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Abstract. We have extended the satellite-based ozoneproached. Improvements are suggested for future regression
anomaly time series to the present (December 2012) bynodelling efforts which could reduce trend uncertainties and
merging SAGE Il (Stratospheric Aerosol and Gas Ex- biases in trend magnitudes, thereby allowing accurate trend
periment IlI) with OSIRIS (Optical Spectrograph and In- detection to extend below 18 km.

frared Imager System) and correcting for the small bias
(~0.5%) between them, determined using their temporal
overlap of 4 years. Analysis of the merged data set (1984—
2012) shows a statistically significant negative trend at
all altitudes in the 18-25km range, including a trend of 1
(—4.64 2.6) % decade! at 19.5km where the relative stan-
dard error is a minimum. We are also able to repIicateTrends in ozone have been studied for decades. The study
previously reported decadal trends in the tropical lower-Of 0zone trends became increasingly important as the con-
stratospheric ozone anomaly based on SAGE II observacentration of ozone-destroying chlorine grew in the strato-
tions. Uncertainties are smaller on the merged trend thar$Phere as a result of anthropogenic emissions of chloroflu-
the SAGE Il trend at all altitudes. Underlying strong fluc- orocarbons. The first of a series of assessments of strato-
tuations in ozone anomaly due to El Nifio-Southern Oscil-SPheric ozone, sponsored by the World Meteorological Orga-
lation (ENSO), the altitude-dependent quasi-biennial oscilla-Nization, began in 1981 (WMO, 1982). Trends in the vertical
tion, and tropopause pressure need to be taken into account glistribution derived from satellite remote sensing observa-
reduce trend uncertainties and, in the case of ENSO, to accifions have been investigated since the 1988 report (WMO,
rately determine the linear trend just above the tropopausel990) but were preceded by observed trends for the mid-
We also compare the observed ozone trend with a calcudle and upper stratosphere from the ground-based Umkehr
lated trend that uses information on tropical upwelling and itstechnique (e.g. Reinsel et al., 1984). The first satellite in-
temporal trend from model simulations, tropopause pressurétruments used for vertically resolved trend analysis were
trend information derived from reanalysis data, and verticalthe Stratospheric Aerosol and Gas Experiment (SAGE) | and
profiles from SAGE Il and OSIRIS to determine the vertical SBUV (Solar Backscatter Ultraviolet) instruments, although
gradient of ozone and its trend. We show that the observe@oth were limited to the middle and upper stratosphere (al-
trend agrees with the calculated trend and that the magnitudftudes >25km). Improved analyses of SAGE | and SBUV
of the calculated trend is dominated by increased tropical updata have pushed their respective lower limits to an altitude
welling, with minor but increasing contribution from the ver- 0f 20km. Their successors (SAGE-Il and SBUV-II) were

tical ozone gradient trend as the tropical tropopause is aplaunched in 1984. The SAGE instruments, relying on the so-
lar occultation technique, have been accepted as the standard
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among satellite instruments for reliable ozone trend detectiorthe observed ozone anomatjds, described in Sect. 2.1.3).
since 1988 (WMO, 1990). We use a multiple linear regression with no weighting of the
Limb-scattering (L-S) satellite-borne sensors provide theobservational data (i.e. standard least squares), as is com-
ability to study trends in the vertical profile with high verti- monly used (e.g. Randel and Thompson, 2011) in this field
cal resolution and a higher measurement frequency than s®f research. The regression model can vary as a function
lar occultation. The Solar Mesosphere Explorer was the firsof altitude, similar to the work of Hollandsworth and Flynn
L-S instrument used to study ozone trends (WMO, 1990;(WMO, 1998). Here, however, model terms are ultimately
Rusch and Clancy, 1988), specifically at the stratopausedropped at altitudes where they are not statistically signif-
Since then, ozone in the 35-45km range retrieved fromicant (defined below). Kirgis et al. (2013) also followed a
SCIAMACHY (Scanning Imaging Absorption Spectrome- similar approach with different final regression models de-
ter for Atmospheric Chartography; Bovensmann et al., 1999)veloped for different ground-based stations. This tailoring of
L-S observations was used in the most recent assessmerggression models allows the proportion of explained vari-
(WMO, 2011), although only merged with older data setsance to be meaningful.
such as SAGE | and Il to provide a sufficiently long com-
bined time series at low and mid-latitudes. OSIRIS (Optical2.1 Dependent variable
Spectrograph and Infrared Imager System) data were also
first used in the 2010 assessment in combination with dat®.1.1 SAGE Il
from other satellite instruments (including SAGE |, SAGE
Il, and SCIAMACHY L-S) to determine mid-latitude trends The Stratospheric Aerosol and Gas Experiment
in the 35-45km and 20-25 km ranges in the ozone recoverySAGE) 1l measures transmittance during solar oc-
period 1997-2008 (see also Jones et al., 2009). cultations in several bands centred at 385, 448, 453,
The contribution of two high-vertical-resolution satellite 525, 600, 940, and 1020nm (Chu et al., 1989).
instruments, namely HALOE (Halogen Occultation Experi- SAGE 1l v7.0 ozone profile data (available dittps:
ment) and SAGE II, has been considered down to the 13-#/eosweb.larc.nasa.gov/cgi-bin/searchTool.cgi?Dataset=
16 km range at mid-latitudes (WMO, 2007) and down to the SAGE2_AEROSOL_03_NO2_H20_BINARY_V7.0
tropopause globally (for SAGE Il only) (WMO, 2003). How- cover the time period of November 1984 to August 2005
ever, very little discussion of tropical trends from satellites in and extend from the surface to the lower mesosphere with
the 17-20km range appears in any recent assessment sinaevertical resolution of 1 km. Data filtering according to the
the realization that SAGE | ozone could not be extended beWang et al. (2002) recommendation is applied to the entire
low 20 km (WMO, 1999). Trends in the tropical lower strato- time series and is effective at removing ozone measurements
sphere are of interest given modelled changes in the Brewerwith large uncertainties or significant aerosol-extinction
Dobson circulation (e.g. Bunzel and Schmidt, 2013), andcontamination, such as in the post-Pinatubo period. Clouds
with the significant negative trend observed in this regionat or above the tropical tropopause will be filtered effectively
over the last quarter century using a combination of SAGEfrom SAGE Il ozone, and SAGE Il is not sensitive to
Il and ozonesonde data (Randel and Thompson, 2011).  clouds below the field of view (FOV) because it uses the
In this paper, we merge ozone data from SAGE Il andsolar occultation technique. Additionally, the SAGE Il data
OSIRIS to form a 28-year-long anomaly time series and ex-are filtered with the beta angle criteria from Hassler et
amine variability and updated trends of ozone down nearml. (2008). The quality of the SAGE Il data with respect to
the tropical tropopause (18 km). It is crucial to understanddetecting temporal trends was discussed in the Introduction.
and accurately quantify other sources of variability to im- Furthermore, relative to version 6.2, the improved quality
prove trend detection capability. The trend is often secondanof the version 7.0 SAGE Il data (Damadeo et al., 2013)
in amplitude to stronger signals, e.g. the quasi-biennial oswas immediately obvious upon switching to the latter as
cillation (QBO) and EIl Nifio—Southern Oscillation (ENSO). uncertainties were reduced in linear trends at all studied
The longest cyclic phenomenon considered is the 11-year saaltitudes. Based on the release notes for the version 7.0
lar cycle; however equivalent effective stratospheric chlorineSAGE Il data, any ozone number density below 35 km with
(EESC) (Newman et al., 2007) has had only one maximuman uncertainty of>200% was filtered out as well as any
and is currently down 20 % from the peak values of the lateunderlying points in that individual profile.
1990s. The explanatory variables are described in Sect. 2.2.
2.1.2 OSIRIS

2 Methods OSIRIS measures spectra of limb-scattered sunlight from
the UV to the near-infrared from onboard the Odin satel-
In this section, we describe the statistical model used and it$ite (Llewellyn et al., 2004). Data ranges in time from late
inputs, namely the dependent and independent variables (s&901 to the present. Thus a valuable extra year of overlap
Sects. 2.1 and 2.2, respectively). The dependent variable iwith SAGE Il is available compared with the atmospheric
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chemistry instruments on Envisat. The OSIRIS ozone re-
trieval is described by Degenstein et al. (2009) and re-
trieved profiles range from cloud top to 60 km with a ver-
tical resolution of 2km. Degenstein et al. (2009) showed
the version 5 data to be valid to 2% down to 18km by
comparisons with SAGE II. The version 5.07 data (avail-
able afftp://odin-osiris.usask.ca/Level2/dajlgave been val-
idated most recently and extensively by Adams et al. (2013,

2014). In the tropical upper troposphere, version 5 biases vs.

ozonesondes and aircraft observations rea&bo (Cooper
et al.,, 2011). Also using OSIRIS ozone from a different
retrieval algorithm, Brohede et al. (2007) found a statis-
tically significant +0.045 ppmvyear! drift at 30km be-
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4. Effective albedo is simultaneously determined during
the ozone retrieval and could compensate for the lack
of clouds in the forward modelling, particularly for low
clouds (Degenstein et al., 2009).

