemistry (IGAC) Chemistry Climate Méde
Intercomparison (CCMI) boundary conditions and exteroggihgs, except for the solar irradiance input, for whichuge the
SATIRE-S model (Krivova et al., 2003; Yeo et al., 2014). le flollowing we focus on temperature and ozone variables; the
former is nudged, while the latter is simulated by the CCM &Q@nodel.

2.2 Observations

We verify that the nudged-model output fields ozone (not ediigand temperature (nudged) agree with observations. For
ozone we use the Stratospheric Water and OzOne Satelliteogmzed (SWOOSH) ozone composite (Davis et al., 2016)
for 215-0.2 hPa~10-55 km) and 1979-2012 at all latitudes. For temperatueegcampare the nudged-model output with
independent measurements from the Sounding of the Atmospking Broadband Emission Radiometry (SABER) instrument
(Russell et al., 1999) on the Thermosphere-lonosphere$fidere-Energetics and Dynamics (TIMED) satellite, sipann
2002-2015 and for 100 to 0.00001 hRalP—-140 km) and latitudes out to 52

For the MLR analysis (section 5) we additionally consideraqrial ozone from the Global OZone Chemistry And Related
trace gas Data records for the Stratosphere (GOZCARDS(&raux et al. (2015)), Solar Backscatter Ultraviolet lmstent
Merged Cohesive (SBUV-Mer.; Wild and Long (2016)), SBUV ded Ozone Dataset (SBUV-MOD; Frith et al. (2014)) com-
posites and temperature from the Stratospheric Soundiitg 88U; Zou et al. (2014)) observations and JRA-55 (Ebita et
2011) and MERRA (Rienecker et al., 2011) reanalyses. Aleoladions are re-gridded onto the SOCOL model pressurésleve
and latitudes and consider monthly mean zonally-averagea d

3 Anomalous dynamical variability

3.1 Equatorial ozone and temperature variability

To identify short-term, ‘anomalous’ variability distinétom behaviour on seasonal and longer timescales, we remlbve
long-term variability by smoothing each latitude-presgstime series with a 13-month running mean, and then desalés®n
monthly values. We apply this pre-processing to all vagalih sections 3 and 4. An example nudged equatoridiS2R0 N)
ozone and temperature anomaly time series from the CCM SO@@del at 2.5 hPa is shown in Fig. 1. SWOOSH ozone
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Figure 1. Monthly anomalies of equatorial (26—20N) ozone (upper; %) and temperature (lower; degrees Kelvin) aiRz5 following

the subtraction of 13-month box-car smoothing and monthly-deselasngdrom the CCM SOCOL model in specified dynamics mode.
SWOOSH ozone composite time series and SABER temperature measts@amgeshown in light-blue in the upper and lower plots, respec-
tively. The dashed blue and red horizontal lines are the thresholdsishéig. 2. June-July-August (JJA) anomalies exceeding the threshold
have orange (high-T) and turquoise (low-T) diamonds; Decendmaunaly-February (DJF) anomalies are identified by red (high-T parel

(low-T) diamonds.

from 1985 to 2012, and SABER temperature from 2002 to 201 (Bi show similar anomalous behaviour to the model and
have correlation coefficients.jrof 0.72 and 0.83 with the nudged model results, respegtittleé model, therefore, reproduces
observations well. The monthly temperature and ozone alesrtaave a very strong relationship, especially betwegrafid
6.3 hPa, with negative. reaching -0.95 (Fig. 2) between 0.1 and 10 hPa, while beisgipe elsewhere.

To establish the coherency of the ozone-temperatureaskdtip in the tropics, we identify ‘extreme’ anomalies @rents’)
as those at least at the 90th percentile from the mean in teitope and ozone at less than the 10th percentile (and visa)ve
We call ‘low-T’ events those that have low equatorial tenapere at the same time as a high ozone concentration (blegdin
2.5 hPa, Fig. 2), and ‘high-T’ for the opposite situatiord(liees). We note that for reference the ozone concentrateximum
is at~10 hPa. We use 2.5 hPa as a reference here, but other presseleedt altitudes between 0.1 and 6 hPa give similar
results. The majority of the events (45/60) occur in Decardla@uary-February (DJF; red/blue in Fig. 2) and June-3uigust
(JJA) (vellow/turquoise in Fig. 2). High-T and low-T montremain grouped, but mix and lose coherence at altitudesvbelo
10 hPa, implying that the events have a similar source attalldes above 10 hPa, but a different one below (j.és high at
25 and 40 hPa, but the events at 25 hPa are well-mixed). Ttisaites a likely transition between BDC branches and tteat th

driver of variability is dynamical, which we confirm in thelli@wving.



