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Abstract. The long term evolution of stratospheric ozone from a zero trend at the 2 sigma level. An all instrument av-
and water vapour has been investigated by extending satelliterage is also constructed from water vapour anomalies dur-
time series to April 2008. For ozone, we examine monthlying 1991-2008, using the SAGE Il, HALOE, SMR, and the
average ozone values from various satellite data sets for nindlicrowave Limb Sounder (Aura/MLS) measurements. We
latitude and altitude bins covering 68 to 60 N and 20—  report that the decrease in water vapour values after 2001
45 km and covering the time period of 1979-2008. Data areslows down around 2004—2005 in the lower tropical strato-
from the Stratospheric Aerosol and Gas Experiment (SAGEsphere (20—-25km) and has even shown signs of increasing
I+11), the HALogen Occultation Experiment (HALOE), the until present. We show that a similar correlation is also seen
Solar BackscatterUltraViolet-2 (SBUV/2) instrument, the with the temperature measured at 100 hPa during this same
Sub-Millimetre Radiometer (SMR), the Optical Spectro- period.

graph InfraRed Imager System (OSIRIS), and the SCanning
Imaging Absorption spectroMeter for Atmospheric CHar-
tograpY (SCIAMACHY). Monthly ozone anomalies are cal-
culated by utilising a linear regression model, which also

models the solar, q_uas_|-b|enn|al_qscnlapon (QBO), andSince the 1987 Montreal Protocol, important steps have been
seasonal cycle contributions. Individual instrument ozone

) . . . taken in order to halt the decrease of stratospheric ozone,
anomalies are combined producing an all instrument average

. : : ) Which has been a main environmental concern for the last
Assuming a turning point of 1997 and that the all instrument .

; . couple of decades (WMO, 2006). The largest estimates

average is represented by good instrumental long term sta:-

—80 i -
bility, the largest statistically significant ozone declines (atOf ozone loss (of 6-8%/decade) are reported in the up

two sigma) from 1979-1997 are seen at the mid-Iatitudes?ﬁgvitgﬁﬁiﬁh;rz mlz%ég!tgz%gepéz?lg Z?tg%%rksgiiilg?;
between 35 and 45km, namekly7.2%+0.9%/decade in " ' " '

the Northern Hemisphere andr.1%+0.9%/in the Southern e;saé.é ﬁg?:)’rgz;::e:js; [ﬁ:usltjrc;;gezc;?:ds?g\:ﬁ“nt?acgkigetﬂe
Hemisphere. Furthermore, for the period 1997 to 2008 weg 9 Y

' ) stratosphere. Halogen source gases contain chlorine and
find that the same locations show the largest ozone recovery e that are released when the halogen gases are bro-
(+1.4% and +0.8%/decade respectively) compared to othe gen g

global regions, although the estimated trend model errors inﬁen down in the middie and upper stratosphere due to in-

dicate that the trend estimates are not significantly differenttﬁgssrzgcﬁg I?jtilfenct(i://\g\s/loﬁazlggsz{ Ig’;ﬁfgi&?i;iﬂgtg d

recent studies have reported a slowing down of ozone de-
pletion in the upper stratosphere (Newchurch et al., 2003;

Correspondence toA. Jones Steinbrecht et al., 2004, 2006), although there is still some
BY (ashley@rss.chalmers.se) uncertainty over how much recovery is masked by natural
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variation, such as atmospheric transport, temperature as wel Ozone and water vapour data sets
as climate change. Ozone depleting substance levels are
thought to have reached their peak in between 1995 and 2008.1 SAGE I+l
in the upper stratosphere, but are not expected to return to
pre 1980 values until 2050—2060, hence ozone’s recovery iSAGE | and Il in combination have produced one of the
equally as long (WMO, 2006). Recent estimations suggestongest data sets of ozone, nitrogen dioxide, aerosols and wa-
that the Antarctic ozone hole will recover to pre 1980 valuester vapour. Although the combination of the two data sets is
around 2068410 years) (Newman et al., 2006). not contiguous, they provide the basis for making a robust
Besides ozone, water vapour is of major interest. Not onlytrend analysis. SAGE | was launched on the Applications
is water vapour a dominant greenhouse gas in terms of its raExplorer Mission-B satellite in February 1979 and ceased
diative properties, it is also a source of odd hydrogen that ifunction in the early autumn of 1981, while SAGE II, which
important to ozone chemistry and hence ozone’s overall rewas part of the Earth Radiation Budget Satellite (Mauldin et
covery. It has been estimated that an increase in stratospherid., 1985), launched in October 1984 and stopped measur-
water vapour by 1% per year could offset the ozone recoveryng in October 2005. Both SAGE instruments utilised a solar
by as much as 10-15 years (Dvortsov and Solomon 20019ccultation technique, comprising a multichannel sun pho-
Shindell 2001). Air is primarily transported to the lower tometer observing in the Chappuis band centered at 600 nm
stratosphere via the tropics as a result of deep convection, bd@r ozone and 940 nm for water vapour, measuring scattered
the amount of water vapour entering is thought to be depensolar light during sunrise and sunset throughout the 14 orbits
dent on the temperature close to the tropical tropopause. Adper day (McCormick et al., 1989, 1992). Each satellite had a
ditionally, the increase of methane concentrations in the uplimited temporal and spatial coverage, tracking between typi-
per stratosphere is an alternative pathway for increased weeally 60° S and 60 N and obtaining a global coverage within
ter vapour concentrations in the upper stratosphere (SPARG month. Each derived profile for each measured species is
2000). of typically 1 km vertical resolution with an altitude uncer-
More than 30 years of balloon sonde frost point hygrom-tainty of ~0.2-0.25km from the surface to 70km (Chu et
eter measurements at Boulder, Colorado®(¢0105 W)  al., 1989).
show significant increases in water vapour of approximately In this analysis we use SAGE | V7 (provided by L. Thoma-
0.3-0.7% per year in the lower stratosphere between 1988on, private communication, 2008) and SAGE Il V6.2
and 2001 (Scherer et al., 2008). A comparison made by Randata obtained frontp://ftp-rab.larc.nasa.gov/pub/sage2/v6.
del et al. (2004) using HALOE observations in an area near20. The SAGE Il measurements of trace gases are highly
Boulder show the increase to be significantly less. As waterisusceptible to contamination of aerosol extinction and af-
vapour values are highly variable and combined with irreg-ter the Pinatubo eruption in June 1991 many measurements
ular observations with typically a high level of uncertainty, were corrupted by the high aerosol loadings, especially those
it is difficult in many cases to distinguish trend features. A below 25km. Wang et al., have suggested filters that can
good example is the sudden decrease in lower stratospherfee used in order to remove erroneous ozone measurements
water vapour values in-2000-2001, which is thought to that are thought to be contaminated by aerosol (Wang et al.,
be connected to a combination of strong upwelling from 2002). We use the same method by examining the observed
the Pacific Ocean (Rosenhof et al., 2008) and an enhanceaimounts of aerosol found at each altitude and removing those
Brewer Dobson circulation that implies a lower local Tropo- that are believed to lead to erroneous ozone. Most of this con-
spheric Tropopause Layer (TTL) temperature (Dohmse et al.tamination is present between 1991 and 1994. There are also
2008). As studies to date only present time series until 2005similar problems with the water vapour product (Thomason
we extend both stratospheric ozone and water vapour timet al., 2004). However, a report by Taha et al. (2004) suggests
series until April 2008 by using a combination of various that there is no reliable filtering method using the aerosol
satellite data sets. Many of these data sets have been usedtinction coefficients, hence we do not consider SAGE |l
in previous studies, especially the historically longer andwater vapour data from 1984—-1994, accounting for possible
older times series such as from SAGE, HALOE, SBUV/2, aerosol contamination, especially aerosol loading from the
and POAM Ill. Additionally, we also use shorter and newer Pinatubo eruption in 1991. It should also be noted that from
time series from Odin/SMR (2001—present), Odin/OSIRIS1984-1991 SAGE Il was the only satellite instrument mea-
(2001-present), Envisat/SCIAMACHY (2002—present), andsuring water vapour, hence there is no robust proof that the
Aura/MLS (2004—present). We analyse the long term evolu-SAGE Il data during this period is trustworthy. Finally, we
tion of both species for measurements made betwee& 60 also remove ozone and water vapour data that have a relative
and 60 N and the altitude range of 20-45km. The paper uncertainty greater than 50% so that only profiles of excellent
shows that even though a trend analysis is preferably madprecision are used.
using the longer data sets, shorter data sets can be added toThe SAGE | and Il ozone data sets are merged, giving
obtain a more reliable trend estimate, using a similar methodbzone measurements from 1979 to 2005. SAGE Il ozone
to that of Steinbrecht et al. (2006). retrieval precision is typically 5-7% between 24 and 48 km,
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while SAGE | precision is a factor of two worse than SAGE Il series at various locations between 1992 and 1997 (Stein-
(Cunnold et al., 1989). Systematic uncertainties of SAGE Ilbrecht, 2006). However, the incorporation of SBUV/2 data
are~6% above 25 km where aerosol contamination is smallis still important prior to this time, firstly because it gives
and there is an extra 4% for where the aerosol contaminatioma second reference to the merged SAGE time series up un-
is large <25 km) (Cunnold et al., 1989). til the end of 1991 and secondly it also helps bridge the gap
SAGE Il has the longest water vapour data set to datewhere the SAGE | data finishes and the SAGE Il starts. The
(1984-2005). Validation of the V6.2 data set shows SAGESBUV/2 data also confirm that there is no need to suspect
Il profiles to agree with ATMOS/ATLAS-3 observations to that the SAGE | values are biased high and are in fact reason-
within 15% with no obvious systematic bias between 12 andable. A similar approach has been used in previous studies
40 km (Chiou et al., 2004). Another comparison shows (Newchurch etal., 2003; Cunnold et al., 2004). We thus only
agreement to within-10% with POAM, ILAS, and HALOE, use SBUV/2 data up until the end of 1991, when the HALOE
and 15-20% to MkIV at altitudes between 15 and 40 kmtime series begins. This way we firstly do not have to worry