5. The sensitivity of clouds, particularly those at low alti-
tude, is reduced by normalization with a high-altitude
reference spectrum (von Savigny et al., 2003). Errors
at 20km are typically <1 % when effective albedo is
simultaneously retrieved (Flittner et al., 2000).

6. Based on the above arguments, clouds in the FOV are
the most likely to have a strong effect; however at the
tropical tropopause, they tend to be optically thin.

tween 2002 and 2006 at the global scale vs. the sub-

millimetre radiometer (Odin/SMR). Perhaps most relevant We also only retain data with SZA of <89.7The leap-

to this work, Jones et al. (2009) found no evidence of asecond adjustment between the end of 2005 and the start of
drift (—0.2+ 4.4 and 1.1 4.9 % decade! for 20-25kmand 2006 was implemented incorrectly in August 2005, leading
25-35 km, respectively) versus the average of several instruto tangent height errors that persisted for three weeks. There-
ments (SMR, HALOE, SAGE |, SAGE II, SBUV, SBUV/2, fore, we screen data from 27 August 2005 to 19 September
SCIAMACHY) satellite instruments at low latitudes. An ear- 2005 (inclusive).

lier version (v2.1) of OSIRIS ozone has been used to val-

idate ozone from other satellite instruments (Dupuy et al.,2.1.3 Creation of merged time series

2009). The role of OSIRIS and other limb-scattering satel- )

lite instruments in ozone trend assessment was mentionegonal monthly means of ozone number density (zmm)
in Sect. 1. For OSIRIS, we include only the observations®'€ 9enerated in 1km altitude bins (e.g. X66.5km, ...,
made in the descending node of the orbit to avoid a scat22-5+ 0-5km) and in 9 wide latitude bins. Ozone anoma-

tering angle dependence of the retrieved ozone arising fronllies are obtained at each latitude and altitude bin, for each

residual aerosol interference that, if neglected, could lead tg"Strument using
atrend in ozone as the proportion of ascending and descend- Zmm(y, m) — zmmam) x Zmo/zmc
ing node observations has changed over the mission lifedOs(y,m) =
. . . ; ) (zmo+zmo3/2
time. The Equator-crossing time in the descending and as-
cending nodes is- 06:30~ 18:30, respectively (McLinden wherey is the yearm is the month, and zmmc is the cli-
et al., 2012; Adams et al., 2014) having slightly precessedmatology from one instrument (e.g. SAGE IlI) over its full
from 06:00/18:00. (Llewellyn et al., 2004), resulting in no data record as a function of month. Averaging zmmc over
recent equatorial measurements in the ascending node.  all months of the year yields the climatological mean zmc;
Clouds below the FOV can affect the OSIRIS 0zone pro-zmo and zmo2 are the respective means over all months in
file at and above the tropical tropopause (Degenstein et althe overlap period for that instrument and the other (e.g.
2009). Clouds in the FOV are a worst-case scenario, buDSIRIS). The denominator in Eq. (1) represents the inter-
in the vertical direction, the FOV is only 1km at the tan- sensor mean ozone in the overlap period. Equation (1) indi-
gent point (Llewellyn et al., 2004); therefore the tropopausecates that the monthly ozone anomaly time series from each
would need to be located above 17.5km for tropopausdnstrument is deseasonalized with its own climatology. This
clouds to contaminate ozone data in the 18.0-19.0 km range/as necessary since there were slight differences in the sea-
(which are reported at 18.5 km). However, there are severatonal cycle between SAGE Il and OSIRIS just above the
reasons why clouds should be a minor source of error on théropopause (particularly at 19.5km), where SAGE Il peaks
retrieved ozone trend: in September, in agreement with HALOE (Konopka et al.,
] 2010), whereas OSIRIS peaks in July. Sensor-specific desea-
1. Clouds would need to have a trend of their own to af- sonajization has been used previously (Randel and Thomp-
fect ozone trends. Otherwise, the bias correction be-son 2011; Jones et al., 2009). However, since the climatolo-
tween SAGE Il and OSIRIS (see Sect. 2.1.3) shouldgies for the two instruments cover different periods and a
largely remove any bias. temporal trend may exist, we scale the climatology to make
it appropriate for the overlap period by multiplying by the
ratio in the numerator. This step is necessary to correctly de-
3. The solar zenith angles (SZAs) are very large with termine any bias between the ozone anomalies of the two
OSIRIS, particularly in the tropics, which minimizes instruments in the overlap period (see below). The denomi-
cloud-related ozone error (Haley et al., 2004). nator normalizes the differences in the numerator to yield the

: @)

2. Bright clouds are rejected (Adams et al., 2013).
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relative quantity known as the ozone anomaly. Some season 56 - —»
. . . . . >
ality may appear to remain in the ozone anomaly time series s, [

if the zonal monthly means have a distribution about their
monthly climatological mean that is skewed. !

The latitude bin centred at the Equator was selected for _ —
trend analysis since the focus of the paper is the tropical§40 1 _—
pipe where negative trends have been observed to be largess 36 -
just above the tropical tropopause (Forster et al., 2007).§ 32 -

48 -

As a test, we widened the latitude bin fromi &.5° N- )8 .E:E

2.5°S)to 1% (7.5° N-7.5 S) and observed a slight reduction 2 -—%

(0.5% decade!) in the magnitude of the linear trend but es-

sentially the same shape in the vertical profile of the trend. 20 1 x\{
16 .

Latitude bin sizes of 4, 6, 10, 12, and 18 were also tested in
terms of the uncertainty on the linear trend and the anomaly
bias. For latitude bands wider thaf, $he trend uncertainty
tends to grow, presumably due to the larger proportion ofFig. 1. Anomaly bias between the two sensors at the Equatdrg
unexplained variance resulting from spatial heterogeneity ofatitude) determined from averaging monthly ozone anomalies in
ozone as well as opposite phases of seasonal cycles to thke overlap period (2001-2005). The mean bias is &.0005 ()

north and south of the Equator. For latitude bands that ar@ver the 16 to 56 km range. The error bar represents the standard

too narrow, the small monthly sample sizes, particularly for deviation of the anomaly differences in the overlap period and re-
SAGE I, lead to larger linear trend uncertainties, as well asflects the seasonal variability of the anomaly bias in the lower strato-

scatter in the altitude dependence in the anomaly bias besPMe"®-

tween SAGE Il and OSIRIS in the overlap period at the low-

PTSt altitudes, where a large fraction of the SAGE Il data Ar€creasesto 7,9, 10, and 11, respectively. Given that a seasonal
filtered. . . trend would be considered as a basis function (discussed be-
The number of years for_wh|ch a ca_lendar month is p(_)pu'low), we opted not to include 16.5 km since only one season
lated must be >5 for each instrument in order that the cllma-Was sampled. December is never sampled by SAGE Il in this

: ) rfatitude bin at any altitude (15.5-25.5 km). Thus, the lowest
are not noisy and are representative of the full merged dat%ltitude for regression modelling is 17.5 km

record.. A minimum of 10 in.dividua.ll ozone profile measure- -, practice, zmo and zmo2 are calculated only for months
ments in the latitude and altitude bln_of mteres_t must be avail- hen both instruments provided an ozone anomaly to avoid
gble per month _for the month to b_e included in the analyse temporal sampling bias with SAGE II. Just above the
time series. During the overlap period (200172005), the nums- opopause, the anomaly biases change from being positive
ber of measurements from the two Sensors is not summed. lfor OSIRIS relative to SAGE II) in spring to negative in
only one sensor has 10 measurements in a given month and the autumn. The use of monthly means in this work paints

altitude, then only data from that sensor are retained in thea different picture of the bias as compared with pairwise co-
_merggd data retcr:]ord.dlf tl)t(')tth dsertlrs]orstna\/_ﬂi measurementtshl incidences (Adams et al., 2013), which are unevenly spread
ina given month and altitude, then the inter-sensor montnly,, o o year. Furthermore, the deseasonalization reduces the

g]etﬁr.] |stused. ?ur:mg theﬁp\(erlfg Ft)e”g.d’ for tr)n?nths Vvsh:éernagnitude of the seasonally dependent biases and averaging
oth Instruments have suflicient aata, biases between léver the overlap period largely cancels out the seasonally al-

i 0
Il and OSIRIS ozone anomalies are small (<1 %) but Showternating anomaly biases.

an altitude dependence (Fig. 1). Thus, at each altitude, there The upper altitude in this study is the lowest stratospheric

must ?'SO be more than two months durln_g the overlap p_er'o%ltitude for which the linear trend is statistically insignificant
for which both sensors measured ozone in order for the mter(s25 5 km)

sensor anomaly bias to be adequately corrected. This bia

(averaged over the overlap period) is used to adjust the entire 2 |ndependent variables

OSIRIS anomaly time series. At 15.5km, there is only one

month with sufficient SAGE |l data, and so the lower limit Currently, there is no consensus within the community on
is set at 16.5km. However, at 16.5km, there are only threewvhich predictor variables to use. The altitude and latitude
months (August—October) in the full SAGE |l data record ranges of interest play a role in determining which predictor
with sufficient data in the latitude bin of interest{(1.5°), variables should be tested. Here we introduce several predic-
and thus it is difficult to assess the seasonality of the datator variables that are either used only in testing or are in-
The situation improves at higher altitudes, where at 17.5¢cluded in the final regression model.

