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Abstract.  Stratospheric Aerosol and Gas Experiment thereafter. It is concluded that a satellite, solar occultation
(SAGE 1) Version 6.2 ozone profiles are analyzed for their measurement provides both the signal sensitivity and the ver-
decadal-scale responses in the middle and upper stratosphetieal resolution to record the stratospheric ozone response to
from September 1991 to August 2005. The profile data arehe forcing from the solar uv-flux, as well as those due to any
averaged within twelve, 20wide latitude bins from 55S to other long-term changes.

55° N and at twelve altitudes from 27.5 to 55.0 km. The sepa-
rate, 14-yr data time series are analyzed using multiple linear

regression (MI._R) mpdels that include seasonal, 28 and 21, Background and objectives
month, 11-yr sinusoid, and linear trend terms. Proxies are not

used for the 28-mo (QBO-like), 11-yr solar uv-flux, or reac- Chemistry-climate models of stratospheric ozone must be
tive chlorine terms. Instead, the present analysis focuses ogpje to represent properly both the responses to the uv-flux
the periodic 11-yr terms to see whether they are in-phase wityariations of the solar cycle (SC), as well as those from

that of a direct, uv-flux forcing or are dominated by some any |ong-term changes in the chemical gas families that af-

other decadal-scale influence. It is shown that they are in'fect ozone. It is therefore important to ana|yze observed
phase over most of the latitude/altitude domain and that thebzone time series for those same eﬂ’ectS, in order to di-

have max minus min variations betweer Zand 25Nthat  agnose the performance of the models. Presently, there is

peak near 4% between 30 and 40 km. Model simulations okome disagreement between analyses of the responses of
the direct effects of uv-flux forcings agree with this finding. gzone profiles to the SC based on satellite data betwee 25
The shape of the 11-yr ozone response profile from SAGE Ikg 25° N versus the responses from representative models
also agrees with that diagnosed for the stratosphere over th@ee Fig. 3.19 of WMO (2007)). In particular, the anal-
same time period from the HALOE data. Ozone in the mid-yses from both the long-term Solar Backscatter Ultravio-
dle stratosphere of the northern subtropics is perturbed dutket (SBUV) and Stratospheric Aerosol and Gas Experiment
ing 1991-1992 following the eruption of Pinatubo, and there(SAGE) ozone data sets indicate a minimum ozone response
are pronounced decadal-scale variations in the ozone of thgetween about 25 to 35km and maximum responses near
upper stratosphere for the northern middle latitudes presumss km and at 40 km and above (Soukharev and Hood, 2006;
ably due to dynamical forcings. The 11-yr ozone responses ee and Smith, 2003). Most models indicate a maximum re-
of the Southern Hemisphere appear to be free of those exsponse to the solar uv-flux from 30 to 40 km (SPARC CCM-
tra influences. The associated linear trend terms from the/g), 2010). However, there can also be decadal-scale peri-
SAGE Il analyses are slightly negativeZ to —4%/decade)  odicities in the stratosphere at low latitudes that mimic that
between 35 and 45km and nearly constant across latitudeyf the solar cycle forcing, due to dynamical interactions with
This finding is consistent with the fact that ozone is estimatedihe quasi-biennial oscillation (QBO) forcing (e.g., Lee and
to have decreased by no more than 1.5% due to the increasingmith, 2003). Smith and Matthes (2008) report that the di-
chlorine from mid-1992 to about 2000 but with little Change agnosis of such interrelated responses can be prob|ematic
based on satellite 0zone data that extend for only one or two