(Taha et al., 2004). about SBUV/2’s long term effects of Pinatubo, and secondly,
the final trend analysis will have contributions from two or
2.2 SBUV/2 more instruments at any one time, apart from the break pe-

riod between the SAGE missions.
Another data set we use here is that of the Solar Backscatter
Ultra-Violet SBUV/2 instrument. This data set is a combi- 2.3 HALOE
nation of two separate datasets, SBUV and SBUV/2 (collec- .
tively referred to as SBUV/2). The original SBUV instru- 1he HALOE instrument aboard the Upper Atmosphere
ment was aboard the NASA Nimbus-7 satellite launched inRésearch Satellite was o.peratlonal from September 1991
October 1978, while more improved versions of the SBUV/2 10 November 2005.  Similarly to the SAGE instruments,
were developed and placed aboard subsequent mission§/ALOE was also a solar_occultanon instrument measuring
NOAA-9, December 1984, NOAA-11, September 1988, many trace gases including ozone and water vapour. Ob-
NOAA-14, December 1988, NOAA-16 September 2000, angservations were made in the infrared part of the electromag-
NOAA-17 in June 2002. This nadir looking instrument mea- Netic spectrum (between 2.45 and,a). (Russell et al.,
sures backscattered incoming solar radiation by using 12993)- The HALOE occultation instrument was regarded
different wavelengths, making both total ozone column andhlghly sensitive a_md obtained 15 occu_ltatlon measurements
ozone profile estimates calculated from the ratio between th&luring each sunrise/sunset by comparing the solar spectra to
incoming spectral radiance and that of an observed backscat’® SPectra obtained. This produced in essence a self calibrat-
tered signal (Bhartia et al., 1996). The data supplies only"d instrument with long term stability. The temporal cover-
the average mean profile in a 5 degree latitude bin for eaci9€ Was similar to that of the SAGE missions and the profile
layer defined by the 15 pressure surfaces from 50-0.5 hp¥ertical resolution is approximately 2km, making measure-
from pole to pole. The vertical resolution of the version 8 Ments between 10 and 50 km for ozone, while 16-80 km
data set is typically 6-8 km in the upper stratosphere and apf_or water vapour. Latitudinal coverage is from about BOD
proximately 6-10 km in the lowest stratosphere, which is an@nd 80 S over the course of a year, while a global coverage
improvement compared to the previous versions thanks to aff achieved in approximately six weeks. Data are ignored if
upgraded averaging kernel algorithm (Bhartia et al., 2004) the associated error on a profile is greater than 100%.
This data set can be obtained frdmtp://code916.gsfc.nasa.  Data used in this analysis are from the HALOE V19 ob-
gov/Dataservices/merged/modata.public.html  SBUV/2 tained from http:_//haloe.ga?s-mc.com/download/mdex.php
data have recently been shown to have good consistency witR008-  Comparison of this ozone data set to SAGE II
SAGE Il and HALOE data concerning time series analyses.V6.1 showed a HALOE low bias of 5-10% below 30km
However, it is stated that a high bias of ozone is present iNazaryan et al., 2005), while comparisons to balloon sonde
the data above-30 km after 2000 that will influence assess- Meéasurements show an agreement of 10% between 20 and
ments of ozone recovery (Terao et al., 2007; WMO, 2006).30 I_<m (Borchi et al., 2007). The most recent complete yah-
SBUV/2 profile comparisons with HALOE V19 show a gen- dation of HALOE data was for the V17 data set summarised

eral agreement of 4-15% for pressure surface between 4By Harries et al. (1996). The V19 data have been adapted for
and 1.5mb (Nazaryan et al., 2007) various validation analyses with other water vapour observ-

Although, not originally intended, the SBUV/2 data are ing instruments. As the next section deals with comparison

included here in this analysis. SBUV/2 V8 measurementsOf overlapping time series we will illustrate the agreement
are known to give a more positive trend after 2000 Com_between HALOE and the other water vapour observing in-

pared to other instrument data, especially in the upper stratgStruments.

sphere (Terao et al., 2007). This effect is also seen earlier
than 2000 in one such study where large significant SBUV/2
drifts of more than 5% are found compared to other time
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2.4 0Odin/SMR 2.6 SCIAMACHY

The Odin satellite was launched in the beginning of 2001 angi{a\n instrument aboard the ENVISAT mission is the SCanning

is a joint initiative between Sweden, Canada, Finland an . . )
. ; . : Imaging Absorption spectrometer for Atmospheric CHartog-
France. This small satellite comprises two instruments, the . o
. . . raphY (SCIAMACHY). The instrument has the ability to ob-
Sub-Millimeter Radiometer (SMR) and the Optical Spectro- ; ) T . .
) serve various atmospheric species, including ozone, in oc-
graph InfraRed Imager System (OSIRIS). Both instruments . . . o .
. : ’ o . ~_cultation, limb scattering, and nadir viewing modes. In limb
are still operating at the time of writing. The Odin satellite

is polar orbiting (82.5S to 82.5 N) and is sun synchronous. mode, Fhlrty scans are made_ per prof_lle fror to 92km .
: . . to obtain a vertical profile with a typical 4-4.5km verti-
The SMR instrument makes measurements of various species

. . : al resolution with full global coverage (Bovensmann et al.,
including stratospheric ozone and water vapour between . .

. o ) 1999). Here, we use the newest version 2.0 from the Insti-
and 110 km by observing thermal emission in the microwave

region during day and night (Murtagh et al., 2002; Frisk et g:ﬁﬁ;ﬁgg:g?gﬁgtz ?nhiﬁ:z\ly (Eﬁ?: nl_(llLl;J P)ih:;l:l(ralg \c/)ir;-a
al., 2003). SMR consists of five receivers, we use ozone y-rugg

from the 501.8 GHz band and the water vapour data produc&ble Chappuis abs_orptlon bands of ozone. _The algon_thm 'S
. an extended version of the one described in von Savigny et
obtained from measurements around 488.9 GHz. We remove

profiles if the quality flag is not equal to zero or a measure-alh(2005)'hThif.lL.JP| Bfrfﬁmeg provides the guenuftl)c %rgiu'co\ts
ment response is less than 0.75 whereas the official offline data processor is run by . As

The newest version of SMR (level 2, produced at thethls data set is relatively new, there are no current reports

. . : of the performance of this version at the time of writing,
Chalmers University of Technology, Sweden), v2.1 is anal- : . S . .
. ._hence we think that this analysis will help with the valida-
ysed for both stratospheric ozone and water vapour. Valida:. . .
: . tion process. The previous version 1.61 however has shown
tion of the ozone product shows a good agreement with var- ) )
. ; . . . to have a low bias of typically 3—6% compared to SAGE ||
ious other instruments presenting biases typically less tha%nd lidar measurements between 16 and 40km (Brinksma
10% in the stratosphere (Urban et al., 2005; Jones et al

2007; Brohede et al., 2007; Jegou et al., 2008). et al., 2006). This outcome is partly due to a known point-

An overview of SMR water vapour observations is given "?9 inaccuracy, which is ac_counted for'in this newest ver-
sion 2.0. Data can be obtained for SCIAMACHY ozone at

by Urban et al. (2007). However, the latest v2.1 water vapour, tto://wWw.iun.phvsik uni-bremen. de/scia-arc

product has not yet been validated at this time. The verticap P AUP-phYSIX. '

resolution for water vapour at 489 GHz line is 3—4 km be-

tween~20 and~70km while the ozone at 501.8 GHz has 2.7 MLS

a typical vertical resolution of2.5 km between roughly 20

and 50 km. Water vapour is also studied using the Microwave Limb
i Sounder (MLS) which was launched in August 2004 on
2.5 Odin OSIRIS the NASA Aura satellite. This is the second MLS instru-