18.5, and 20.5km, and at or above 21.5km, the number of

sampled calendar months during the full SAGE Il mission in-

-0.15 -0.1 -0.05 0 0.05 0.1 0.15
Ozone anomaly bias (OSIRIS - SAGE 11)
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transporting higher ozone mixing ratios downward. These
maxima occur quasi-biennially, exhibiting a downward prop-
agation from the middle to lower stratosphere. QBO time
series are available at seven pressures (70, 50, 40, 30, 20,
15, and 10 hPahttp://www.geo.fu-berlin.de/en/met/ag/strat/
produkte/gbo/index.htm{Naujokat, 1986) and from this set
Aol o = e o i of time series, two orthogonal ones are also generated (Ran-
Year del and Wu, 2007), named QBOa and QBOb hereafter. Be-

Fig. 2. Deseasonalized and detrended tropopause pressure time sgause the QBO signal has an altitude-dependent lag and the
ries in the January 1984 to December 2012 time frame. The meafiumber of available QBO pressures is insufficient for in-
tropopause pressure is 103.3 hPa, with a 95% CGt@B hPa (un-  struments with high vertical resolution and sampling (such
certainties hereafter are 95% CI unless noted otherwise). Theras OSIRIS and SAGE II), one of two solutions is generally
is a temporal trend towards a lower tropopause pressure (highesed, either of which uses two fitted quantities. Either a sin-
tropopause height)-2.9 (+0.9) hPa over 29 years, consistent with gle QBO proxy is fitted along with a fitted lag to make the
a previous estimate of tropopause height trend (1980-2004) baseghase appropriate for the ozone response at the local altitude,
on S|mulat|on§ (Lamarque and Solomon, 2010). The standard d.ev'br two QBO basis functions are fitted that tend to naturally
Zﬂg?ﬂg{yﬁﬁ%&;i ngOCZa and represents the magnitude of atylO'Calaccount for the difference between the local phase and the
' phases at the pressures of the two QBO time series. In the lat-
ter approach, the two basis functions tend to be orthogonal or
tend to envelop the local pressure. In this work, the use of two
The linear term represents the sum of all processes tha@BO basis functions is preferred over the approach of using
produce a linear ozone response, plus any process whoselag, particularly because of the strong altitude dependence
ozone response has a linear component. The most likelpf the QBO signature (in addition to the altitude-dependent
physical process contributing to the linear response in ozonéag) in the lower stratosphere (discussed in Sect. 3.3). There
is the increase in atmospheric carbon dioxide (Lamarqueés strong correlationr(>0.5) between any pair of adjacent
and Solomon, 2010), which also determines the trend inQBO pressures. For the QBO time series at 10 and 15 hPa,
tropopause pressure (see caption of Fig. 2) and sea suthere is strong anti-correlation with each of the QBO time se-
face temperature on decadal timescales. Using monthly infies at 50 and 70 hPa (i.e. opposite phase). For the QBO time
situ measurements from Mauna Ldatp://www.esrl.noaa. series at 70 hPa, there is also strong anti-correlation with the
gov/gmd/ccgg/data.htilthe growth in atmospheric CQOs QBO time series at 20 hPa. Correlation coefficients are <0.5
well approximated by the linear term (correlation coefficient for all other pairs.
r =0.996) over the merged data record. The indirect rela- Hood et al. (2010) review the various physical mech-
tionship between linear trends in G@nd tropical lower- anisms that could lead to a lower-stratospheric ozone
stratospheric ozone will be elucidated below (Sect. 4.1). Foresponse to solar cycle variations. The solar cycle proxy
simplicity and to avoid stronger correlation with EESC, a is the 10.7cm radio flux, obtained frorfip://ftp.ngdc.
higher-order polynomial was not used in regression mod-noaa.gov/STP/space-weather/solar-data/solar-features/
elling of ozone anomalies. A quadratic was tested at 17.5 knsolar-radio/noontime-flux/penticton/penticton_adjusted/
and was not statistically significant (whereas EESC is a stalistings/listing_drao_noontime-flux-adjusted_daily.txt
tistically significant term). The seasonal variation of a linear Total ozone is well known to be correlated with tropopause
trend can also be included (e.g. Randel and Wu, 2007). Th@ressure, even over large spatial scales, particularly near
seasonal trend terms can be useful in accounting for residuéd0® S in austral summer, whereas at the Equator, the correla-
seasonality due to differences in the phase of the observetion is much weaker (Schubert and Munteanu, 1988). Strato-
seasonal cycle between the two instruments. spheric ozone mixing ratio also has been shown to correlate
ENSO affects tropical upwelling, which in turn leads to with tropopause height at southern mid-latitudes (Bodeker et
fluctuations in temperature and ozone in the tropical loweral., 1998). For tropopause pressure, we use the zonal monthly
stratosphere (Randel et al., 2009, and references thereinjnean from NCEP (National Centers for Environmental
ENSO variability is based on the multivariate ENSO index Prediction) reanalysis (Kalnay et al., 199%p://ftp.cdc.
(MEI) obtained from the NOAA Climate Diagnostics Center noaa.gov/Datasets/ncep.reanalysis.derived/tropopatike/
(Wolter, 2013). The ENSO signal in the upper tropospheretropopause pressure is averaged over the three NCEP latitude
lags behind the one at the surface, and the stratospheric sigiid points contained in our4.5 to 4.5 latitude band. Af-
nal lags further behind according to the age of air. ter removing its strong seasonal cycle and weak linear trend,
In the tropical lower stratosphere, at the time when thewe obtain ghyop (Fig. 2). A slight correlation was found be-
vertical derivative of the zonal wind is a maximum, there tween thyop and aerosol extinction (see below) at 18.5km
is maximal diabatic cooling, which induces sinking of air (r =0.3), with QBOa { =0.3), and a slight anti-correlation
parcels through isentropic surfaces (Baldwin et al., 2001),(r = —0.2) with ENSO (with no lag).

o

o

Detrended tropopause
pressure anomaly (hPa)

&
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The EESC octic has the following coefficients: plied that the merged data record was not suitable for the de-
termination of these harmonic signals in this altitude range.
EESQr) = 0.1809734+0.71710218d Given this simple regression model as a starting point, we
+0.14525718 ? — 0.03355533 ¢f examined the bias and uncertainty of the linear trend upon
4.5 the stepwise inclusion of additional basis functions in order
+0.0040246245d — 2.567041x 10~ *dr to decide whether these basis functions were suitable. Candi-
+8.5901032x 10 °dr® date predictors were tested in the following order:

—7 4.7 —10 4,8
—1.434144x 10" "dr” +-9.451393x 10" dr”, (2) 1. annual cycle (sine and cosine harmonics),
where d =t — 1979 (updated version of top panel of Fig. 13 2. tropopause pressure,

of Fioletov, 2008), and is the time in decimal years. It

peaks in early 1999 (corresponding to a mean age of air of 3- EESC.

3 years) and is expected to be valid untiR015. EESC is

not adjusted for any variation in the age of air with height . L :
improve the linear trend uncertainties and thus it was also

in the tropical lower stratosphere since it is possible, given _ ) ) s
the model results by Lamarque and Solomon (2010) and repof[ con_3|der_eql fgrther as a ba3|s_functlon. This IS encour-
gression fits of observed ozone by Bodeker et al. (2013), thaff9'ng since .'t indicates that there is no-t much residual sea-
EESC actually has a slightly positive overall response in thesonahty left in the merged (deseasonalized) ozone anomaly
tropical lower stratosphere by destroying ozone in the uppeF
stratosphere which stimulates production below, and thus th
age of air in the upper stratosphere would be more relevant.
Our starting premise is that the simplest model of the time-
dependent ozone anomaly which could be accurate for trend
throughout the tropical lower stratosphere is the following:

We found that the inclusion of the annual cycle does not

ime series. Given that the annual cycle is excluded, we
ested the inclusion of tropopause pressure to the model in
g. (3) and found that it improves trend uncertainties at all
altitudes, but particularly in the lowest three levels (17.5—
%9.5 km) and does not have a statistically significant effect
on the magnitude of the linear trend vertical profile. As a
result, tropopause pressure is considered in the next stage
dOs(t) = c1(t — T) + ceNscENSQU — L(2)) of optimized regression modelling (described below). Sub-
sequently, we tested the inclusion of EESC into a model
3) already including tropopause pressure and the other terms
on the right-hand side of Eq. (3). We find that EESC has a
slight (statistically insignificant) impact on the magnitude of
where the linear trend term contains the fitting coefficientthe linear trend, and only improves the linear trend uncer-
c1, and represents the trend over the 28-year period withtainty at 17.5 and 18.5 km. Thus, we keep EESC as a pre-
f = 19985 being the midpoint of the time series. The ENSO dictor variable only below 19km in order to improve the
termincludes the altitude-dependent lagz), whichis setto  uncertainty on the linear trend there as well as to obtain a
1 month for the tests below, appropriate for the lowest stratoslightly less biased linear trend estimate assuming that the
spheric altitudes where the sensitivity to ENSO is greatestEESC signature there is real. The EESC signal near the trop-
The QBO is modelled with two nearly orthogonal terms (30 ical tropopause is believed to be real since the ozone response
and 70 hPa for testing). The QBO and the solar cycle (sol) arés positive and grows with decreasing altitude, in agreement
included in the regression model following convention (e.g. with coupled chemistry—climate model simulations (Lamar-
WMO, 1998). Equation (3) is similar to the regression modelque and Solomon, 2010). EESC is different from an oscil-
used by Randel and Thompson (2011) except that it excludekatory proxy time series such as the annual cycle, since the
annual harmonics of predictors but includes a constant ( latter should have no trend-biasing tendency with its short
since our merged ozone anomaly does not average over timgeriod and long-term average of 0.
to zero. Note that the mean is removed from all independent Aerosol extinction is measured by both SAGE Il and
variables. This “simplest accurate model” is based on evi-OSIRIS (Bourassa et al. , 2012, and references therein) and
dence from trend-sensitivity tests at 17.5 km that show that anay help predict ozone considering the role of aerosols in
regression model without ENSO does not agree with respeatietermining photolytic fluxes. However, the trend in aerosol
to the linear trend with the trend from a model including extinction even in unperturbed conditions can affect the fit-
ENSO, possibly partly due to the gaps in the SAGE Il datated magnitude of the linear trend in ozone (Solomon et al.,
record in the aftermath of the El Chichén and Pinatubo erup2012). The fitting coefficient for an aerosol extinction ba-
tions and the strong La Nifia events that followed years  sis function might be driven by short-term variations in the
after each (shown and discussed below in Sect. 3). Annuabzone response (e.g. arising from ozone retrieval artefacts
harmonics of QBO, ENSO, and solar and linear terms werdollowing volcanic eruptions), whereas the long-term corre-
not included for testing because the seasonal cycle differlation between ozone to aerosol extinction may reflect some
ences between the instruments in the 17.5-20.5 km range incombination of atmospheric processes. If so, the long-term

2

+ ) coBonQBO, (1) + csaisON(t) + ¢,
n=1
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ozone response to aerosol extinction may be of the oppo- 4. (constant) semi-annual,
site sign to the short-term response and thus the long-term )
trend in aerosol extinction could bias the determination of 5. QBO semi-annual.

the linear trend in ozone. As a result, we omit aerosol ex- , i
tinction as a candidate basis function, particularly since botHBased on this sequence of tests, we retain QBO annual

SAGE Il transmittances and OSIRIS radiances are sensif@monics and exclude ENSO and solar annual harmonics.
tive to aerosol extinction owing to their wavelength ranges, S€Mi-annual harmonics of solar and ENSO terms as well as

and consequently their respective ozone retrievals can be adf?® Sémi-annual variation of the linear trend were skipped
versely affected (Wang et al., 2002; Adams et al., 2013).  SInce their annual counterparts were excluded. The inclusion

Also not considered further for regression modelling with ©f @ Semi-annual cycle did not improve the trend uncertainty,

the merged data record is the seasonal trend. This decisidf@rticularly between 23.5 and 25.5 km, where some improve-
is based on the fact that the seasonal trend was not a statisf’€Nt Might be expected if it were a useful predictor, and so
cally significant term based on regression model tests usind Was also excluded. However, the QBO semi-annual cycle
only SAGE Il data above 17 km. Testing with SAGE Il alone uniformly improved trend uncertainties without inducing any

ensures that the seasonal trend is not simply serving to adin€ar trend bias, and so it was retained. We note that Ray et

count for ozone seasonality differences between the two inal- (1994) also found interannual temperature variability in

struments. A test using the merged data record and the mod&l€ Semi-annual cycle and partly attributed it to the QBO, al-
in Eq. (3) plus the annual cycle term indicate that the in- beit on a very short data record. Wallace et al. (1993) found

clusion of a seasonal trend did not improve the linear trendnt the semi-annual cycle in the QBO has comparable sta-
uncertainty consistently versus altitude, supporting its exclu-iStical significance to the annual cycle, even though they in-
sion from subsequent regression modelling in this study. ~ cluded pressures as low as 10mb.

Above 21 km, the instruments are in phase with each other e Use a bidirectional stepwise elimination procedure to
in terms of the seasonal cycle of 0zone number density Witl,pletermlne_a final regression model _at ea<_:h glntude including
the maximum in May between 21.5 and 24.5km and cor-€ach predictor which has the following criteria:
relations coefficients of 0.77-0.92 for their monthly clima-
tologies in the 21.5-25.5km range. For these altitudes, we
consider seasonality of the following predictors in the final
regression model: QBO, ENSO, and solar, with the high-
est frequency being semi-annual since there is an apparent
semi-annual signal in both the OSIRIS and SAGE Il cli-
matologies as low as 23.5 and 24.5km, respectively, with
the difference possibly related to the difference in vertical 3. has a fitting coefficient whose magnitude is greater
resolution of the instruments or monthly sampling issues in than its 95 % confidence interval (Cl).
the SAGE Il time series. Similarly, the semi-annual oscilla-
tion (SAQ) is detectable in UARS/MLS £tarting at 30mb  Criterion 2 is required to avoid the inclusion of trended pre-
(24km) (Ray et al., 1994) with all three sensors in agree-dictors whose power is mostly at short periods, since such
ment on its phase. Thus we also consider the SAO. We agaipredictors could lead to an incorrect determination of the
perform linear trend sensitivity studies with respect to thelong-term trend in ozone. This possibility is discussed above
change in its uncertainty and bias after including harmonicswith respect to aerosol extinction. Further details on each
For this round of tests, we study only the relevant altitude predictor are presented here in the order in which they were
range (21.5-25.5 km) and thus use a more appropriate ENS@troduced above, starting with Eq. (3). These details pertain
lag of 3 months (Hood et al., 2010) and the orthogonalizedto the final regression modelling stage, in which the altitude
QBO time series (Randel and Wu, 2007). The starting modedependence of certain predictors is considered (e.g. ENSO

1. reduces the linear trend uncertainty relative a model
without this predictor,

2. does not result in a statistically significant change in
the magnitude of the linear trend relative a model with-
out this predictor,

is thus lag, QBO) and statistically insignificant terms are excluded
_ from the final trend model at each altitude.

dO3(t) = c1(t — 1) + censoENSQt — L(z)) Regarding ENSO, the tropical tropopause region may take

2 half a month or more to respond to tropical sea surface

+ cBonQBOR(t) + ¢501S0K?) + Cdpyopdptiop(t) + ¢ (4) temperature anomalies, and larger lags are expected for the
n=1 stratosphere. We derive the ENSO lag using increments of

and candidate harmonics are tested in the following order: 0.5 months. Half-month lags are calculated by averaging
time series lagged by consecutive integer months. To avoid

1. QBO annual, finding a lag that leads to a local but not a global minimum

2. ENSO annual, in linear trend uncertainty, the lag is mcrement_ed month by
month for all lags smaller than the first local minimum found

3. solar annual, and then half-month lags were used to fine-tune the lag near
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the integer-month lag providing the smallest linear trend un-linear trend with EESC, no other correlations are statistically
certainty. The lag first guess is the fitted lag from the imme-significant (also discussed above).

diately underlying altitude. The first-guess lag at the lowest At 17.5 km, we start with the model in Eq. (3) plus EESC.
altitude (17.5km) is 0 months. After adjusting the lag, the The final regression model obtained at 17.5km serves as a
stepwise elimination procedure is repeated using the critestarting model for 18.5km and so on, up to 20.5km. EESC,
ria listed above. The ENSO altitude-dependent lag has beehowever, is not considered above 18.5km (as discussed
determined using SBUV(/2) ozone time series by Hood etabove). Above 21 km, the full array of available model terms
al. (2010). ENSO harmonics have been used previously whebecomes

fitting ozone time series (Bodeker et al., 1998; Randel and _

Thompson, 2011). However, based on tests described abovéOs(1) = c1(t — 1)

ENSO harmonics are not included here. + ceNnsoENSQ(r — L(z))
Regarding modelling of the QBO signal, the first step is 2 5 9
to find which of the QBO time series (i.e. pressure) leads to + ZCaQBOzQBOn(t) + ZZ
a minimum in the linear trend uncertainty while meeting the =1 11
three criteria listed above. Following this, the best comple- i
mentary pressure is sought to pair with this best single QBO (¢bopon COSXT1) + cogpon SINCxm 1) QBO, (1)
pressure. The use of this pair of QBO time series is then com- + csors0l(r)
pared with the best pair from the altitude below (if available) + CdpyopdPtrop(t)
and the pair of orthogonalized QBO basis functions (Randel +e, (5)
and Wu, 2007) in terms of which provides the smallest linear
trend uncertainty. with 16 fitted parameters including the ENSO lag. At