decades.
Correspondence td=. Remsberg Fioletov (2009) reported that photochemical models are in
BY (ellis.e.remsherg@nasa.gov) accord with the observed response of SBUV ozone profiles
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to 27-dy, solar cycle variations. He then used that finding SC-like O3 Response: SAGE, HALOE, Model
to estimate the ozone response to an 11-yr (or SC) forcing.
He found good agreement between the SC response profile 01 ! ' " % % SAGE, Fig. 3119(b) |
from SBUV and from the models, at least above 35km. Be- : _ _ HALOE, 25S to 25N
low 35km his estimated, 11-yr response from SBUV was —— Brasseur Model, SN
dampened, perhaps because of interannual, dynamical forc :
ings that do not affect the 27-dy response. Soukharev anc L=
Hood (2006) also found similar SBUV/model disagreements &
based on their analyses of a merged ozone dataset (or MOD &
from a succession of SBUV instruments. But, Fioletov £
(2009) pointed out that a part of their disagreement may ™ 10, —
be traceable to residual biases for the adjusted ozone value
from the successive SBUV instruments and that another pari
may be a result of the relatively low sensitivity and vertical
resolution of the SBUV measurement and the retrieval algo- 100 | | | | | | | 6
rithm for its ozone profiles. 2 a1 o : 2 3 4 5 6

The limb, solar absorption (or occultation) technique pro- Ozone Response, Max - Min (%)
vides good sensitivity to the variations of the ozone pro-
file and with very good vertical resolution. The occultation Fig. 1. Solar cycle (or SC-like) ozone response profiles fot 85
method relies on an exo-atmospheric, calibration measure® 25" N from HALOE, from the published analyses of 1979-2005
ment of the Sun for each of its sunrise and sunset profiles. So>ACE data (WMO, 2007, their Fig. 3.19b), and &b from the
lar occultation measurements are necessarily limited in theif"0de! of Brasseur (1993).
sampling frequency within a zone of latitude. Even so, their
sampling is adequate for resolving the seasonal and longer-
term variations in stratospheric ozone across most latitudesl 991 to 2005 are considered here, in order to minimize the
Remsberg (2008) analyzed 14-yr (1991-2005) time series oéffects of the changing chlorine and of those from volcanic
ozone-versus-pressure profiles from the Halogen Occultatiomerosols. Essentially, we consider the same approach and
Experiment (HALOE) instrument of the UARS satellite. He time period that was used in the HALOE analyses by Rems-
obtained an 11-yr response profile with a relative maximumberg (2008). There are several reasons for limiting the analy-
at 4 to 5hPa (near 37 km), which is in reasonable agreemergis to just the data from SAGE Il and to its more recent time
with the modeled SC response profiles of WMO (2007). Of span. First, there is no need to make an adjustment for the
equal importance, Gordley et al. (2009) checked on the perfack of overlap between the SAGE | (1979-1981) and the
formance of the HALOE instrument over its mission life. SAGE Il (1984—-2005) datasets. One can also avoid any bias
They found no changes that might have affected the ozoneffects from the volcanic aerosols of El Chichon (1982) that
time series of HALOE and their analyzed, 11-yr responses. may have affected that adjustment. Further, the effect of the

The SC-like ozone response profile from the representaproxy chlorine time series used by Randel and Wu (2007)
tive model of Brasseur (1993) agrees with that of Remsbergcan be neglected to first order because that term of their re-
(2008) for HALOE, as shown in Fig. 1. The response profile gression model was needed mainly to account for the rather
from the SAGE | plus SAGE Il satellite datasets (McCormick large loss of upper stratospheric ozone through the 1980s and
et al., 1989) is also shown in Fig. 1 (asterisks), as adoptedhe early 1990s. In a check of that approximation Remsberg
from Fig. 3.19b of WMO (2007) for the time span of 1979— (2008) estimated the non-linear effect of the changing chlo-
2005. An outstanding puzzle is the disagreement for the SCrine from WMO (2007, Figs. 1-12) on the HALOE ozone of
like response profiles from HALOE and the model versus1991-2005 in his Fig. 10. He showed that an Equivalent Ef-
that from the SAGE data (Randel and Wu, 2007; Soukharewfective Stratospheric Chlorine ((EESC) proxy can explain an
and Hood, 2006; WMO, 2007). Those differences are of con-HALOE ozone decrease in the upper stratosphere of nearly
cern because SAGE ozone measurements have good vertichl5% from mid-1992 to 2002, and that his 11-yr, max mi-
resolution and ought to be responsive to the natural and amaus min ozone responses may be too large by up to 0.7%
thropogenic forcings. The SAGE Il measurements, at leastbecause of not considering an explicit EESC proxy term. In-
are believed to have been stable over time, and they are alsstead, his approach for the HALOE data was to include the
the benchmark for the determination of long-term trends ineffects of the chlorine as part of a linear trend term. It is es-
stratospheric ozone (Yang et al., 2006). timated that his linear approximation imparted a bias of not