. . . . ment, whereas the previous instrument, on board the Up-
As mentioned previously, the OSIRIS instrument is also on )
) . ; : . per Atmosphere Research Satellite (UARS and hence was
board the Odin satellite. The optical spectrograph is a gratin

o . . hamed UARS MLS), operated for8 years between 1991
spectrometer, which is used to produce atmospheric profiles . o
. ; ST ; and 1999, although the water radiometer ceased operation in
of various atmospheric species includings, NO», OCIO,

U . .1993, hence this data is not included in the analysis. MLS
and aerosol by measuring limb scattered sunlight spectra in

the visible region of 280-800nm (Llewellyn et al., 2004). is a limb scanning instrument, observing thermal emission

The vertical resolution of the latest ozone data product, v3 Oat millimeter and sub-milimeter wavelengths (Waters et al,
. . . atapro v ~'~2006). Similar to the Odin/SMR instrument, MLS has the
is ~2km in the middle stratosphere. This version shows

. . . ; ability to measure at night and is not affected by stratospheric
good agreement with various other instruments using the . S .

. clouds. The Aura satellite maintains a suborbital track cov-
same measurement technique (Haley et al., 2004), but alsg .

. . . . . ering 82 S to 82 N. For MLS V2.2 data, water vapour has
to the SMR instrument, helping to provide confidence in the . : . L
ot . a typical vertical profile precision of 0.2-0.3ppmv and a
robustness of the differing techniques (Brohede etal., 2007)\'/ertical resolution of 3-5km in the stratosphere. Data are
Data filtering is also applied to the OSIRIS data where we P :

: . screened using only profiles that have a zero status flag so
remove data that are suspected to contain pointing prObh:‘\m%hat profiles with possible ambiguities are removed. Data
influences from the southern Atlantic anomaly, and from :

stray light associated with the moon. Similarly to the SMR are also only.used-|f the quality flag is .greater than 0.9.
o . : Please sehttp://mls.jpl.nasa.gov/data2008; or Lambert et
data, we remove profiles if the quality flag is not equal to . .
. ; . al. (2007) for more details. The paper by Lambert also gives
zero, if the one sigma measurement error is 100% larger than . o
. a thorough investigation of the water vapour product by com-
the corresponding measurement, or a measurement response . ! . . .
less than 0.75 paring V2.2 profiles to other instruments including HALOE,

SMR, SAGE Il and POAM. Results indicate that V2.2 shows
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Fig. 1. Monthly mean ozone time series comparison of 6 instruments in nine altitude/latitude bins; SAGE I+l (blue), SBUV/2 (orange),
HALOE (red), SMR (magenta), OSIRIS (black), SCIAMACHY (cyan). The bins range frofS6® 60 N in an altitude range from
20-45km.

a good agreement to within 10% of these instruments forl996) and that this upper altitude range is also adopted by

stratospheric measurements. other analyses and hence the results found here can easily be
compared (for example, Newchurch et al., 2003). Further-
more, analysis above 45km would mean extra care would

3 Methodology need to be taken to account for large non negligible diurnal
variability in ozone (while in the upper mesosphere for water
3.1 Monthly mean comparisons vapour). We take 20 km as the minimum altitude since below

this level we would expect to see large ambiguities in some
Although not the main objective in this paper, we show for data sets due to heavy levels of aerosol loading. The choice
both stratospheric 0zone and water vapour how each individof using 60 degrees north and south is to avoid the use of
ual data set compares. As the trend analysis will focus orprofiles that maybe situated inside the winter polar vortices,
three altitude zones, 20-25km, 25-35km, and 35-45km inyhere very small VMRs of 0zone and water vapour may be
three latitude bands (83-30' S, 30 S-30'N, and 30 N-  present. Profiles are simply filtered for each month in terms
60° N) we show how monthly mean VMR values for each of altitude and geolocation into one of the nine zones. These
instrument compare in these zones. This technique does n@fartial profiles in each zone are summed and averaged over
follow the conventional comparison method of profile to pro- that altitude range to give a mean value on a monthly basis.
file comparisons, but rather compares time series of averagas MLS and SBUV/2 are retrieved on pressure surfaces, we
measurements over a long period of time as they are used ifiiter these data sets by using approximate pressure surfaces
this analysis. Mismatches are thus possible in terms of timehat closely match the geometric altitude zones used here (be-
and space, but as each data set comprises a large numbert@feen 6.4-1.6 hPa35-45km, 6.5-27 hPa25-35km, and
measurements the stochastic error should be minimised whep7—50 hPa-20-25 km). Finally, we should say that the sin-
measurements are averaged. We have chosen these altitugie profile precision is not relevant for this study, because the
ranges firstly because the first signs of ozone recovery ar@oise is reduced when creating monthly averages.
expected to be seen in the upper stratosphere (Jucks et al.,

www.atmos-chem-phys.net/9/6055/2009/ Atmos. Chem. Phys., 9, 6035-2009
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Fig. 2. Monthly mean water vapour time series comparison of 5 instruments in nine altitude/latitude bins; SAGE II (blue), HALOE (red),
SMR (magenta), and MLS (black). The bins range frori $@o 60 N in an altitude range from 20-45 km.

Figures 1 and 2 illustrate each individual instrumentthe winter pole, accounting for the large ozone and water
monthly mean time series in each altitude/geolocation binvapour concentration increments in the middle and lower
for ozone and water vapour, respectively. In both figures onestratosphere. In the upper stratosphere, ozone concentrations
can see clearly the seasonal cycles of both species, especialye also strongly influenced by the seasonal variation of solar
for ozone. The peaks and troughs seen here are not necessaly intensity, where during the late summer months ozone
ily during the same month in each altitude/latitude bin due maxima occur due to an enhanced photochemical production
to the varying magnitudes of complex dynamical and chem-(Brasseur and Solomon, 2002).

ical processes. The general circulation in the stratosphere Figure 1 shows that there is quite a good agreement be-
is governed by the Brewer-Dobson circulation, which existsyyeen all six instruments in all bins. Notable features are
due to contrasts in differential heating between the equatofhat SBUV/2 monthly averages of 0zone show@.5 ppmv

and poles and is driven by wave mot.ions in the extra—tropicalpositiVe bias compared to SAGE values in the upper trop-
stratosphere. Moreover, the magnitude of these wave pelics (panel B). This relative bias is generally within-£0%,
turbations varies on an annual basis, producing differencegnicn agrees with earlier studies (Terao et al., 2007). The
in the interannual variability. Main sources for this varia- gifferences in amplitudes between each instrument is par-
tion are from the Quasi-Biennial Oscillation (QBO), annual tjaly explained by the level of noise between measurements,
oscillation (AQ), and semi annual oscillation (SAO). For ex- pyt also by the level of variability determined by the number
ample, the QBO is a reversal of the regular west-east windg,s samples during each month. SAGE and SCIAMACHY

in the tropical stratosphere occurring approximately every 26yzone values are generally larger compared to other data sets,
to 30 months. (BaIdW|n et al., 2001) Th'IS U|t|mate|y varies especia”y in the middle Stratosphere tropics (pane|s B and
the propagation speeds of the extra-tr_oplcal_waves apd henqg)_ From this figure it is quite apparent already before any
the strength of the Brewer-Dobson circulation. During the fyrther analysis is made that there is a clear decrease in ozone
late winter months, when the Brewer-Dobson circulation is gjnce 1979 from the merged SAGE | and Il and SBUV/2 data,
at its strongest, air from the tropics is transported towardsespecially in the mid-latitudes from 35—45 km. Even though
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we have filtered data for aerosol artifacts, large values appealy(’ ) =at +b+
to persist in the SAGE Il data in the 20—25 km tropics bin n%0<c»cos< 2nt ) +d-sin( 2nt )>+
(panel H). As a precaution we remove SAGE Il data between /=3 \" Poeo(®) ! Poeo() )
1991 and 1994 in this bin so as to remove the artifacts. nSolar ot . ot