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-449, 2016 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 8 July 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License. Discussions
: T : :
rc(l.i_ol't;’g 1 rj:zc;gg rgzéoﬁgg ++ +-|_i_ rGL.gO"ng fi—ﬂ-tﬁ» rgléortgg q
i e

i
+ All months ﬂé?‘ﬂ

Seyoxis: [-45 - +45])

1 +High-T, DJF
High=T, JJA
High-T, other

[ +Low-T, DJF
Low-T, JJA
+ Low=T, other

%,

4.0 hPa
=-0.83

25 hPa
r.= 0.80

40 hPa
b or=079

Figure 2. (left) Regression of equatorial (20N—20S) ozone and temperature #asitfallowing 13-month smoothing and monthly desea-
sonalising) from the CCM SOCOL model in specified dynamics mode fesqure levels 0.01 to 40 hPa&0 — 22 km). Grey crosses are
for all months in 1983/01-2012/10. Coloured crosses in each ploteteendined at 2.5 hPa (lower-left) by those within regions defined by
the red (high-T events) and blue lines (low-T events); red crossdem=hégh-T events in December, January, and February (DJF),wello
for high-T events in June, July and August (JJA), and green foefbthigh-T events. Dark blue, turquoise and blue represent DJF, JJA
and ‘other’ low-T months (see also legends in 1.0 and 1.6 hPa plotskl&on coefficients are given for the grey crosses. The y-scale is
different at 0.01 and 0.05 hPa, as indicated in the plots.

3.2 Mid-latitude temperature variability

To identify and locate the source of the driver behind thenezznd temperature anomalies shown and described in theysev
section, in Fig. 3 we correlate the 2.5 hPa equatorial teatpex low-T and high-T events with detrended and deseasedal
temperature at all latitudes and pressure-levels, for DiiFJAA months (Figs. 3a and b, respectively). A quadrupkée-I
5 structure emerges with positive correlations centredraddi5 hPa at the equator and in the winter-polar mesospk@8 (
hPa), and negative correlations in the winter stratosphmaidi-to-high-latitudes and the equatorial mesosphere. imverse
correlation in the stratosphere for DJF extreme monthspatk52°N (r.= -0.92); JJA events peak a#43°S (r.= -0.93). We
find similar results when using other equatorial pressweldenear 2.5 hPa as a reference to calculate correlations.
Figures 3c—f are temperature composites for each event gpBJF Low-T, (d) JJA Low-T, (e¢) DJF High-T and (f) JJA
10 High-T; all show the same temperature-quadrupole straaarin Fig. 3a—b (up to the sign; signals at two and three ateind
deviations from zero are given as yellow and blue contoespectively). Equatorial temperature anomalie® K) are smaller
than at high latitudesy5 K or more). The peak temperature response at mid-to-highdas does not always reside at the same
location as the peak correlation. The quadrupole struésuakso evident in SABER observations (Fig. 4), though théstics
are less robust since the period is shorter. Thus, we canrifelent that the nudged-model is giving a good represemtatio
15 observations.
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Figure 3. Correlation coefficient maps of zonal mean 20N-20S 2.5 hPa tetnper@anomalies from the SOCOL model with respect to

latitude and altitude for all identified low- and high-T (a) DJF and (b) JJAeveas defined in Fig. 2c£f) Composite temperatures for
(c) DJF low-T, (d) JJA low-T, (e) DJF high-T and (f) JJA high-T eteerDashed (solid) contours are negative (positive) with the bold line

representing zero. Signals at the 2 and 3 standard deviations frorareagiven as yellow and blue contours, respectively, in panels c—f.