The primary objective of the present study is to analyzemore than about 0.2 to 0.3% in his 11-yr max minus min
the SAGE Il ozone data of the middle and upper stratospher&alues. A similar circumstance applies to the use of a linear
to see whether they show a significant, 11-yr variation that isterm for the analysis of the SAGE Il data (see Sect. 3). We
in-phase with a direct solar uv-forcing. Only the data from also conduct separate analyses of the SAGE Il data starting

Altitude (km)

Atmos. Chem. Phys., 10, 1177479Q 2010 www.atmos-chem-phys.net/10/11779/2010/



E. Remsberg and G. Lingenfelser: Analysis of SAGE Il ozone of the middle and upper stratosphere 11781

from September 1992 rather than from mid 1991, in ordersphere. Therefore, a conversion of the HALOE o0zone mixing
to assess the perturbing effects from the aerosol layer of theatio versus pressure profiles to ozone number density versus
Pinatubo eruption. altitude is not recommended for a more direct comparison
A secondary objective is to compare and contrast the 11with SAGE II.
yr and the linear trend responses in the ozone data from the Analysis results for 14-yr time series of the SAGE Il ozone
solar occultation experiments, SAGE Il and HALOE. In sev- are presented for altitude levels from 27.5 to 55 km at inter-
eral respects the SAGE Il ozone distributions ought to be ofvals of 2.5km and for 20-degree wide latitude zones from
better quality than those of HALOE for analyses of the 11-55° S to 55 N. Multiple linear regression (MLR) analysis
yr SC response. For example, SAGE Il provides a verticaltechniques are applied to those time series for their seasonal,
resolution for ozone of order 1km, obtaining good profile interannual, and 11-yr periodic terms and their linear trend
information throughout the stratosphere or at least down taerms. The amplitudes of the 11-yr terms are reported versus
the upper edge of the Pinatubo aerosol layer. SAGE Il alsdatitude and altitude; those terms will be shown to be closely
provides better seasonal sampling for the middle latitudesn-phase with SC uv-flux proxies. Model estimates of the SC
than HALOE, which was limited by the power restrictions forcing agree reasonably with the SAGE Il 11-yr response
of the UARS spacecraft near the dates of its yaw maneuprofiles derived herein at low and middle latitudes, particu-
vers. In addition, the primary SAGE Il data product is in larly for the Southern Hemisphere. It will also be shown that
terms of ozone number density (cA) versus altitude. Ac- the models agree better with the SAGE Il responses in the
cording to Rosenfield et al. (2005), the linear ozone trendssubtropics of the Northern Hemisphere after making an al-
ought to more negative from SAGE Il than from HALOE in lowance for the perturbing effects of the Pinatubo eruption
the upper stratosphere because of the contracting effect ajn the ozone of 1991/92. In Section 2 the SAGE Il ozone
the cooling stratosphere that causes lower number densitiegata and the MLR analyses of their time series are described
to move downward. The periodic, 11-yr term for SAGE Il briefly. Examples are provided for several of the SAGE Il
may also have slightly larger amplitude than that from the ozone time series and of the MLR regression model for each
HALOE ozone of Fig. 1 because the SAGE Il results are re-of them. Section 3 contains the findings about the 11-yr (or
ported at constant altitudes. Still, differences for this periodicdecadal-scale) terms from the MLR model, based on the pe-
ozone response in the two coordinate systems can be difficuliod September 1991 to August 2005 and then followed by
to characterize because the effects of the solar cycle are inteanalysis results for the period beginning in September 1992.
active between ozone and temperature. For example, Fram@ection 3 also shows the associated distributions of the trend
and Gray (2010) report max minus min, 11-yr temperatureterms for the SAGE Il ozone, providing an important check
versus pressure (or T(p)) responses from observations of upbout the assumed small, linear change in upper stratospheric
to =1 K for the middle and upper stratosphere. Periodic tem-ozone due to reactive chlorine for this time period. Section
perature responses at a constant altitude (or T(z)) are a b compares the trends and the 11-yr response profiles from