Most recent work involving satellite water vapour long El (eiCOS<PSOIar(i)> + ﬁsm(&mﬂ)))"'
term evolution use HALOE observations as the primary data y (7)
set, while SAGE Il data must be used with precaution due
to aerosol contamination (Thomson et al., 2004). Althoughwherey(r) are the monthly ozone anomalies;1, 2, 3 ...
we remove SAGE Il water vapour measurements from 1984, for each individual data set. The first two components of
1994 when examining the water vapour anomalies, we in£q. (1) are the linear trend, wherer* is the magnitude of
clude these years here in Fig. 2 just for illustration. It is the trend and8” is a constant at=0. On the second line is
clearly seen that SAGE Il data are strongly contaminatecdthe quasi biennial component that employs a combination of
during 1991 and 1994 in all bins. Figure 2 also showssines and cosines. Similarly, the solar cycle is dealt with in
that in the lower and middle stratosphere there is a reasonthe same way and is given on line three. TH&) term on
ably good agreement to within 0.5 ppmv between SAGEthe fourth line presents the noise residual term, or first order
Il, HALOE, MLS and SMR after 2000 in the middle and autocorrelation noise term, such thalt(t )= N (t);—1+¢;,
lower stratospheric bins (panels D-I). There are discrepanwheres, is the white noise with mean zero and a common
cies at the higher stratospheric altitudes where larger bistandard deviatiory. The unknowns in the model, b, c,
ases are seen (panels A-C). In all three latitude bins, SMR/, ¢, and f, hence need to be determined in order to calculate
values are systematically lower than the other instrumentshe summed contributions for both the QBO and solar cycles.
(~0.5ppmv compared to HALOE), while SAGE Il is sys- It should be noted that there is no need to include the seasonal
tematically larger {0.5 ppmv compared to HALOE). There cycle term as it has already been removed when calculating
is also a generally good agreement between HALOE, andhe ozone anomalies. Our main motivation for doing this was
MLS during overlapping time periods. The lowest altitude that we wanted to examine the anomalies before and after the
range shows SAGE Il to be noisy and occasionally giving removal of the smaller seasonal, QBO and solar terms for the
large mean monthly values after the Pinatubo eruption insake of completeness.
1991 (panel F-I) (Also seen in the ozone data in panel H We next produce ozone anomalies by subtracting the QBO
in Fig. 1). and solar contributions from the deseasonalised anomalies.

In summary, we have established that the monthly meangve then combine each individual deseasonalised anomaly
from each instrument are generally consistent with each othefime series to produce an all instrument average. To align
and that biases are typically within 10% during overlapping individual anomaly time series that overlap in time, we cor-

periods. rect for the offsets. An important factor is that each individ-
] ) ual data set must overlap with at least one other data set for
3.2 Calculating ozone anomalies this method to work of with an overlap period of typically (at

The variations that we see in each individual time series aréeaSt) a couple of years, which is possible with the data sets
we have chosen.

cyclic in nature and are associated mainly to seasonal (in- . . .
Lastly, for ozone we also estimate trends in each lati-

cluding SAG), QBO a'md solar'cyc'les. Hence, by being abletude/altitude bin, adopting the method from Appendix A in
to separate the relative contributions of each of these PIO%einsel et al (2002). The assumption used in this method
cesses we will be left with the unexplained variability of the . . n : . b . .
monthly mean signal. is that if there is a change in trend, the trend line itself is

- both linear and continuous. For this analysis we assume the
We follow a similar approach to that of Newchurch et turn around or break point year in the ozone trend occurs in
al. (2003), and Steinbrecht et al. (2004, 2006) where monthl pointy

. X . yJanuary 1997, which is consistent with assumptions made
ozone anomalies are calculated by firstly removing the an-

nual cycle. This is simply done for each instrument by find- in earlier studies (Steinbrecht et al., 2006; WMO, 2006;

ing the difference between each monthly mean value fromNewchurch etal., 2003; Cunnold et al., 2004).

their corresponding average (climatological) annual cycle. o
3 BO, SAO, and solar cycle contributions
For example, the SAGE I+ll mean January value calculated3 Q 4

for all Januarys during 1979-2005 is subtracted from eachrp,q QBO has a typical period of about 26—30 months, but the

individual SAGE I+11 January VMR value. ‘mid-latitudes are also affected by the QBO on a 12 month

The anomalies obtained here still have fluctuations assoCiznnual basis (Baldwin et al., 2001). Hence, it is important

ated with the QBO and solar cycles. To remove these cyclegyhen calculating the contribution of the QBO that harmon-

we can model the ozone anomalies as a sum of terms iNCOfg around this period are also included. We have found
porating a linear trend and variations related to the QBO ang, ¢ applying fixed periods to each time series gives unre-

solar cycles, alistic QBO contributions that give large phase differences
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Fig. 3. Fitted QBO and solar components &ndC respectively) of six instruments at 35-45 km?38-60° N. SAGE I+11 (blue), SBUV/2
(orange), HALOE (red), SMR (magenta), OSIRIS (black), SCIAMACHY (cyan). These estimates are based on harmonic oscillations fitted
to each individual ozone time series. Also showrB) and(D) are the 10.7-cm solar flux and Singapore winds at 10 hPa respectively, for
comparison.

compared to the Singapore winds proxy. We look at each incles. This is simply done by extending one of the shorter time
dividual time series separately to determine which periods taseries prior to its start date using the SAGE data extending to
use. In order to calculate the periods of thggo we have  time, g (02/1979 for ozone, 10/1984 for water vapour). By
used a simple Fast Fourier Transform (FFT) model that iden-using the extended time series we can identify harmonics by
tifies the possible harmonics needed to make a fit. We find irusing the FFT model so that a fit can be made to the shorter
most cases that periods are between 7-9 and 15-32 monthime series. However, from this fit we only consider the os-
which agrees with other previous studies (Newchurch et al.cillations post the start date of the shorter time series, hence
2003; Steinbrecht et al., 2004, 2006; Cunnold et al., 2004)the SAGE data acts merely as a “dummy” time series.
while 12 months is not included as it is accounted for when As an example, Fig. 3 shows QBO and solar contributions
removing the seasonal cycle. to ozone variation for the northern mid-latitude between 35
A similar method is applied to the 11 year solar cycle and 45km bin, while in Fig. 4 QBO contributions to water
where more than one harmonic may be needed in order to fitapour are presented for the tropics from 25-35km. Panels
the solar cycle, corresponding approximately to a proxy timeA and B in Fig. 3 show how the ozone anomaly changes with
series such as the 10.7-cm solar radio flux. We have triedhe natural variation of solar intensity, shown here using the
various harmonic fits using both the FFT model and those de40.7 cm solar flux proxy. For comparison, ozone in this case,
scribed in earlier studies and have concluded that the best fitis typically 4-5% higher during solar maxima compared to
were periods of 63 and 127 months. These coupled harmorthe solar minima. The agreement between each individual
ics are proven to show better fits compared to other modelsime series is also quite good, while differences in peak to
using more than two harmonics (Cunnold et al., 2004) andpeak variations are simply due to the different levels of noise
are hence used here commonly for all instruments. in the anomalies between each instrument. It can also be
For shorter data sets, such as HALOE, SMR, OSIRIS,seen that the shorter time series produce very similar ozone
MLS, and SCIAMACHY one may not be able to fit harmon- anomalies that match well to both the longer time series of
ics directly. This is less of a problem for the QBO, where HALOE and SAGE, thus providing confidence in the method
periods are much shorter than the length of each these timthat we have used to simulate these values. However, it has
series, but more significant problems are presented for longdbeen stated that there are possible implications due to vol-
oscillation periods, such as those associated with the solazanic eruptions and substantial exchange of trace gases from
cycle. As mentioned, the typical solar cycle period is everythe troposphere that could ultimately lead to inaccuracies of
11 years (or 132 months), much longer than any of the dataeveral percent when trying to model solar cycle ozone vari-
sets mentioned above. To get around this problem we use thations, thus producing unreliable estimates of deseasonalised
SAGE data as a proxy in order to fit both solar and QBO cy-anomalies (Steinbrecht, 2006).
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Fig. 4. Fitted QBO(A) of four instruments at 30S—-30 N, 25-35km. SAGE Il (blue), HALOE (red), SMR (magenta), and MLS (black).
These estimates are based on harmonic oscillations fitted to each individual water vapour time series. Also @owihia Singapore
winds at 30 hPa shown for relative comparison.