Regarding EESC, Bodeker et al. (2013) also fitted it simul-21.5km, we start with the final regression model from
taneously with the linear term. Annual harmonics were not20.5 km and so on, up until the altitude where the linear trend
attempted for EESC since EESC (Bodeker et al., 2013) doegs not different from 0 considering its uncertainty. Note that
not exhibit a strong seasonal cycle in the equatorial lowerthe constant and linear term are handled differently than all

stratosphere and reactive inorganic chlorine is absent. other predictors since the constant is, in general, necessary
Solar harmonics were not considered based on the abovikecause the dependent variable does not average over time
tests, similar to Bodeker et al. (1998). to zero, but its inclusion can increase the linear trend uncer-

One of the pitfalls of multivariate regression modelling tainty. A constant or linear term is included based only on the
occurs when correlated predictors are used simultaneouslyhird criterion. Also, at 25.5 km, where the linear term is not
Thus, we examined periodograms of the predictors as welktatistically significant, the inclusion of each model parame-
as their correlation matrix for the 1984-2012 time period. ter defaults to only the third criterion, and théstatistic was
For ENSO, the power is largest at slightly <4 years but thereused to determine the optimal ENSO lag and the best QBO
is a second period of 6 years with comparable power. For pair. Special attention was paid to linear trend magnitude and
the QBO, the peak in the periodogram is at slightly longeruncertainties for regression models with correlated predictor
than 2 years, as expected (Witte et al., 2008). The solar cyvariables (discussed in Sect. 3).
cle has a single poorly resolved peak with an approximate
period of a decade, corresponding to the well-known 11-2.3 Uncertainties including autocorrelation
year solar cycle. After deseasonalizing and detrending the ) . .
tropopause pressure, the most power lies at a period of ex‘[he yncgrtamty margin takes into account the AR1 autocor-
actly 6 months, although there are secondary peaks corrd€lation in the residuals using
sponding to the maxima for QBO, ENSO, and the solar cycle "

/ 4
c1 1_ 0 ’

of 27 months,~ 4 years, and one decade. The QBO annual s/ _
c1

(6)

harmonics have beat periods of8 and~ 20 months. Fi-
nally, the QBO semi-annual harmonics show the expected
periods of 1/(12/6 12/27), equal to 0.41 and 0.64 years. wheregg1 ande,, are the uncertainty on a fitting coefficient
Strong correlations between certain pairs of QBO basis funcwith and without accounting for autocorrelation of the resid-
tions were mentioned above. If the pair of QBO basis func-uals, respectively, and is the autocorrelation between time
tions is approximately orthogonal, their sine (or cosine) har-series shifted by 1 month. The autocorrelation correction of
monics also tend to be orthogonal. Given that the primaryall uncertainties is calculated after the final model is deter-
periodicities for QBO semi-annual harmonics and deseasonmined at each altitude; that s, it is not calculated prior to that
alized tropopause pressure are similar, it is worth noting thaoint.

the long data record allows their correlation coefficients to be

0.0. The expected, slight correlations of tropopause pressure

with QBOa and ENSO were noted above. Apart from the
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— —~ENSO Fig. 4. Decadal trend profile in the 84.5° latitude band for the
20 1 dptrop merged data set (1984-2012, blue line) using the best regression
19 / N\ [ model at each height. The 95% CI is shown as the error bar. At
N 25.5km, the best regression model does not include a linear trend
18 T T T r r . . . term (see Fig. 3). To illustrate that the magnitude of the linear trend
-0.12 -0.09 -0.06 -0.03 0 0.03 0.06 0.09 0.12 becomes statistically insignificant at 25.5km, the linear trend term
Ozone response was added to the best regression model for 25.5 km. The grey area

) ) ) illustrates the sensitivity of the linear trend vertical profile for the
Fig. 3. Ozone response and uncertainty (95% Cl, accounting formerged data set to the regression model terms, tested by applying
autocorrelation of the residuals) to various predictors (see Eq. (Thest regression models (see Fig. 3 and Table 1) to different altitudes
and the text for formula for response and its uncertainty, except for generate trend profiles. The grey area shows the standard devi-
constant, whose response and its uncertainty are the fit coefficien{ion (1) about their median trend. Trends from OSIRIS (2001

and its 95% Cl). The linear response is proportional but not equab12) with error bars omitted (see text), SAGE Il (1984—2005), and
to the decadal trend. QBOall is the combined ozone response to alhandel and Thompson (“R&T (2011)”) are also shown.
QBO terms (including harmonics).

3 Results 18.5 km for the 1984—-2012 time frame is always negative and
a maximum in magnitude in the 18.5-55.5 km range (Fig. 4
In this section, we discuss the ozone anomaly response to tHextends to 25.5km). In fact, using any of these models, the
various predictor variables determined by regression modaltitudes with the largest trends, listed in order of increasing
elling. Figure 3 provides the ozone response to various term§end magnitude, are always 19.5 and 18.5 km. This indicates
included in the “best regression model” at each altitude usthat there is a linear trend in the tropical lower stratosphere
ing the methods described in Sect. 2. Table 1 complementstrengthening toward the tropopause, seen also in the SAGE
Fig. 3 by providing various statistics and details on the best! trend. However, at 17.5km, the magnitude of the trend
regression model at each altitude. The ozone response arftPm the merged data set is too large (not shown), inconsis-
its uncertainty are calculated as the standard deviation of théent with the trends from the individual satellite instruments,
basis function multiplied by its fitting coefficient or fitting €ven considering the confidence interval of the merged trend.
coefficient 95 % ClI, respectively. For the QBO, we combine Note that for the trends from the individual satellite data
the ozone response to each associated, retained basis functig@ts, we used the best regression models (Fig. 3, Table 1)
(including harmonics) in the following generalized form: ~ and, at 17.5km, the best regression model includes QBO,
, - tropopause pressure, ENSO, the linear trend, and the constant
term, but not EESC, since EESC cannot be applied simulta-
responsgso = SD() _caqsq,QBO, (1) +) ) neously with the linear trend on the individual satellite data

n=1 n=1x=1 . . .
) sets because of the high correlation of these predictors over
(CbQBO,, cosxmt) + CcQBO, sin(xrt))QBO, (1)), (7) shorter timescales.

where “response” is a time-integrated quantity and SD is the The large Iinear_ trend_ at 17.5km in the merged _data setis
standard deviation of all of the monthly points in the time se- Nt rélated to the inclusion of EESC, since excluding EESC
ries (e.g. 1984-2012). The overall response to QBO is differTOM the model at 17.5km does not result in a statistically

ent from the other responses because it will always result isidnificant change in the linear trend magnitude. This dis-
a positive number when calculated with Eq. (7). The uncer-crepancy in trends_, at 17.5km likely results from the_small

tainty in the response to QBO is calculated following Eq. (7), SAMPIe size of available months of overlap£ 12), relative

but the fit coefficients are replaced with their respective 95 %© N = 24 at most altitudes. This is mostly due to the sparse-

Cls. ness of the SAGE Il data set after filtering for aerosol con-
tamination. The large standard deviation of the anomaly bias
3.1 Linear trend (Fig. 1), which is largest among all stratospheric altitudes at

17.5km, may be partly due to the small sample size. Fur-
Using any of the best regression models developed in thehermore, including an indicator function (1 for OSIRIS time
18.5 to 25.5km range (Fig. 3, Table 1), the linear trend atframe, O for pre-OSIRIS time frame) in the best regression
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Table 1. Regression statistics versus altitude. The best single pressure for the QBO in terms of explaining variance is shown in the third
column from the rightX is the number of basis functions. In the QBO harmonics colurhyg1, ¢2, ands2 denote cosine and sine annual
and semi-annual harmonics, respectively, and are preceded by the relevant QBO pressure.

z (km) r2 F bestQBOp QBO pair QBO ENSOlag K
(hPa) harmonics (months)

175 0576  40.5326 70 30,70 N/A 05 7
185 0.6161  75.0415 70 N/A N/A 15 5
19.5 0.7411 107.0079 50 50, 70 N/A 15 6
20.5 0.7835 172.8777 50 20, 50 N/A 15 5
215 0.8068 114.5697 40 15,40 15:51,40:cl 3 8
225 0.8034 100.104 30 10, 30 10:s1,s2,c2 15 9
235 0.8076  104.945 20 10,30 10:c1,s2;30:s1 9 9
245 0.8364 1215389 15 a,b acls2;b:sl,s2 85 10
25,5 0.8127 191.7663 15 a, b asl 556 6