larger than for T(p), as the equivalent pressure levels rise an&AGE Il with those from HALOE and from the model. Sec-
then fall with time. In the tropics the observed T(p) responsestion 5 is a summary of the findings.
to the solar uv-flux are essentially in-phase, and a positive
temperature response at solar maximum translates to a posi-
tive response in the atmospheric (and ozone) number densit2 SAGE Il ozone data and analysis approach
at constant altitude. Although the 11-yr response fe¢/Q
is essentially in-phase at all latitudes, the associated 11-yThe primary ozone product from SAGE Il is its number
T(p) responses become out-of-phase at the middle and higtensity versus altitude profiles (McCormick et al., 1989;
latitudes (Remsberg, 2008). This result at middle latitudesSPARC, 1998). Profiles from the SAGE Il version 6.2 al-
is primarily because of the inverse relationship for ozone andyorithms were obtained fromhitp://www-sage2.larc.nasa.
temperature due to the fact that the chemical rate of ozone degov/\Version6-2Data.htrpland used for the analyses herein.
struction (or loss of ozone) increases with temperature (e.g.Besides the significant interfering effects from the strato-
Li et al., 2002). That inverse relationship also counteractsspheric aerosols, the only uncertainty for the SAGE Il re-
much of the increase in the atmospheric (and ozone) numberieved ozone is from the removal of the Rayleigh extinc-
density from the temperature response to the uv-flux near théion component of the measured, ozone channel transmis-
tropical stratopause, as we will show in Section 3. Theresion near 600 nm. However, the Rayleigh extinction be-
are also some small, systematic biases and a discontinuitgomes comparable to the ozone absorption only near 55 km
in 2001 in the T(p) time series from the NOAA operational and above. The retrieved ozone profiles were screened for
satellite measurements that were used for the registratioseveral anomalies, as reported in Hassler et al. (2008). In
of the HALOE ozone transmission versus pressure profilegparticular, entire ozone profiles were excluded for the period
(Shine et al., 2008; Remsberg and Deaver, 2005, their Fig. 423 June 1993 to 11 April 1994, whenever their quoted er-
Such biases affected both the trends and the decadal-scale i®rs exceeded 10% between 30 km and 55km. Note that a
sponses of the HALOE-retrieved ozone in the middle strato-more conservative, upper altitude limit of 55km was used
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rather than the level of 50 km, recommended by Hassler et 12
al. (2008). Another 67 sunrise (SR) and 2 sunset (SS) pro- -
files were removed; in most cases their ozone densities wereg
negative in the lowermost mesosphere. S
Separate SR and SS bin-averaged profiles were then ob3 ¢
tained for each of twelve, 26wide latitude bins, centered 8E Const. A0, 540, QBO(E53). IA(640), SC.Lin . . . :
at 55 S and extending to 39N in increments of every T0 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
of latitude and providing an overlap of 1@vith its adja- |91 |92 |93 |94 |95 |96 ig-;mi%sdéiygsg [00 |01 [02 |03 |04 |05 |
cent bins. Such averages were obtained at 12 separate al-
titudes, beginning at 55.0km and extending downward toFig. 2. Time series of bin-averaged, SAGE sunrise and sunset 0zone
27.5km at intervals of 2.5km. A minimum of 5 scans was number density measurements (in cmultiplied by 10-11) at
required in order to accept them as being representative for 85° S and 37.5 km. Terms of the MLR model are indicated at the
bin-averaged SR or SS crossing of a latitude zone; in rnosiower Igft, Wherg SC refers to an 11-yr sinusoid. term. The.oscilllat-
instances many more profiles were included for each bining SOiId curve is th_e model fit to the datg, while the straight line
averaged point. The SR or SS measurements were obtaindyve is the sum of just the constant and linear trend terms.
as SAGE Il progressed across a latitude zone in its orbital
viewing opportunities of the Sun. Due to the nature of the
sampling of occultation measurements from a moderately- The MLR model curve in Fig. 2 shows that there is an
inclined satellite orbit, each bin-averaged point was obtainednteraction between the AO and SAO terms for this latitude