The quadrupole structure is likely the result of (i) an aecaion of the BDC that adiabatically cools the equator rotyri

Low-T events as more air arrives at high-latitudes, andtedieally heats there, and (i) an deceleration of the BD& th

adiabatically heats the equator during High-T events asdesrrives at high-latitudes leading to cooling thereghlpyocesses

are associated with changes in wave-activity.

We show that the mid-latitude temperature, and equataiaperature and ozone, anomalies are related to variations i

wave activity using the Transformed Eulerian Mean streaction (TEMS; Figs. 5), a measure of the mass flux (positive

values imply clockwise flow along contours, negative atdckwise) and the Eliassen-Palm Flux divergence (EPFDs.Fay
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Figure 4. (a) SABER temperature data correlation coefficient map of zonal meldr20S 2.5 hPa anomalies with all latitudes and altitudes
for all low- and high-T DJF and events. Composite temperatures fo([2)J6w-T and €) high-T events, as defined in Fig 2. Shading colours
and black contours are the same as in Fig. 3 (dashed, negative; saiitig thick, zero). Signals at two standard deviations from zero are

given as purple contours in panels b and c.

which is a measure of the resolved wave-induced forcingefitiean flow (positive values imply an acceleration of the kona
mean flow and a deceleration of the BDC, and negative valesghosite). Using the events identified in Figs. 1 and 2, and
used in Fig. 3, we find clear EPFD and TEMS anomalies centrad 5t&, slightly poleward of the mid-high-latitude peak
correlations (Fig. 3a—b). As anomalies, they do not remteseeversal of meridional air flow, but a slowing or accdiera
When high-T anomalies occur the EPFD is positive, which iegpfional mean westerly winds have accelerated and the BDC
has slowed, which is confirmed by the TEMS, indicating insegaequatorward flow. This will have exact effect found, of
adiabaticly heating the equatorial region and cooling the-to-high latitudes relative to the mean state. The ogpasithe
case for low-T anomalies. These results confirm that egahtmnomalies are dynamically driven. The consequence ef th
circulation changes for ozone is that a temperature inerkssls to faster catalytic destruction, and therefore sedse of

ozone, and vice versa for temperature decreases, exaotly sse.

4 Mid-latitude stratosphere dynamical (MLSD) index

The link between anomalous mid-latitude temperature obsiagd equatorial temperature and ozone provides a waydarscc
for sporadic variability. When performing, e.g., an MLR ars$ to understand variability in the stratosphere, suchndex
of monthly, anomalous variability can account for a largegartion of variability previously unaccounted for, anivdrdown
uncertainties on regressor estimates. We focus here ogtizéazial region, and while we did not perform any tests,results
imply this index could be applied to other locations in thatstsphere and mesosphere.

Below, we describe how we construct a mid-latitude strdtesp dynamical (MLSD) index based upon detrended and
deseasonalised temperature averaged over 43-dAd 2.5-6.3 hPa for June—October months, and average®2verN
and 4-10 hPa for November—May months. Our index utilizesothtput from CCM SOCOL in specified dynamics mode,

20 similar to ERA-Interim and observations, but such an indexd be constructed in a similar way for a specific model outpu
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Figure 5. The median of the Transformed Eulerian Mean streamfunction (TEM&alies for (a) DJF Low-Temperature events, (b) DJF
High-T events, (c) JJA Low-T events, (d) JJA High-T events for thmesanonths as in Fig. 3c—f. Contours lines (solid, positive; dashed
negative) and colours are given in the legend. Positive values inditatiendése-acceleration along the contour lines; negative are anti-

clockwise. Data are from the SOCOL model in specified dynamics mode.