The QBO contribution, shown in Fig. 3, panel C, produces ments that contribute during this time, SAGE I+, SBUV/2,
atypical peak to peak amplitude 86—6%. For comparison, and HALOE show consistency with each other during over-
the Singapore winds proxy at 10 hPa are shown in panel D fotapping periods, although the SBUV/2 anomalies are slightly
comparison. Ozone values reach a maximum in between Jaarger than anomalies calculated for the whole SAGE | pe-
uary and February in the Northern Hemisphere as a result ofiod, and for SAGE 1l during 1988-1991. The trend line af-
the stronger planetary wave activity, but during phases whener 1997 indicates a slowing down of ozone depletion and
the QBO winds become westerly (positive winds) ozone val-that there is even an increase (1.4%/deca@e3%, i.e. not
ues are less, which can be seen here for several years ustatistically significant at the 95% confidence level). It can
ing the SAGE and HALOE anomalies (1992, 1994, 1996, be seen visibly from 2001 that HALOE, SMR, OSIRIS, and
1998/9, 2001, 2002/3, 2004/5, and 2007). The QBO effect orSCIAMACHY all show a slight increase in ozone in this bin
the water vapour anomalies for38-30 N and 25-35km s if one just considers the respective anomalies.
shown in Fig. 4. Here, there is a better correlation in terms of Table 1 presents the estimated ozone trends for each bin
shape and phase between the anomaly peaks and sinks apdor to and after the turn around date of 1997. Also shown
the QBO wind proxy. The difference in maxima and minima are the trend uncertainties (given as error bars) calculated at
is typically 8-10%. We see a good phase fit in the tropicsa 2 sigma level uncertainty. Bold values are those that are
as there is typically no time lag since the QBO is a tropical considered statistically significant (or 95% confidence) while
phenomenon. the other values are not significant. It can be seen that be-

fore 1997 ozone declines are largest in the upper stratosphere
mid-latitudes ranging between7 to —8% per decade, which

4 Results agree with previous findings. Cunnold et al. (2004) calcu-
late ozone decreases-a¥.52%/decade#1.0%) for north-
4.1 Ozone trend analysis ern mid-latitudes, and-7.55%/decade#1.2%) in southern

mid-latitudes in an altitude range between 35 and 45km.
Figure 5 illustrates an example of each individual instrumentSimilar values have also been estimated by Newchurch et
and their contribution to the all instrument average for theal. (2003) for similar altitude ranges. In our study, both
northern mid-latitudes (30N-60° N, 35-45km). The trend  the northern mid-latitudes possess the largest ozone reduc-
line (black line) is calculated from the all instrument aver- tion of —7.2%/decadet0.9%. It is also apparent that all
age time series (green line). Also illustrated in panels A-trend estimates before 1997 are statistically significant at the
F are the anomalies (i.e. deseasonalised and with contribip sigma (by more than double) apart from the tropical lower
tions of the QBO and solar cycles removed) from each in-stratosphere. The inter-hemispheric differences found here
strument overlaid in bold. We can see that there is a cleaglso confirm previous analyses (WMO, 2006), where in most

decrease in ozone values from 1979 until 1997 as indicatedases there is reasonable symmetry concerning trend values
by the all instrument average-7.2%/decade). The instru-
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Table 1. Estimated trend values for the all instrument average befo
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re and after 1997. Also shown are the change in trend values. Plus minus

values are the modeled uncertainties. Bold values are statistically significant at the 2 sigma level (95% confidence level).

60S-30S 30S-30N 30N-60N
20-25km  25-35km  35-45km 20-25km  25-35km  35-45km 20-25km 25-35km  35-45km
Trend pre 1997 —-4.4+0.9 -—-15+0.6 —7.1+0.9 0.5+1.0 0.740.5 —-4.1+0.6 | —3.8£0.8 —-3.3+0.7 —-7.2+0.9
Trend post 1997 —-1.0+2.0 —-2.14+1.3 0.8+2.1 0.5+2.3 —-2.7+1.2 -0.5+1.5 0.2+1.9 0.8t1.5 1.4:2.3
Changein Trend 3.4+2.2 -0.6+1.4 7.9+2.3 0.0+£2.1 —-3.4+1.3 3.6£1.6 4.0+£2.1 4.41.7 8.6:2.5
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Fig. 5. Ozone anomalies for six instruments for the 88-60° N and 35-45 km bin. Shown are the SAGE I+l (bl4g, SBUV/2 (orange,
B), HALOE (red, C), SMR (magentaP), OSIRIS (black,E), and SCIAMACHY (cian,F). Also shown under-laid is the all instrument

average (green). The vertical black line at 1997 indicates the estim
instrument average before and after 1997.

ated turn around date. Thin black line indicates the best fit trend to the all

between hemispheres. The largest hemispheric differencpositive anomalies in comparison to SAGE, hence a less neg-
is seen between 25-35 km, where the Southern Hemisphertive trend is obtained. This result agrees with similar find-

shows a smaller trend—(1.5%/decadet0.6%) compared i

to the Northern Hemisphere-3.3%/decadet0.7%). Al-

ngs summarised in the WMO report (2006).
After the assumed 1997 turn around trend values in most

though not shown here, we find this difference to be causeases show that the reduction in ozone in the stratosphere
by the SBUV/2 anomalies. Firstly, considering SAGE alone, has slowed down and in some cases has even increased al-
we find that the trends in these two bins are of similar though none of trend values are significant at the 2 sigma

magnitude {3.6+1.2%/decade in Northern Hemisphere and |

evel. In a recent paper by Steinbrecht et al. (2006), who

—3.0+1.4%/decade in the Southern Hemisphere). Howeverytilised a 1979-2005 combined instrument average time se-
SBUV/2 anomalies are more negative in the Northern Hemi-ries, the authors found statistically significant positive trends
sphere than the SAGE anomalies giving an overall more negafter 1997 (at the 2 sigma level) at tropical and southern
ative trend for the all instrument average. The opposite is trugnid-latitudes for ozone anomalies between 35 and 45 km.
for the Southern Hemisphere, such that SBUV/2 shows moren the case presented here, an ozone increase is present in

Atmos. Chem. Phys., 9, 60560875 2009
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Table 2. A summary of the instrumental drifts of the six analysed instruments for the nine latitude/altitude bins before and after the break
date in 1997. Plus minus values are the two standard deviation uncertainties, where bold values are statistically significant from zero. Drift
is defined as the difference between each individual instrument time series and the all instrument average.

Instrument 60S-30S | 30S-30N | 30N-60N

20-25km  25-35km  35-45 knTI 20-25km  25-35km 35-45 km 20-25km  25-35km  35-45km
SAGE —-1.4+1.8 1415 —-0.4+14 | —2.9+4.2 0.3t1.1 0.2+1.2 | —-1.1+2.0 0.3t1.4 0.H1.5
SBUV —-0.7£2.8 —-1.7£2.6 —-1.3t1.7 | —1.5+4.2 0.9£3.8 —-0.4£1.4 0.1+3.6 —-0.8+2.8 —-1.8+1.8
HALOE —4.8+4.8 —-7.7£6.9 —-9.3£5.0 2.2+£7.7 1.3:57 -2.6-£34 | —-2.9+11.2 -3.6£9.7 -9.0+£7.0

Instrument drift: Trend — instrument fit (% per decade) prior to 1997

SAGE —0.9+4.0 1.8:4.0 1.9t4.4 2.8+4.7 -1.6+£2.9 —0.6+3.5 0.2£3.8 1443 14434
HALOE —0.7+£3.6 -1.6+4.2 0.6:3.7 | —2.244.3 —-2.3+4.3 —1.742.7 1.6£3.3 -0.6+4.6 1.6£3.8
SMR 6.7+3.6 4.5:3.9 0.8£4.0 | —6.2£3.9 —-1.5+£3.0 3.3t4.0 0.1+4.1 2.6:t4.1 —-0.7£4.7
OSIRIS —4.6+4.1 1.6+44 —-3.0&£5.1 | -0.2+4.4 1.H4.9 —50+:54 | 5336 -05+41 -—-3.8£53
SCIAMACHY  —1.445.2 4.5£3.6 1.3+3.7 | —8.9+4.0 2.7+£4.7 3.3£3.0 0.2+4.4 2.4:45 0.14.7

Instrument drift: Trend — instrument fit (% per decade) after 1997

the southern mid-latitudes in this altitude region althoughbarsin Table 2 are the 2 sigma uncertainties (95% confidence
the trend value is not significant at the two sigma level interval) calculated from equations suggested by Reinsel et
(0.8%/decade:2.1%) and is approximately a quarter of that al. (2003). Drifts that are considered statistically significant
calculated by Steinbrecht et al. (3.35%/dec#&@88%). We  are given in bold.