from profile observations taken within just a few consecu-2and altitude. There is also an 11-yr term that is in-phase with
tive days at the low and middle latitudes but over nearly athe solar flux maxima of 1991 and 2002. Contrary to most
week at higher latitudes. A screening was not performed togegression analyses, proxy terms are not used here for the
remove the slight biases in the high-altitude SR profile seg-QBO, subbiennial (IA), and 11-yr (or SC-like) model terms.
ments that occurred when the SAGE Il measurements wer&ourier analyses were applied to the residuals of the prelim-
taken for brief times (a few successive days) at a high betdnary, de-seasonalized time series. Significant, 28-mo and
angle (Wang et al., 1996). Instead, separate time series c#1-mo interannual terms were found, particularly at the low
SR and SS values at each altitude and latitude were Corﬂ.atitudes. The phySical basis of the 21-mo subbiennial term
bined as in Remsberg (2008) to account for any mean SR/S$ due to the interaction of the annual and the QBO (28-mo)
bias. Each combined time series contains over 200 SR plusycles, as pointed out by Dunkerton (2001). Both of these in-
SS points_ Time Spacing between points is somewhat Variterannual terms are included in the MLR model. A periOdiC
able but averages from 20 to 25 days, depending on latitudd1-yr term is also included, and its phase is checked to see
and season. whether it agrees with that of a solar uv-flux proxy. If itis in-
Figure 2 is an example time series forZpand at 37.5km, Phase, its max minus min profile is interpreted as primarily
where the bin-averaged ozone number density values havaue to the direct uv-flux forcing. All the foregoing terms are
been multiplied by 101 for ease of display. The data time periodic and therefore orthogonal, such that one can calculate
Series points begin in September 1991 and extend througmeir Uncertainties. The present MLR mOde| a|SO doeS not ac-
August 2005. Due to a failure of the azimuth gimbal in its count separately for the effects of a weak, non-linear trend in
pointing System, the SAGE Il measurements were taken aifeactive chlorine for 1991-2005. That effect is included in a
ternately in a SS and then a SR mode at intervals of about 38near trend term, as in the approach of the HALOE analyses
days beginning in mid 2000. Even so, that reduced samplin@®f Remsberg (2008). The adequacy of that approximation
frequency is adequate for resolving the seasonal and longetill be judged in Section 3 by how closely the diagnosed
term variations in the ozone within a given°2@ide latitude ~ 11-yr terms are in-phase with a solar uv-flux proxy. As men-
bin. MLR analysis models were applied to each of the Sepalioned earlier, there should also be a small, linear decreas-
rate, 144 time series of this study in the manner of Sect. 2.4ng trend due to the cool-to-space effects of the increasing
of Remsberg (2008). Annual oscillation (AO), semi-annual 9reenhouse gases because the SAGE Il ozone is analyzed
oscillation (SAO), 853-day or quasi-biennial oscillation (28- at constant altitudes. The effects of the Pinatubo aerosols
mo or QBO-like), 640-day or sub-biennial (21-mo or IA), are not considered, except by performing a separate analy-
and 11-yr (or SC-like) periodic terms, plus constant and lin-Sis beginning with September 1992 and then comparing its
ear trend terms were fit to the data; their combined result foresult with that obtained by starting from September 1991
the points of Fig. 2 is shown as the oscillatory curve. The(see Sect. 3.2). Finally, the MLR model residual is checked
nearly horizontal line is the combination of the constant andfor any remaining significant structure or anomalies before
linear trend terms. The effects of serial correlation at lag-accepting the model as final.
1 were accounted for according to the two-step approach of Figure 3 is the time series plot fof Bl and 35km, and
Tiao et al. (1990), which is analogous to that of the Cochrane-one can clearly see the dominance of the SAO variations in
Orcultt estimator. the data. There are also significant contributions from the
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3 Decadal-scale ozone responses and trend analyses