model at each altitude (see Fig. 3, Table 1) reveals that théhe range of linear trends predicted by applicable best mod-
indicator function has the largest signal and smallest rela€ls developed for other altitudes (see Fig. 4 caption), pro-
tive uncertainty at 17.5km. This test points to an artificial viding confidence in the method. The merging of OSIRIS
step between OSIRIS and SAGE Il time series, likely dueand SAGE Il data sets yields much smaller linear trend un-
to an imprecise anomaly bias correction, which likely stemscertainties than SAGE 1l alone. The merging allows for the
partly from the seasonal biases in OSIRIS. Thus, we presendetection of a statistically significant trend at 18.5-24.5km,
the trend above 18 km, where the indicator function signal isnot found with SAGE Il alone (except at 21.5-22.5km). The
weaker and the linear trends (SAGE Il, OSIRIS, merged) ardinear trends from the SAGE Il and OSIRIS data sets are in
consistent within the uncertainty of the merged trend. agreement at all altitudes, except at 24.5-25.5 km, where the
In order to validate our linear trends, we can compare ourOSIRIS trend values are positively biased (Fig. 4). The gen-
linear trend profile using only SAGE Il data with that deter- eral agreement is expected if the linear trend in ozone has
mined by Forster et al. (2007) and Randel and Wu (2007)not changed in the last three decades. Figure 4 shows our
for a very similar latitude band. At 18.5km, their decadal best estimate for the decadal trend (1984-2012) at 18.5km
trends are~ — 7.5 and~ — 5.7 % respectively. The magni- is —6.5% (95 % CI.:—8.4 to —4.7 %). Comparing with the
tude of our SAGE Il linear trend (1984-2005) at 18.5km only other linear-trend study in the tropical lower strato-
is (—3.3+4.8) % decadel. Our 95% Cl is very large here sphere using SAGE Il merged with more recent data, Randel
since the SAGE Il time series is shorter and sparser thamnd Thompson (2011) found statistically significant negative
the merged one. At 19.5km, Forster et al. (2007) and Ranirends between 18 and 22.5km (but not statistically signif-
del and Wu (2007) show decadal trends~of-6.5% and icant at 23 to 24.5km) in a 20N-20° S band in the 1984
~—3.8%, and we find 3.9+ 4.0) % decadel, in closer  to 2009 period using SAGE Il plus ozonesondes. Our results
agreement with Randel and Wu (2007). There is consistencyre quite similar to those of Randel and Thompson (2011),
on the shape of our SAGE Il trend profile in the 18.5-25.5 kmwith a statistically significant negative trend (1984-2009) in
range (Fig. 4) with these recent studies. the 17.5 to 24.5km range but not statistically significant at
Figure 4 also shows the trends from OSIRIS, which are25.5km (Fig. 4). The magnitude of our merged trend (1984—
highly uncertain (i.e. 95 % Cls are larger than the trend) due2012) is only larger than theirs in a statistically significant
to the short data record, except at 25.5 km. way at 22.5-24.5km, whereas our SAGE Il trend (1984—
The 95% Cls on the linear trend for the merged data se®005) is not larger in magnitude than their (merged) trend
are comparable to the variability in the linear trend due toat any altitude.
the choice of model terms, indicating that wisely choosing Next, we discuss the ozone variations attributable to vari-
these explanatory variables can clearly reduce the overall emus predictors and revisit the sensitivity of the solar term to
ror budget on the linear trend. However, at 25.5km, ozonethe final linear trend estimate in Fig. 4.
variability is explained almost entirely by the QBO as its sig-
nal is an order of magnitude stronger than that from any othez 2 ENSO
predictor (Fig. 3), and thus the linear trend is not sensitive to
the other regression model terms. The linear trend for theafter deseasonalizing the ozone data records, the important
merged data set is not sensitive to the QBO pair because gfredictors of ozone variability throughout the tropical lower

the short period of its cycles. At each altitude, the best estitratosphere (LS) are QBO, ENSO, tropopause pressure,
mate of the linear trend for the merged data set falls withingng the linear trend, which are all statistically significant
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at all altitudes in the 18.5-24.5 km range (Fig. 3), and only
tropopause pressure and the linear trend are not statistically
significant at 25.5km. At 18.5km, the ozone response to
ENSO is 5.8+ 4.2) %, a value that agrees very well with a
previous estimate (Randel and Thompson, 2011). ENSO ex-
plains almost as much of the variance as the QBO at 18.5 km
and more than the linear term in the 18.5-21.5 km range. The
major La Nifia events of 1988-1989 and 1999-2000 (Ran-
deland Thompson, 2011) appear as positive ozone anomalie
in Fig. 5b, and the latter one was also observed by HALOE
(Solomon et al., 2012). The lag, much like the amplitude of
ENSQO, is increasingly important at the tropopause (17.5 km),
where a half-month error can reduce both the unexplained 7o o B A e fo Boo Do e g B
portion of the ozone variance and the linear trend uncertainty P VRN A N Y
by ~ 1% (relative), whereas above 19 km, #ffeeduction is el e
never >0.35 %. o

Figure 3 shows that the fitted amplitudes of ENSO, RS DR VA
tropopause pressure and the linear trend all peak at 18.5 km DAL @
They decrease strongly with increasing altitude, whereas £35—% | "o L
the amplitude of the QBO signal in ozone, which peaks at _* iy I A B N B
19.5km, only decreases by 30% up to 25.5km. ENSO and § 2= Y . WS,
tropopause pressure signals exponentially decay with scale <2 '
heights of~ 4 km. This is expected since the QBO is a lower-  * &~ 7" o
to middle-stratospheric phenomenon with strong zonal WindF_ This fi . fth ) L olots. Th |
velocities at 10 hPa, whereas ENSO, in essence, is a distuf- 9 > Thisfigure consists of three two-panel plots. The upper pane

in each shows the 0zone number density time series from SAGE I

bance to the Walker circulation in the troposphere (and e nd OSIRIS (“OS") separately. The overlap period is shaded grey.

lated ocean temperature and dynamical changes). The eyt that these are the original data (no inter-instrument bias re-
pected altitude dependence of the response of ozone to line@foved). The lower panel in each plot is the merged ozone anomaly
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and tropopause terms is discussed in Sect. 4.1. time series (blue dots). The red line represents the fit provided by
the regression model to this time series. The green line shows the
3.3 QBO ozone response of the dominant predictor (predictors) which cor-

relates (correlate) with the dependent variable to >0.5. The three
In the 1826 km range, QBO is the key predictor of ozonealtitudes shown from tOp to bottom are 18.5, 21.5, and 24.5km.
variability (see Fig. 5d,f). The response to QBO is consistent™he ozone da.ta have been filtered at the‘start of the SAGE Il record
with Randel and Thompson (2011) if one accounts for the®S described in Se_ct. 2.1.1, most extensively at_22.5 km and b_elow,
different widths of our respective latitude bands. The bestbecause of the residual aerosol layer from El Chichén (peak altitude

. . ) - f 19.5km in 1985), which erupted in April 1982, and then Nevado
single QBO pressure at an altitude (as defined in Sect. 2.2 el Ruiz, which erupted on 13 November 1985 (Yue et al., 1991)

tends to correspond approximately to the pressure at thal,q\yhose peak altitude was 22.5km in early 1987. The eruption of
altitude (S_ee Table 1). FC_)r example, at 17.5 kmSﬁ hPa),  mt. Pinatubo, which occurred in June 1991, is marked in the upper
the best single pressure is naturally 70 hPa, with 30 hPa bepanels.

ing a nearly orthogonal complement. A QBO time series at

90 hPa might be useful but is not available except for the

radiosonde station at Singapore. The complementary QBQponse to the local QBO signal (Witte et al., 2008). These
term between 21.5 and 23.5 km tends to be at a lower prespairs of QBO basis functions act similarly to the orthogo-
sure and is orthogonal to the QBO time series at the lo-nalized QBO basis functions of Randel and Wu (2007). In
cal pressure. Above 22 km, there is also a tendency for thdact, the correlation between 10 and 30 hPa, and between 30
best single QBO pressure to be slightly lower than the localand 70 hPa is weaker than the correlation between the two
pressure (i.e. higher altitude). These tendencies toward lowesrthogonalized QBO basis functions. Figure 5d and f also
pressures likely arise from the shape of the age of air specilustrate that the QBO signature is altitude-dependent and
trum being more skewed to older air with increasing altitudeany attempt to fit the QBO signal with time series at a sin-
(National Aeronautics and Space Administration, 1999). Thegle inappropriate pressure (even with a lag) (e.g. Cunnold et
“orthogonal” complementary QBO pressures tend to have al., 2000; Bodeker et al., 2013) will fail to capture the alti-
lag of one-fourth of the QBO period relative to the best sin- tude dependence of the QBO signal. For example, the QBO
gle QBO pressure and thus provide maximum independensignal in ozone exhibits sharp temporal changes at the times
information and also account for any lag in the ozone re-of extreme amplitude at 24.5km, whereas at 21.5km it has
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much more of a square-wave character (see also Dunkertoting coefficient was larger than its 95 % ClI, the inclusion of
and Delisi, 1985). This is particularly evident during the two that predictor tended to improve the linear trend uncertainty
QBO cycles in the 1998 to 2003 time frame. This finding as well. The special behaviour of the solar term relates to its
extends beyond ozone to understanding variations of othenumber of cycles in the merged data record being small and
applicable trace gases (e.g. water vapour). Thus, it is not sura non-integer. Our trend-oriented stepwise regression mod-
prising that in the 17.5-23.5km range, fitting the best pairelling is different from regression models targeting an overall
of pressures considerably improves itferelative to fitting  understanding of sources of variability (e.g. Randel and Wu,
two orthogonalized QBO basis functions (Randel and Wu,2007). We also find anomalous solar signals below 21 km if
2007) derived from all seven pressures, as echoed by Kirgisve duplicate their method. A positive ozone response arises
et al. (2013). In fact, in some cases, a single QBO pressuré+0.4 %) at 25.5 km which is not significant after autocorre-
(e.g. 50 hPa at 19.5km) explains much more variance thatation is taken into account.
the two orthogonalized QBO basis functions. This method of
accounting for the altitude dependence of the QBO in verti-
cally resolved ozone time series analysis allows-foe 0.74
using only SAGE Il data at 18.5km in contrast<_tc0.4fc_>und Regarding the autocorrelation of the merged data set given
by Randel and Wu (2007) (see also Table 1 for altitude de- hoi f amonthlv time step. we find that there is no ob-
pendence of? using the merged data set) and improves theo.ur choice 9 y P, .
linear trend uncertainty. However, at higher altitudes (24 5_V!OUS altitude depe_ndence to the autocorrelation, except for
25.5km), the use of olrthogonali’zed QBO basis functic;nshlgher a.utocorrelapon at 18.5knp € 0.777), whereas the
(Réndel :':md Wu, 2007) considerably improves the fit of theOther altitudes arein the =0.560.05 range for AR For .
e . ' ir of . 32-month lagy is less than 0.32 at all altitudes, except again
gression over any pair of QBO pressures. This is expecte km. If the inter-sensor bias between SAGE Il and
since air at 24—26 km has a much broader range of ages th B 18.5km. : ; :
air below 21 km (which has highly peaked age spectrum an S!RIS at18.5km is not equal to the blqs dunng_the overlap
is thus represented well by the QBO signature at a single ap;_)erlod (e.g. due to instrument degradation), a high autocor-
; : _“Trelation will result in the merged data set. At 18.5km, the
propriate pressure or two enveloping pressure levels). GIVerr]nerged data set has a much higher AR1 autocorrelation than