4.1 Construction

To construct a mid-latitude stratosphere dynamical (ML8dex requires the identification of maximum correlationeg-
planatory power, between the equator and each hemisphete¢han the combination of these. While we have previously
considered just the extreme events, we now consider all mhoahomalies between 1983 and 2012. While wave-activity
5 drives the temperature changes, it is not an easily obdergaiantity. Thus, temperature is a natural and simple dyaot
build the index with. Additionally, we have found that the IGOCOL model in free-running mode (i.e. without nudging)
shows the same anomalous temperature-quadrupole seastun Fig. 3. Therefore, one can easily construct an indiexg us
model data to represent anomalous behaviour in the eqalategions, and elsewhere where there is a quadrupole respon
We identify the maximum inverse temperature correlatidmaid-latitudes in both December-January-February (D) a
10 June-July-August (JJA) by varying the reference equdtpriassure-level. We find that averaging over the nine geidsc
centred on the mid-latitude peak improves the relationsliip the equatorial region. Therefore, we construct theindith
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Figure 7. The MLSD index from the CCM SOCOL model in specifed dynamics modegusRA-Interim from 1983 to 2012.

anomalous temperatures averaged over 43S4td 2.5-6.3 hPa in the southern hemisphere (SH) JJA mamthi$2-57N
and 4-10 hPa in the northern hemisphere (NH) DJF months.

For March—May and September—November months, we comgietdIt. SD index by combining November—April NH
anomalies with May—October SH anomalies; this combinati@ximises the relationship with equatorial temperature. W
plot the index derived from the CCM SOCOL model in specifedaiyics mode using ERA-Interim in Fig. 7. Fig. 8 shows
the SH and NH mid-latitude temperature anomalies versegl thBa 20S—-20N equatorial average (a and b, respectively;
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49S and (b) 52-57N and 4-10 hPa=€) As for upper panels, but equatorial ozone anomalies (4 hPa, ZiY-e2e instead plotted against
high-latitude temperature anomalies. Grey crosses are for NoveAgrdrmonths; black crosses for May—October; correlations for both
periods are given in each panel. Red and blue circles identify the DIFHgid Low-T events in Fig. 2, respectively; orange and light-blue
circles similarly identify JJA eventsc{f) May—October 43—49S temperatures and November-April 52-57deratures are combined in
the right panel (MLSD index) and plotted against equatorial (c) tentperand (f) ozone.

grey crosses represent November—April months, and blagk-Metober). The SH May—October temperature anomalies are
inversely correlated with equatorial temperatures0.70) while November—April are not £0.05); the opposite is true for
the NH (1.=0.02 and -0.78, respectively). The ozone-temperaturatevdentified in Fig. 1 are highlighted with coloured
circles, showing that the equatorial anomalies are reltatedid-latitude wave-driving. Fig. 8c shows the MLSD indéstped
against all equatorial temperature anomalies at 4 hRa((i74). The lower panels (d—f) show the equatorial ozolsiomship

with respect to mid-latitude temperature and the MLSD indle& absolute correlation coefficient is lowey=0.65) than for
equatorial temperature in the upper panels, but therdlia stirong relationship.
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Figure 9. Coefficient of determination (B maps of the mid-latitude stratosphere dynamical (MLSD) index with SO@0tlel temperature
at all latitudes and altitudes foa) all months, b) DJF and €) JJA months. White circles represent the approximate region that thedMLS
index is derived from.

In Fig. 9 we show the explanatory power of the MLSD index fodged-model temperature anomalies everywhere (1983—
2012), with the coefficient of determinatiofy or R?, representing the amount of variation that the regressoaceount for. It
ranges from O to 1; a value of 1 is synonymous with the inderuacting for 100% of the variability. In Fig. 9a the MLSD index
can account for-50% of variability between 10 and 1 hPa, and above 0.05 hRaakatory power at mid-latitudes is less (up

5 to~30%), even at the index source locations (white circleg)abse the MLSD index has almost zero explanatory power half
of the time there (see Fig. 8). In Fig. 9b and c, the MLSD indestiown to be good at explaining DJF/JJA variability: above
20 hPa it can account for over 70% of equatorial variabititgre than 60% of polar mesospheric variability (80% in thg,SH
and much of polar stratosphere variability.