also calculate that the northern mid-latitudes between 35 and It has been suggested that VMR measurements made on
45 km show a statistically non significant (at two sigma) in- a pressure grid surface, such as SBUV/2 may produce less
crease of ozone anomalies (1.4%/deca@e3%), which is  negative trends compared to instruments measuring density
less than the estimates reported by Steinbrecht et-al2(5 profiles on a geometric grid (HALOE and SAGE). If a tem-
to 0.9%/decade ). Both northern and southern hemispheriperature trend persists then it implies that air densities on
35-45 km bins show the largest significant change in trendhese pressure surfaces will also vary over time. Moreover,
(8.6%+2.5%/decade and 7.9%2.3%/decade, respectively). the pressure surfaces themselves will move vertically. For
In the tropical upper stratosphere our trends are more negexample, pressure surfaces are moving vertically downwards
ative compared to those found by Steinbrecht et al. (2006)n a cooling stratosphere (Ramaswamy et al., 2001). Ulti-
(1.94%/decade-1.89%), while our trend estimate is not sig- mately, a less negative ozone trend is expected when using
nificant (—0.5%/decadet1.5%). As current ozone levels a pressure grid, hence SBUV/2 ozone anomalies values are
are typically 10-12% lower than pre 1980 values in the up-less negative, most notably at higher stratospheric altitudes
per extra-tropical stratosphere, it would take approximately(WMO, 2006) as seen in Table 2. However, there are no
another 70 years to reach pre 1980 values if ozone wergases where the SBUV/2 anomalies are statistically signifi-
to increase linearly at a rate of 1.4%/decade. This wouldcant at the 2 sigma level. We also note that there appear to be
be the mid to late 21st century, which is later than theno apparent SBUV/2 drifts below the ozone maximum in all
near linear model estimates of 2040-2050 presented by thbins, where earlier analyses had issued a warning that using
WMO (2006). However, there is still too much uncertainty SBUV/2 V8 measurements may give unreliable information
in the calculated post 1997 trend for it to be statistically sig- on the vertical distribution of ozone (Terao et al., 2007).

nificant from a zero trend with a 95% confidence. In contrast, the opposite is expected for number densi-
ties measured on geometric altitudes, such as those mea-
4.2 Drift and calibration issues sured by SAGE. In 5 of 9 bins the SAGE anomaly fits are

more negative than the respective trend values, but in none
An important consideration is that of instrument calibration of those cases is there a significant case at the 2 sigma level.
and long term drift, which may influence the trend value. Ta- HALOE also exhibits some large drift values from 1991 un-
ble 2 presents a summary of instrumental drift defined as theil 1997, although only three are significant. As this part of
difference between the trend value derived from the all in-the HALOE data set is much shorter and starts much later
strument mean for each latitude/altitude bin and the individ-than SBUV/2 and SAGE the model errors are still quite large.
ual fit from the independent instrumental anomalies (given asMoreover, this period of HALOE data also covers a time
percent per decade) within the corresponding bins. The erroperiod where ozone depletion is less negative (as result of
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peaking EESC levels) compared to 1979-1991 ozone detime lag of mean aged air (Newman et al., 2007). However,
clines, which explains the HALOE anomaly fits being less an assumption that 1997 is the turn around time for all lat-
negative than the respective 1979-1997 trend values for eadtudes and altitudes could be considered as somewhat crude
bin, especially those concerning the higher altitude, extra-as the dynamics and chemistry involved vary with time and
tropical bins. space, implying that the turn around time may differ. By
A large difference in long term drift between SAGE Il moving the turn around year by just one year or even a few
and the other instruments is seen after 1997 in tfeS30  months can give vast differences in trend magnitude both be-
30° N, 20-25 km bin, where SAGE Il exhibits a more nega- fore and after this defining time. There have been various
tive trend compared to the other instruments. The calculatecttempts in defining accurately the turn around time using
trend line from 1979 to 1997 illustrated in Table 1 shows only ozone time series. Reinsel et al. (2002a) assume a lin-
an increase in ozone values (0.5%/decadeltd%), while  ear trend which is continuous, while other analyses have as-
after 1997 values continue to increase at the same rate (0.8umed that the change in trend is non linear using the cumu-
+/—2.3%/decade). We find SAGE values to thus be morelative sum (CUSUM) method also suggested by Reinsel et
negative between 2002 and 2005 compared to the other ovesl. (2002b) as well as Newchurch et al. (2003), and Yang
lapping instruments. Although the SAGE drift is not signifi- et al. (2006). The CUSUM method investigates how the
cant the fact that its anomalies show this tendency, probablyanomalies deviate from the extrapolated trend line (in this
means that the measurements should not be totally trusted. case the 1979-1997 trend line), while a change in trend as-
There are also random occasions where the shorter timgumed by Reinsel (2002a) characterizes an explicit temporal
series instruments give significant long term drifts. Five of path. CUSUM studies suggest that the turn around time is
eight cases are found in the lowest altitude bins, possibly owtypically around the end of 1996 for northern mid-latitudes
ing to differences in spatial sampling, as result of flaggedand from the tropopause up to 45km. Calculations suggest
or filtered data. The other two significant cases are bothhat a change from a negative trend to a less steep trend or
found in the southern mid-latitudes, 25-35km (SMR and positive trend can take a few years, but does include a linear
SCIAMACHY). Both of these instruments show more neg- trend prior to and after the turn around period. As we use
ative anomalies than the corresponding trend, as do two ofhe Reinsel linear assumption, we see in many cases that the
the other three instruments in the bin (SAGE and OSIRIS,turn around date occurs possibly earlier than 1997. A simple
which exhibit non significant drift). This implies that al- method for analyzing the Reinsel change in trend method is
though SMR and SCIAMACHY are albeit significantly more to use a chi square or maximum likelihood test, which exam-
negative than the trend value, they are at least in agreemeiites the white noise, before and after the turn around date.
with the majority of the other instruments in the bin. The year with the smallegt? value indicates the closest time
The other drifts in Table 2 are not statistically significant at to a possible break in trend. This makes sense as we expect
the 2 level hence the associated anomalies give confidencémaller stochastic errors when the anomalies are closest to
in the all instrument mean ozone time series for all bins.  the trend model.
This exercise helps to get an idea of the uncertainty of the
4.3 Turn around year trend analysis, which depends very much on the data qual-
ity (SAGE, HALOE, SBUV/2). Additionally, it is not our
Another important factor to account for is if and where a turn attempt to estimate the exact time where the break occurs
around in a trend is believed to be present. It has been sugsince it is not really a “break”, just in our model), but rather
gested that a turn around point for ozone occurred sometimeo illustrate that the assumption of a fixed turn around time is
between 1995 and 1999 as a result of recorded declines afot always valid. Here, we examine mid latitude bins sepa-
HCI and HF concentrations (Waugh et al., 2001; Newchurchrately, examining years ranging from 1992—-1999 for the min-
et al., 2003; WMO, 2006). It is most likely that we will see imum x? value, which are the range of years where one could
a turn around firstly in the upper stratosphere as it is hereexpect to see a turn around. Figure 6 presents gaatase
where halocarbons are photochemically broken down due tdor the northern and southern mid-latitudes for the three alti-
strong UV light (Jucks et al., 1996). Eventually in time, a tude bins. As the magnitude gf values vary over a large
turn around point in the lower stratosphere should becomescale we have normalized the obtained values to make anal-
apparent as the halogen gases are slowly phased out. ysis easier. It can be seen based on a trend line fit for each
In this analysis we have first assumed a turn around datéin that the turn around year date occurs typically around
of 1997 to be constant for each individual bin. This is done 1994 based on the minimum? values. Table 3 presents a
as we want to be consistent with previous analyses that alssummary of the turn around years based on mininxfnes-
use the 1997 fixed turn around date for all altitude and lati-timates. Additionally, the corresponding trend values (given
tude regions. This particular date is thought to be the nearas %/decade) with the 2 sigma uncertainty up to and after
est whole year when equivalent effective stratospheric chloeach calculated turn around time are also presented. It is
rine (EESC) reached its peak before its slow decline in theevident that the minimuny? values for all bins, using this
extra-tropical lower-middle stratosphere based on a 3 yeamethod, are earlier than 1997. However, there appears to
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Table 3. Turn around years for each altitude/bin based on minimum
x2 values rounded to the nearest year. Also shown in brackets are
the corresponding trend values up to each turn around date and after.
Bold values indicate where the trend value is statistically significant
at the two sigma level.
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60S-30S 30N-60N
20-25km  1994{5.240.9/0.7:1.6) 1996 (-3.8+0.9/-0.5+1.8)
25-35km  1995{2.0+0.6/~2.0+1.1) 1994 (-4.3+0.6/0.4t1.2)
35-45km  1994{8.1+0.9/~0.8+1.6) 1994 (-8.3+1.0/~0.5+1.8)
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b5z 1003 o0 R 1997 109 1509 4.4 Advantages of the all instrument average for
trend analysis
Fig. 6. An example of the chi square of the fit of the linear trend

model for various turn around years for southern and northern midWWhen examining a time series we are mainly interested in 3
latitudes. parameters. The first concerns the length of the data set. In

theory a long data set is necessary as we want to be able to
) ) differentiate between the long term trend and other smaller
be no obvious time lag between the upper and lower stratoggcijjating cycles in the data. The second parameter is re-
sphere as one might expect to see. Despite this, it is apparefited to the signal to noise ratio. Here, an anomaly with a
using this method that the turn around date does vary on @mga|| amount of noise is required, allowing for us to be able
latitude and altitude basis, implying that when making futureq getect the correct amount of variability in the time series,
analyses concerning ozone recovery some sort of test shoulgys a smaller noise implies a better model fit. Finally, the
be made in order to determine the turn around point of 0zonegtocorrelation is important as it gives an indication of co-
By finding the smallestx_z_ values and fixing the U perent patterns in the data. By removing the QBO, seasonal
around date to the specified year it produces in moshng solar components we can reduce some of the coherency
cases linear trends with larger magnitudes by typically 0.5+t it js possible that some sources of variability, which are
1%/decade, especially for time series anomalies before thﬁnexplained by the model, may still be present leading to
turn around year. For example, southern mid-latitudes exy greater statistical uncertainty. Individually, some of the
hibit a —7.1%/decadet0.9% between 35-45km using & gata sets used here will be either too short or too noisy to