the possible correlation of time series at adjacent QBO presg, o individual SAGE Il and OSIRIS data sets (0.26 and

sures, which occurs at 19.5km (Table 1),_V\_/here the best paj .65, respectively). The autocorrelation in the merged data
is 50 and 70 hPa and the correlation coefficient between thesg

QBO time series is 0.64, we verified using an alternate, more etis not much larger than in the individual data sets at higher
N 9 ' altitudes. Above 18.5km, the autocorrelation in the merged

o'rth(.)gonal pair (30. and 70 hP"’?) that there !S no St"’ms'tma”ydata set tracks the autocorrelation in the OSIRIS data set be-
significant change in the magnitude of the linear trend but a

larger linear trend uncertainty using the latter QBO pair. Thecause, despite its currently shorter time span_than SAGE I,
X ) . . OSIRIS already has more monthly samples in this latitude
semi-annual harmonic of the QBO is a weaker signal tha

the annual one as expected for the tropical LS (Dunkertor?band' The autocorrelation statistics suggest that a 2-month
P P sampling increment should be considered in future work.

1990).

Discussion

4.1 Comparison of observed and calculated trend
3.4 Tropopause pressure profiles

We are able to detect a coherent tropopause pressure signaliin the following section, we present a simple formula for
the ozone anomaly time series that increases with decreasingalculating the trend profile and use available information
height and decays exponentially up to 25.5km (Fig. 3). Thefrom a modelling study, as well as NCEP reanalysis data and
linear trend magnitude does not change in a statistically sigsatellite-based observations of the vertical gradient of ozone
nificant way with tropopause pressure included in the finalto quantify the trend. The zonal average continuity equation
regression model at any altitude; however the trend uncerfor ozone mixing ratio is written as (Andrews et al., 1987)
tainty profile is reduced considerably. 9%

S =VM+ P—L - 0%k, (8)
wherex is the zonally averaged ozone mixing rat¥; M
The solar cycle term does not appear in the best regressiois the eddy transport? and L are chemical production and
model for altitudes in the 17.5-24.5km range, in spite ofloss;v andw are the meridional and vertical flow velocities;
the merged data set spanning nearly three solar cycles. Bendx, andx, denote the meridional and vertical ozone gra-
tween 17.5 and 20.5km, including the solar term worsenddients, where, for example, the latter gradient can be written
the linear trend uncertainty and biases the linear trend, alexplicitly asdx/dz. The linear trend in local production is ex-
though the magnitude of the solar fitting coefficient is larger pected to be positive in the tropical LS over the 1984-2012
than its 95 % CI. For all of the other predictors, if their fit- period (Lamarque and Solomon, 2010); therefore this term

3.5 Solar variability
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cannot explain the sign of the observed ozone trend. Ray et? values are 0.8058 and 0.6921 for the fit of SAGE Il and
al. (2010) included trends in in-mixing in their model and the OSIRIS mixing ratios, respectively, to tropopause pressure
resulting ozone trend does not correctly produce the sign oplus a constant. Thus, we use the equation

shape of the observed trend in the’ 23-20° S band (Ran-

del and Thompson, 2011). Clearly more modelling work is 9%, d(%%)

needed in this area, but this is outside of the scope of this.— = — 9)
paper. Thus we focus on the final term in Eq. (8). The final <

term is thought to be responsible for the ozone trend sincend take the value of the second factor in the numerator on
the relative trend inv has been modelled and is consistent the right-hand side of the above from the caption of Fig. 2.
in sign and relative magnitude with the ozone anomaly trendThe first factor is obtained from the simple linear regression
(Lamarque and Solomon, 2010). The continuity equation asand then the product is numerically differentiated with re-
written in Eq. (8) is appropriate for any instant in time, but spect to height. At the tropopause, we find that&5 and

the vertical velocity and the vertical mixing ratio gradient are —4.4 % decadal trend in ozone is expected from the linear
a function of time; therefore we write these factorsig®)  trend in tropopause pressure using SAGE Il and OSIRIS, re-
andx;(#) and their trends are written @s/dt anddx;/dt.  spectively, to determine vertical gradient in ozone.
Analogous to Randel et al. (2007), if we divide the continu-  The relative ozone trend (% decad} can be determined

ity equation by the long-term zonal average mixing raiid ( by differentiating the final term on the right-hand side of
to obtain an ozone fractional difference continuity equation,q. (8):

the vertical gradient term is given yn(x)/9z and is a local
maximum at 18 0.5 km according to OSIRIS and SAGE Il 35  (w+ %3,)@ + %3;) —WE (AR 4y
with profiles that are very similar in shape and magnitude 35, = SERY = D x, . (10)
to those obtained with SHADOZ ozonesondes data (Randel ' '
et al., 2007). Peak values are 0.68 and 0.84 In(ppm)/km fowheredx,/dt is replaced by Eq. (9) and a minor term is ne-
OSIRIS and SAGE I, respectively. First, we provide support glected which involves the product of both time derivatives
that the trend term&w/d¢ anddx, /9t are differentthan zero. in Eq. (10). In summary, théx,/dr peaks at 1& 0.5km in
According to model simulations by Lamarque and both satellite data sets addy/d¢ peaks in the troposphere,
Solomon (2010), the trend in the vertical veloc- whereasv andx, peak above 25km. Also, note that trends
ity (dw/or) at 85hPa over the period 1970-2005 is due to the other terms in Eq. (8) have not been included.
~0.234 0.02 km/year/decade (or 4% decadel) consid- Using either satellite data set 8y, the first trend compo-
ering all forcings (including a variety of greenhouse gases)nent (,dw/dt) in Eq. (10) gradually increases with increas-
whereas the trend due to G@nd sea surface temperature ing height in the tropical LS. The second theoretical trend
increases is 0.17 kmyeardecade!, and the trend due component{dx,/dr)also shows a peak near the tropopause
to halocarbons is only 0.05kmyedrdecade®. Thus the (174 0.5km in both data sets). After summing these two
trend in tropical upwelling in the tropical LS is primarily theoretical trend terms, the trend in 0zone mixing ratio (in
due to CQ (as sea surface temperature rise is stronglyppm decade!) peaks at 18 0.5 km (using both data sets).
driven by increases in atmospheric £€@ut with a lag  Converting to a relative trend (i.e. an anomaly) amplifies the
due to the thermal inertia of the oceans) (e.g. Bryan et al.peak and shifts it downward to 16.5km (using either data
1982). The tropical upwelling continues to increase with set). Note also that the relative vertical velocity trend profile
height throughout the LS (Lamarque and Solomon, 2010)0In(w)/d¢ peaks at 17.5km, whereas the trend in the verti-
but the temporal trend in tropical upwelling®/dz) is cal gradient of fractional ozor#n(w)/dr increases down to
largest (in units of kmyear decade?) at 17.5km based on the lowest altitude used in computing trends (15.5 km). The
multiplying the relative trend profile by the vertical velocity computed magnitude of the negative trend in ozone reaches
profile (both panels of Fig. 1 of Lamarque and Solomon, a maximum at 16.5km of 10.260.05%, where the uncer-
2010). tainty is the difference between trends computed using SAGE
The trend in the vertical gradient of ozone mixing ratio Il and OSIRIS vertical gradients. Figure 6 shows the agree-
(0x,/0t) in the tropical LS is largely determined by the trend ment between the observed trend from the merged data set
in tropopause pressure. The sensitivity of ozone mixing ratioand the calculated trend using either SAGE Il or OSIRIS to
to tropopause pressuréi(/dpyop) at various altitudes can determine the vertical gradient of ozone. Also illustrated is
be determined by a simple linear regression assuming thahe dominant contribution to the ozone trend from the trend
the sensitivity of ozone to tropopause pressure changes im tropical upwelling (the first trend term), which can be in-
not a function of the timescale of the tropopause pressurderred by differencing the calculated trend including both
variations. SAGE Il and OSIRIS ozone mixing ratios cor- trend terms and the calculated trend from only the second
relate very well £2>0.5) with tropopause pressure in the term of rightmost part of Eq. (10). Note that the tropical up-
16.5-19.5km but not well outside this narrow range. An welling and its temporal trend were obtained from Lamarque
overall range of 14.5 to 25.5km was studied. At 17.5km, and Solomon (2010) and are appropriate for a wider latitude
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band (20 N-20° S) as well as a different time period (1975—