5 Improvement in MLR analysis using the MLSD index

10 The MLSD index leads to a large uncertainty reduction in MLiRlgsis. To show this, we consider MLR with or without
the index. In both cases we use the six regressors mentiongettion 1, except we use the F30 radio flux as a proxy for
solar variability, as this is superior to the F10.7 cm radia {[Dudok de Wit et al., 2014). We do not consider use of ang-aut
regressive modelling. In Fig. 10a, we show the combinedamaibry power, i.e. the total’Rf all regressors, for 1983—2005
in SSU temperature observations (red), and JRA-55 (blué¢)MERRA (yellow) reanalyses. Rwithout the MLSD index

15 (dotted lines; Fig. 10a) shows that only about 50%84®&5) of the stratospheric variability above 10 hPa can meatted
for. However, with the MLSD index (solid lines)’Rs >0.8 (MERRA~0.7) and, in all cases, the MLSD index peaks-&t
hPa with R increasing by 0.4, or an absolute improvement of up to 40% (®gative values in the left panel of Fig. 10a,
ie. Rlzu/oMLSD-Ri;/JWLSD)‘ In the right panel of Fig. 10a, we show the relative chamgegressor uncertaintyo{gj/MLSD -

o? Jonmrsp) ! o2 Jomrsp < 100], wherer is based on the Student's t-test. The uncertainty estinoatéise regressors decrease

20 by up to~45% (SSU)~40% (JRA-55) and-35% (MERRA). In addition, the index increase$ &ove 0.4 hPa.
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Figure 10. Coefficient of determination summed over all regressofd éRd the reduction in the Student’s t-test-based error on regressor
coefficients (%) for equatorial profiles (positive values) f@rtemperature from 1985-2005, and for ozone betwbgt 985 and 1997, and
(c) 1998 and 2012 for various datasets (see legend). Eod@ted lines represent estimates without the MLSD index, solid lines with, and

the difference (without-MLSD minus with-MLSD) is given as negative dadhed lines.

To show the MLSD index only improves the explanatory powed does not alias with other regressors, we calculate
the relative importance of each regressor without (blueign E1) and with (red) the MLSD index by decomposing Ree
Bi (2012) for a comprehensive review of this technique),ahhilepends on the order regressors are considered, undess th
regressors are orthogonal, which is usually not the casthéathree decades we consider here (see e.g. Chiodo et #.))20
We use the robust LGM Measure (Lindeman et al., 1980), whitlrdhines relative importance by averaging over all pdssib
n!, ordering of regressors (720 for 6 regressors, 5040 fon7lrig. 11a we show the relative importance of each regresso
and the total, in explaining the variance in SSU temperadtie6 hPa; curves represent the complete distributionstires
from 10000 bootstrappings of every ordering. The MLSD inoékiences the relative importance of the other regressams v
little, and therefore does not alias with them. At 4.6 hPaNheSD index accounts for41% of temperature variance and
increases the total variance accounted for from 45% to 842ak(palues; solid white lines); we see similar results atther
two pressure levels (Fig. 11c). Fig. 11b shows that seasdhBl analysis is enhanced: September-October-NovembeN{SO
months do not improve much-6%); March-April-May (MAM), JJA and DJF peaks increase byrmthan double the 68%
confidence intervals, i.e. by an additional 5%,~15% and~20%, respectively.

Similar results are found for ozone. Figs. 10b and ¢ showstbee composites (see section 2.2) split into 1985-1997 and
1998-2012 time periods, reflecting those often used to figats ozone trends (e.g. Harris et al. (2015)). There ayeifsi
cant differences in Rbetween the ozone composites from the MLR analysis, whitt@ats the fact that different equatorial
decadal trends are found between the ozone datasets (Tuetrabn2015; Harris et al., 2015) and in solar signal profiles
(Maycock et al., 2016) extracted with MLR (see also Fig. 1®)ich may be related to the way these composites of datasets
have been merged together. While smaller for ozone than teiype, an improvement is found in explaining variancé (R

12
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Relative importance

Figure 11. The full distributions of R from MLR of SSU equatorial temperature (20S—20N, 1983-2005) witffiue) and with (red) the
MLSD index showing: left) 4.6 hPa R values for all the regressors considered in the analysis and the toi@dil¢) the annual and seasonal
total R at 4.6 hPa; anddj the annual total Rfor the three SSU pressure levels. Distributions were calculated frof0106otstrapped
samples for each of the possible (n=6) 720, or (n=7) 5040, ordegoéssors. Solid white lines are at the distribution peak, dotted lines are

the 68% confidence intervals.