1997 turn around time, but for the same bin, the turn aroundye gnalysed directly, hence combining data sets can improve
date 1994 gives a trend ef8.1%/decade-0.9%. It should  he Jikelihood to which a trend can be obtained.

be noted that thg 2 model we use here is dependent on cases For illustration, we adopt a model presented by Weather-

vyhere thereisa c!ear change intrend. The change intrend e$iead et al. (1998) who suggest that by using the above men-
timate prgsented |n'T<'.:1bIe lfpr?Q—GG Sand 25-35 km_ US- tioned three parameters it is possible to estimate the mini-
ing 1997 is not statlsncally_ §|gn|f|cant at the 95% confidence ., im number of years of data needed in order to derive a real
level (due to the more positive SBUV/2 anomalies compareqnea trend of a specific magnitude. Hence, we modify this

to SAGE I+ll, see Sect. 4.1), hence arealigticfitto the all o5 slightly and estimate the smallest detectable trend with

instrument average can be modeled in this particular bin, buh 0.9 probability, W, based on the above three parameters
the results should be treated with some degree of caution. (length, noise aﬁd é\utocorrelation).

With exception to the 30S-60 S and 25-35km bin, es-

timated trend and error values calculated from using either a 10

fixed or a moving turn around year are not dissimilar. This (3'3‘71\/ ﬁ)

implies that using either case (for this particular analysis)" ° (n15)/12

produces similar conclusions with the only exception be-

ing differences in the relative trend magnitudes. However,Here,oy is the standard deviation of the ozone anomalies (%

further extension of the all instrument time series beyondper month)g the autocorrelation (of time lag one month) of

2009 may produce different results depending on the futuréhe anomalies, and n is the length of the data set in months.

recovery of ozone. In theory this model can only be applied whg#, /o,,| >2,
whereW;, is the estimated trend value aag is the standard
error of the trend. For the purpose of illustration we will
ignore this rule for the second part of the following example
as the obtained trend value is not significant.

@)
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Table 4. Comparison of autocorrelatio, standard deviatiom;y length of data set, and the smallest detectable trend for various individual
instruments overlapping in time.

Instrument  smallest detectable trend length of n
before 1997 (%/dec) C] on(%) Before 1997

SAGE 2.9 01 3.9 216

ALL 1.5 0.2 2.6 216
smallest detectable trend length of n
after 2002 for 3 overlapping instruments (%/dec® o n (%)

SMR 6.9 04 21 70

OSIRIS 7.4 02 25 70

SCIA 6.5 0.3 1.9 70

ALL 5.9 035 1.7 70

Table 4 presents results using data from the northern midfind a more reliable trend estimate, which is particularly use-
latitudes between 35 and 45 km applying this method. Theful for early as possible detection of ozone recovery based
table gives information about the three statistical parame-on an analysis with the more recently launched satellites (for
ters for each time series and hence the smallest possible dexample, Odin, Envisat, ACE, Aura). We have seen from
tectable trend for data up to and after 1997. Also presentedhe previous section that at present it is difficult to ascertain
are the all instrument average results highlighted in bold.if ozone is truly recovering. We can however estimate how
Firstly, if one considers just the SAGE data for trend anal-many more years of combined data utilizing SMR, OSIRIS,
ysis prior to 1997, one could obtain a minimum detectableand SCIAMACHY are needed by knowing the autocorrela-
linear trend of 2.9%/decade, using autocorrelation and stantion and noise parameters of the all instrument average. |If
dard deviation of 0.1 and 3.9%, respectively. However, if wewe consider the 30N-60° N and 35—-45 km trend value post
now include the contributions from the SBUV/2 and HALOE 1997 (Table 1), we find that ozone is increasing (but not sig-
anomalies to the SAGE anomaly time series (hence, producnificantly), by 1.4£2.3% per decade. For this particular case
ing the all instrument average) it can be seen that the standartthe autocorrelation and noise values are 0.2 and 2.5%, re-
deviation is reduced by about a third. The resulting smallestspectively. Weatherhead et al. (1998) suggest that one can
detectable trend in this case is 1.5%/decade, which is approxebtain the number of years needed in order to calculate a
imately a factor two smaller than if we were to utilize only trend of choice based on EQ)(
the SAGE anomaly time series. Another example is shown 2/3
in the lower part of Table 4. Here, a comparison is maden ~ (0_N /1+_9> 3)
with three instruments which overlap in time. In this case we opV1-—16
use an overlap time for the present SCIAMACHY mission,
with both Odin instruments, covering a total of 70 months Similarly to Eq. (2), Eq. 8 follows the non zero
(2002—2008 to 2008-2003). It should also be noted that botArend assumption, with 95% confidence corresponding to
SMR and OSIRIS time series are longer than this, but datdW#/owl >2.In this case the standard erros,,, is
is here only considered where they overlap with the sclA-1-15%l(half of the 2 sigma trend error), it implies that the

MACHY data. Individually, instruments share similar noise "atio between the trend value and the standard error is only
levels of typically 2-3% and have autocorrelations varyingl-z- As this ratio needs to be at least two it means that at the

from 0.2-0.4 The minimum detectable trend for each in- CUrrent rate of ozone increase we must have a maximm
strument is 6.9%/decade for SMR, 7.4%/decade for OSIRISOf NO larger than 0.7%/decade. Assuming that the all instru-
and 6.5%/decade for SCIAMACHY (at the two sigma level). Meéntmean maintains the same noise and autocorrelation val-
However, by combining these individual time series we at-U€S in the futurex would equate to approximately 13 years
tain a less noisy time series and a smallest detectable trergplculated with a,, of this value. Hence, it would not be un-

of 5.9%/decade, which is smaller than if we were to just con-til atleast 2010 where one could see a statistically significant
sider one single instrument time series. 1.4%/decade increase in ozone.

As time series length is important, it is favored that a
trend analysis shall use only the longest time series avails Water vapour
able. However, by combining all data it is possible to use
data sets that are much shorter as long as instrument drift (iEimilarly to the ozone analysis we construct an all instrument
any) is accounted for. The combination of overlapping dataaverage based on five instruments deseasonalised anomalies
potentially gives a less noisy time series and the capability tdn the nine latitude/altitude bins.
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Fig. 7. Water vapour anomalies for four instruments for th& 3630 N and 25-35 km bin. Shown are the SAGE I+l (blye, HALOE
(red,B), SMR (magentaC), MLS (black,D). Also shown under-laid is the all instrument average (green).

Figure 7 illustrates how each individual instrument con- 2005 we see that the combination of SMR and MLS show
tributes to the all instrument average (green line) for the 25-water vapour values to have increased and have reached con-
35km and 30 S—30 N bin once the respective anomalies are centrations that are similar to values prior to the 2001/2002
calculated. From October 1991 until January 1995 we onlydrop.
consider HALOE data as the SAGE |l data are removed due Figure 8 shows the all instrument average in all bins from
to aerosol contamination. The main feature from 1991-199680ctober 1991 until April 2008. Also shown are the HALOE
is a general increase in values until the middle of 1996 wheradleseasonalised anomalies laid on top for reference. By con-
values level off until 2002. HALOE and SAGE Il values sidering just the HALOE observations it is clear that there is
are by and large consistent with each other from 1995 un-an increase in water vapour from 1991 until 2001 in the 20—
til 2005 when each instrument ceased operation. After 20025 km bin in the tropics (panel H), but is less evident else-
mean water vapour anomaly values drop, which is more prowhere. The increase is seen in the lower stratosphere at mid-
nounced in the HALOE data than in the SAGE Il data. This latitudes but is considerably less steep after 1996. Also illus-
result is in agreement with reports of a sudden decrease itrated is a decrease in both 20—-25 km mid-latitude bins (pan-
water vapour values in the lower most stratosphere in 2001els G and I), where anomaly values decrease after 2001, but
which are coupled with a decreased tropical tropopause temare delayed by-6 months, which is logical since there will
perature (Randel et al., 2004, 2006). Perhaps most interbe a time lag between the air passing out of the tropics and
estingly of all is the excellent agreement of SMR and MLS moving towards the poles. A larger time lag is also presentin
anomalies, which show a similar pronounced structure as théhe extra-tropical 25—-35 km altitude bins (panels D and F) as
HALOE time series during their respective overlapping pe-should be expected where a drop in values is seen typically
riods (2001-2005, and 2004—2005 respectively), but are alse-12—18 months later than 2001, although there seems to be a
less noisy due to their better spatial and temporal samplindess obvious extra time lag between the tropics and the mid-
of the emission sensors (SMR measures with global coverfatitudes in comparison to the 20-25 km case. Although the
age in approximately one day per week, while MLS mea-time lags are approximate, they do fall in the ranges calcu-
sures a global coverage daily). Not only does this confirm thdated by Stiller et al. (2007) who studied the global distribu-
drop in water vapour values seen previously using HALOEtion of mean age of air using §MIPAS data. For example,
and other measuring techniques (such as the balloon sondbey calculate that the mean age of air leaving the equator
frost point hygrometer measurements at Boulder, Colorado)and entering mid-latitudes at 45 degrees (half the distance
it more importantly shows how well the different measure- between 60 and 30 degrees, which designates one of the bins
ments agree considering the different techniques used. Sinagsed here) at 20 km would be typically less than two years.
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Fig. 8. All instrument average stratospheric water vapour anomaly time series (green) for nine altitude/latitude bands. Also shown overlaid
are the HALOE anomalies for comparison (pink).