2005) and that vertical gradients from OSIRIS and SAGE 25 1

Il are naturally for shorter time periods than the observed

merged trend. 23 -
Equation (10) indicates that the relative trend in ozone is —

equal to the relative trend in tropical upwelling if vertical §21 ]

gradient trends are neglected. Comparing the ozone trend irg

——term2_0OS
—s—term2_SAGE Il

both_0sS
Lamarque and Solomon (2010) (their Fig. 2, right panel) for '2 19 - —-both_SAGE I
the “all forcings” case and their vertical velocity trend (their —merged
Fig. 1, right panel), one can see that the magnitude of the | L& (2010)
tropical upwelling trend is essentially equal to the magnitude Py
of the ozone trend except at the tropopause, where the ozon EN

15 T T T T T v ]
-12% -10% -8% -6% -4% 2% 0% 2%
Decadal trend

trend goes to 0 but the vertical velocity trend is 2 % decade
One weakness of our simple trend model is that, as well

as being a function of latitude, altitude, and time,and

X, may be functions of each other, which would compli- Fig. 6. Observed and calculated ozone trends for 1984-2005. The

cate the calculus of Eq. (10). In statistical terms, this interde-observed trend is labelled “merged” and is the trend shown in Fig. 4

pendence is measured by correlation. In atmospheric physic@r the merged data set. The trend prqfiles I_abelled “_both_OS” and

terms, this could be considered coupling or a feedback Whicﬁ‘both_SAGE II" are calculated trends including contributions from

could be positive or negative and varying with altitude. The 1€ rénd in tropical upwelling and the trend in the vertical gradi-
. _ . ent of ozone, with the vertical gradient of ozone supplied by ei-
correlation betweemw andx, is weak ¢ =—0.1 on a 1km

. ; . ther OSIRIS or SAGE II. The profiles labelled term2 consider only
grid between 15.5 and 24.5 km with the aforementioned dat%e contribution from the trend in the vertical gradient of ozone

sources). However, the correlation appears to be stronger @fee sect. 4.1 for details). L&S (2010) is the model simulations of
the tropopause, where trends in the vertical gradient of 0zon@amarque and Solomon (2010) for 19792005 arfie@® N.

can lead to trends in the vertical gradient of temperature since

ozone is involved in atmospheric heating and affects the tem-

perature profile. In turn, this could affect the trend in tropical o o o

upwelling. Conversely, the vertical gradient of ozone could S &!S0 statistically significant within 2f the Equator and
also be a function of the tropical upwelling. In any case, grees very well with the linear trend in tropopause pres-

Fig. 6 illustrates good agreement in the ozone trend profileSUré from a model simulation in which only G@nd sea
determined with this simple model with no feedbacks andsurface temperature increases are considered and a second
the merged observational data set. model simulation in which all forcings are considered. For

It is clear that C@ has been increasing steadily for the latter simulation (ZON-20° S), the linear trend uncer-

decades and ozone in the tropical LS has been decreasirf@nty in tropopause pressure is <20% and is expected to be
linearly, but in order to demonstrate that the positive trendsmaller for a narrower latitude band centred on the Equator.

in CO; is driving the negative linear trend in ozone in the

tropical LS, we establish here that increases ip@ppear 4.2 Non-linear sources of variability

to lead to linear trends in both tropical upwelling (Butchart et

al., 2010) and tropopause pressure (Lamarque and Solomo/t 17.5-18.5km, the seasonal variations in ozone number
2010). Recall that the tropopause pressure trend directly redensity are very large yet can vary from year to year (Fig. 5a).
lates to the trend in the vertical gradient of ozone, which isThis is particularly obvious when looking at the OSIRIS time
the second physical mechanism responsible for ozone trendsame where there are fewer data gaps and comparing the
based on Eq. (10). Butchart et al. (2010) show that the tropstrong annual cycles of 2002—2004 to subsequent years. Vari-
ical upwelling trend due to increases in greenhouse gaseance of this sort is difficult to remove by deseasonalization or
is expected to be linear over 140 years (1960-2100). Reby regression modelling (Fig. 5b) even if a seasonal trend had
garding the tropopause pressure trend, the linearity can bbeen included. Understanding what controls the year-to-year
inferred from the small uncertainty of the linear trend co- variability of the seasonal cycle (Ploeger et al., 2012; Witte
efficient when using a simple linear regression of time toet al., 2008) could lead to an improved regression model and
the tropopause pressure (Lamarque and Solomon, 2010). THeave an impact on estimated trends and their uncertainties. It
linear trend on tropopause pressure is statistically significanis doubtful that annual harmonics of QBO, ENSO, or the so-
within £10° of the Equator (Lamarque and Solomon, 2010). lar cycle could explain the strong annual cycles of the overlap
If the tropopause pressure were changing in a non-linear waperiod immediately above the tropopause, although the com-
as aresult of increases in G@and sea surface temperature), bined effect of annual QBO and ENSO harmonics should
the trend would not be significant using a simple linear re-be investigated when an improved version of the OSIRIS
gression. Also, the NCEP tropopause pressure linear trendzone retrieval becomes available. Note that there is good
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agreement on the magnitude of the seasonal cycle betwedime frame could affect the trend determined for the OSIRIS
the two instruments during the overlap period (Fig. 5a). time period (2001-2012) and, to a lesser extent, the trend in
Using SAGE Il data only, we found that the harmonic of the merged data set.
the linear trend (seasonal trend) and the same harmonic of The linear trend is a statistically significant basis function
a constant (seasonal cycle) are never statistically significanat all altitudes in the 18.5-24.5 km range, and statistically in-
predictors with the same sign at any altitude (even whersignificant at 25.5 km over the merged time period. Extend-
using a best regression model specifically for SAGE Il ating the ozone record by merging SAGE Il and OSIRIS data
18.5km). This means that there is no evidence supportingllows for a significant reduction in trend uncertainties rel-
a seasonal trend. This is important given the approach takeative to those from SAGE Il alone at all altitudes, except at
in the deseasonalization of the data using the seasonal cyclE8.5 km. EESC is not statistically significant at any of these
from the full data record (of each instrument). Also, when altitudes (see Fig. 3 as well as Sect. 2.2). Our results are con-
testing the seasonal trend term with the merged data set, itsistent with model results showing that the driving forces
amplitude was found to be weak (< 3 % ozone response), antiehind the decadal changes in ozone in the tropical LS are
simply acted to capture any residual seasonality in the ozonécreases in greenhouse gases and sea surface temperature
anomalies from subtle changes in the phase of the seasonfllamarque and Solomon, 2010), which affect tropical up-
cycle between instruments. welling and the vertical gradient of ozone. Thus, in the ab-
As discussed above, optimizing the ENSO lag can im-sence of any new, dominant mechanism, decreasing ozone in
prove fitting, particularly near the tropopause (17.5 km). Us-the tropical LS can be expected for at least the current cen-
ing an altitude-independent lag of 2 months (Randel andury according to model simulations (Waugh et al., 2009).
Thompson, 2011) is adequate in the lowermost stratosphere Merging other satellite data sets with SAGE Il might also
(z<21km), where the ENSO signal is strongest. Chemistrybe a valuable exercise given the reduction in trend uncer-
and transport models show that air at any location has a vatainty by merging OSIRIS and SAGE Il. Future trend mod-
riety of ages due to transport. The frequency distribution ofelling should also include new versions of the OSIRIS ozone
ages is called an age spectrum, and its central tendency caroduct with a focus on trying to use merged data sets to ob-
be measured using the mode. We expect the observed ENS@in trend information with reduced uncertainties at 17.5 or
lag profile (Table 1) to correspond to modal age of air, and16.5 km which could be used to confirm our understanding
indeed it compares well with other estimates in the tropicalof the involved physical mechanisms.
pipe (e.g. Strahan et al., 2009). Information on the mode of
the age of air is important for modelling transport pathways
such as horizontal mix.ing. The.modal age of air (relativg toAcknowIedgementsWe thank L. Rieger (University of
the time of stratospheric entry) is also available observationgaskatchewan) for help with the SAGE Il data and F. Wu
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be ~ 0.5 month below 22 km, whereas above 22 km, the lagbiennial oscillation and the observed trend profile from Randel
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