~0.3), and errors reduce by up ta30% (smaller for SWOOSH and GOZCARDS pre-1998). Furtheembig. 12 shows
the relative importance of regressor, and the total, fofoalt 0ozone composites for the 1998-2012 period at 1.6 hPaudkle
box-and-whisker plots to condense information: boxes ahigkers represent 68% and 95% confidence intervals aroend th
peak (central line); diamonds are all remaining samplethedull distribution is given. As for temperature, 0zongnessors
are not significantly influenced by the MLSD index (not showhig see that at this pressure level, most of the varianceesgi
by QBO2 and MLSD indices. In all four cases MLSD accounts ffier s$ame contribution to total varianceZ0%), within the
68% confidence intervals.

In Fig. 13, we show the equatorial decadal trend profiles@tiitasets considered in Fig. 10 and thei@Acertainties derived
from multiple linear regression with (thick lines) and watht (thin lines) the MLSD index, between 25 and 0.2 hPa. A full
discussion of the differences in the profiles is undertakeftimmon et al. (2015) and Harris et al. (2015), so we do naaep
that here. We simply note that the mean decadal equatceiadi$rin temperature are almost unaffected by the MLSD index
(right panel of Fig. 13). However, we see that the influenabeMLSD index on the mean profile of ozone, in each of the four
cases presented here, leads to a decrease in the ozoneftbatd@en~0.5-1% per decade (i.e. shaded region in Fig. 13), at
the altitudes where the index also performs best at redugiogrtainties (left panel of Fig. 13). This decrease may tesalt
of the largest anomalies after 1998 being positive (seerygpein Fig. 1), which might introduce a slight upward biaghe
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Figure 12. Box-and-whisker plots of the coefficient of determinatiorf(&f each regressor, and the combined total, from multiple linear
regression analysis of four ozone composite datasets at 1.6 hResfe2@N and 1998-2012. The most-likely value is given by the central ba
the box represents 68% of the samples, the whisker 95% and diamowdglialls. Distributions were calculated from 10000 bootstrapped

samples of each of the possible 5040 regressor orderings.

trend analysis; once accounted for with the MLSD index, ltiiéss is removed and the trend is reduced slightly. Nevertisel
this result suggests that ozone trend estimates that dakmtlie short, anomalous variability into account will @stimate
the decadal trends, though it is clear that the biggest tain&es remain in the underlying datasets themselvesrigetral.,

2015).
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Figure 13. Equatorial stratospheric decadal trend profiles for (left) ozone leetd898 and 2012, and (right) for temperature between 1985
and 2005, for the datasets considered in Fig. 10. Thin lines represgitepwithout the MLSD index, thick lines are with. Profiles with the
MLSD index have been offset from the actual pressure levels fatyclar

6 Conclusions

We have shown that detrended and deseasonalised ozonergretature anomalies in the tropics are strongly influenged b
mid-latitude dynamical perturbations that influence terapge throughout the entire upper stratosphere and miesspf
the perturbed hemisphere. The strongest correlationsthée anomalies occur at latitudes aroundifihe winter of both
hemispheres, which are linked to changes in wave-forcing.

We develop a new mid-latitude stratosphere dynamical (MLBDex, which has the power to considerably improve the
statistical significance of ozone and temperature trenmus eaplain much larger fractions of the total variabilityutQesults
suggest that the index is able to improve the uncertaintgroperature and ozone estimates by up to 45 and 30%, resgctiv
between 0.3 and 6.3 hPa. While we focus on equatorial temperahd ozone, we suggest it could also be used in the analysis
of other stratospheric variables, and also out of the egahtegion and in the mesosphere. The MLSD index should be
employed in future investigations of stratospheric treindbe upper stratosphere and mesosphere. For modellidggsiuhis
index can be extracted from pressure levels and latitudatasito those put forward here, though the exact peak isfilcebe
model dependent; for future trends it may be necessary ¢ordate the exact peak again since the regions of wave prtpaga

and breaking may change.
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In all cases considered here, the MLSD index both improvesbility to reduce uncertainties and better explain equgto
stratospheric ozone and temperature variability and, lgnsion, will have the power to improve MLR analysis of sisgtheric
and mesospheric polar variability.
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