As we have extended the water vapour time series untilof water vapour values after 2001 were complemented by a
spring 2008, it is interesting to see that the post 2002 dedecline in CPT also believed to be associated with enhanced
cline of water vapour anomalies has leveled off and in somedeep convection between 28 and 20N (Rosenlof et al.,
cases values have increased. Anomalies reach minimum vaR008). A further explanation is that TTL temperatures are
ues approximately between 2004 and 2006 in all bins excepthought to be driven by the Brewer Dobson circulation (Ran-
one (panel F). The tropical altitude bins (B, E, and H) ex- del et al., 2004; Nedoluha, 2002). Dhomse et al. (2008)
hibit large increases in water vapour values (between 3 andlustrates this by using the eddy heat flux (a parameter for
7%), while panels B and H show similar values to those priorplanetary wave activity) and find an anti-correlation when
to 2002. Additionally, the 35-45km mid-latitudes (panels compared to SAGE Il, HALOE, and POAM water vapour
A and C) have also seen smaller increases in water vapouroncentrations seen in the lower tropical stratosphere. Fur-
values since 2005, although present values are generally stithermore, the authors report that from 2000 to 2005 the
below pre 2002 values. It appears that the 25-35 km mid-Brewer Dobson circulation was stronger than normal due to
latitude stratospheric bins (panels D and F) do not show a&nhanced planetary wave activity. This is suggested to be
great deal of symmetry as it appears that the Southern Hemi result of enhanced mixing in the extra-tropics, leading to
sphere recovers quicker and has generally larger values duadditional air being drawn from the lower stratospheric trop-
ing the period of 2005-2008. Furthermore, bin F shows theics, causing cooling in the tropical tropopause region due to
smallest water vapour values at present, giving anomaly valadiabatic expansion and thus reducing water vapour values.

ues typically betweer-5 and—7%. As we extend the water vapour time series until mid 2008,
we propose that there is an apparent turn around of declining
5.1 Discussion of water vapour results water vapour values after 2004. Figure 9 (upper panel) shows

the temperature anomaly of ECMWF operational data (ob-
As mentioned, Randel et al. (2006) showed water vapour tdained from Norwegian Institute for Air Researghyw.nilu.
be strongly correlated to the Cold Point Temperature (CPT)no) from 2001 to present at the 100 hPa pressure level (con-
The CPT is defined as the position in the temperature profilesidered as the approximate height of the tropical tropopause).
where the coldest temperature occurs (Zhou et al., 2001) an@he lower panel shows the water vapour all instrument av-
is found in the Tropical Tropopause Layer (TTL). Here, air erage for 30S-30 N and 20-25km for comparison. The
is freeze dried as it is transported vertically from the tropo- ECMWF temperature data were treated similarly to those
sphere to the lower stratosphere, thus the cold point is a usesoncerning ozone and water vapour time series, using a linear
ful parameter for monitoring water vapour entering the lower regression model including harmonic fits accounting for sea-
stratosphere. Randel et al. (2006) showed that the reductiosonal, QBO, and solar cycles. The 5 month moving average
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Fig. 9. Top: ECMWF temperature anomalies measured at 100 hPa and betwegra@@ 20 N (red). Overlaid is the five month running
mean of the same data (green). Bottom, the water vapour all instrument average $s380N and 20-25 km. Overlaid is the five month

running mean of the same data (green).

(green line) illustrates a clear change from a negative to gween 20 and 45 km. We applied a linear regression model to
positive trend of temperature after 2004. This agrees with theeach instrument monthly mean time series in order to remove
increase of water vapour anomalies seen in the lower panatontributions of seasonal, QBO and solar cycles. We com-
after 2004 (also visible in the 25—-35 km tropical bin shown in bined all individual instrument’s remaining anomalies and
panel E, Fig. 8). This could imply that the enhanced plane-constructed an all instrument mean.
tary wave activity slows down after 2005 allowing a gradual For ozone we use several data sets, SAGE I+1l, SBUV/2,
increase of CPT and a reduction of water vapour enteringHALOE, Odin SMR and OSIRIS, and Envisat's SCIA-
firstly in the tropics and then eventually in mid-latitudes. It MACHY, using their most recent data product. Individual
could also imply that the period of deep convection seen insatellite monthly mean time series show generally a good
the tropics is possibly over. However, the increase in wet-agreement with systematic biases typically less than 10%
ness is not monotonic as exemplified by Fig. 9 (lower panel)during overlapping periods. A slightly larger bias 10—
where more negative anomalies are seen in 2005 and 20020%) is seen in the tropical middle to upper stratosphere
Finally the increase in water vapour anomalies after 2004 in(25—-45 km) between SMR and SCIAMACHY. Although rel-
the extra-tropical upper stratosphete306) seen in panels A, ative biases between data sets are not relevant when making
and C in Fig. 8 could also be explained by the photodissoci-a trend analysis, instrumental long term drift due to aging
ation of methane to water vapour although this is thought tois important. As we find most of the long term drifts are
only contribute~0.5%/year (Nedoluha et al., 2003). Further- not statistically significant at the 95% confidence level and
more the global increase of methane has varied from aboutre generally smaller than 3% per decade, there is good rea-
14 ppb/yearin 1985 to almost zero in 2000 in the stratospherson to believe the overall long term stability of the all instru-
(but with a high degree of natural variability). Since 2000 ment average is robust. Significant trends up to 1997 (the
the growth rate of methane is estimated to Bel@pb/year  supposed turn around date) are found for all bins, showing
(WMO, 2006). This would also suggest that methane’s con-similar magnitudes to those reported by the WMO (2006)
tribution to the increase in water vapour values during theand the corresponding references therein. We estimate the
2004-2008 period is small, given that the mean age of air atargest declining trends to be located in the midlatitudes be-
those altitudes and latitudes is typically 6-8 years (Stiller ettween 35-45km {7.2%+0.9%/decade in Northern Hemi-
al., 2007). sphere and—7.1%t+0.9%/decade in the Southern Hemi-

sphere). After 1997 we find in most cases that the decline

of ozone has slowed down although the fitted recoveries are
6 Summary not statistically significant in any of the bins. The northern

. and southern mid-latitudes from 35-45km show the most

We havg extenQed the stratospherlp ozone and wa.ter Vapowromising signs of ozone recovery (1.4%/decad€ % and
time series until April 2008 by adding recent satellite data_'O.S%/decadﬁZ.S% respectively). If ozone continues to

We have examined the_long term evolution of both species Mncrease at the current rate for this specific bin then pre 1980
nine separate global bins covering°@and 60N and be-
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values would be reached in approximately 70 years, henc@rovide a more precise estimate of trend as it can combine
the latter part of the mid 21st century, which is later than differing time domains as well as reduce the stochastic noise
the near linear model estimates of 2040-2050 presented bffom individual data sets. The main requirement for con-
the WMO (2006). However, as the post 1997 all instrumentstructing such a time series is that there are at least a couple
average anomalies in these two bins are not statistically sigef years of overlap between data sets. Of course long indi-
nificant to a 95% level of confidence it means more time isvidual time series such as those offered by SAGE I, SBUV/2
needed in order to ascertain that an authentic ozone recoveignd HALOE are preferable but even the shorter time series
has occurred. that are known to have little long term drift can also be in-
We also show that the assumption that the year where aluded for the purposes of long term trend analyses similar
change in ozone trend is believed to occur was not necesto that shown here.
sarily always the same for all latitudes and altitudes. As
we assume the linear regression model suggested by ReimxcknowledgementsOdin is a Swedish-led satellite project funded
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