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Fig. 4. As in Fig. 2, but for 18 N and 32.5 km. At the outset it is stressed that the findings presented in this
section are viewed as complementary to the ones from the
HALOE time series of Remsberg (2008). Instead of regress-
two interannual (QBO and IA) terms. The Fourier analysis ing against a solar proxy, the approach is to fit an 11-year
of the de-seasonalized residuals for this location from a presinusoidal term to the SAGE Il ozone time series. Note that
liminary run also revealed a weak biennial (or 24-mo) termthe phase of the 11-yr term is determined simply from its best
or a multiple of the AO and SAO terms. More generally, fit to the data. That term is then checked to see whether its
weak-amplitude biennial terms are resolved at 30 to 35 kmamplitude maximum is essentially in-phase with that of a so-
throughout the subtropics of the Northern Hemisphere, butar flux proxy. Itis recognized that the solar flux variations do
not of the Southern Hemisphere. Separate biennial terms argot follow an exact, 11-yr sinusoid and that their peak magni-
not included in our final MLR models, however. tudes vary somewhat from one cycle to the next. A potential
Figure 4 is an example time series for 32.5km antINl5  complication is that the effects of a direct uv-flux forcing on
The seasonal and interannual terms of the MLR model havéhe ozone can be confounded with any underlying, long-term
significant amplitudes, and the variations of the ozone withtrend or with a decadal-scale, dynamical forcing of compara-
time are a result of their mutual interaction. There is also able amplitude but perhaps a differing phase. It is argued that
significant 11-yr response at this level that is closely in-phaseone can make a judgment about that prospect by examining
with the solar flux maxima (1991/1992 and 2002/2003). the distribution of the phases of the 11-yr terms of the MLR
However, in Sect. 3 it will be postulated that a small part of models.
the 11-yr response maximum of 1991/1992 may well be due With the foregoing caveat in mind, the distribution of the
to the radiative and/or chemical effects for the ozone near thanalyzed, 11-yr responses is shown in Fig. 6 for the SAGE
upper boundary of the Pinatubo aerosol layer, followed by all data of 1991 to 2005. Contours of the max minus min
slow ascent of that perturbed ozone to this altitude (32.5 km)variations (in %) are determined as twice the coefficient of
Decadal-scale responses can also arise at this level and lathe 11-yr term divided by the constant term and multiplied
tude, due to interactions of the annual cycle and the QBCby 100. Note that Fig. 6 is based on separate time series
(Lee and Smith, 2003; Smith and Matthes, 2008). analyses at each of the 144 locations of the altitude/latitude
A final example time series is shown in Fig. 5 for 27.5km grid. At the Equator the greatest variation is 4 to 5% at about
and 25 N or just above the top of the Pinatubo aerosol layer35 km. Minimum equatorial values of 2% occur at 50 km and
of 1991/1992. The data are fit very well by the MLR model at 27.5 km. The probability or the confidence interval (Cl in
terms. Generally, the SAGE Il ozone time series of this study%) that the 11-yr term is present in the data is calculated as
do not exhibit any evidence for the effects of residual aerosoin Remsberg et al. (2001). Cl values for the terms in Fig. 6
extinction after about December 1991, even in the northerrthat exceed 90% are shaded and extend over most of the lat-
subtropics and at this low altitude of 27.5km. The annualitude/altitude domain, except at5S and at a small region
(AO) term of the MLR model underestimates the observednear the tropical stratopause. Qualitatively, the SAGE Il re-
ozone densities of late 1991 and early 1992 in Fig. 5, but nosponse profiles in Fig. 6 at southern middle latitudes agree
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Fig. 6. Contour plot of the maximum minus minimum, 11-yr re- Fig. 7. Contour plot of the phase variations (in years from January
sponse (in percent) for the SAGE Il ozone data of September 19911991 or 2002) of the 11-yr response terms of Figure 6. Contour
through August 2005. Contour interval is 1.0%. Shading denotesinterval is 1 year. The phase domainbi year is shaded and is
where Cl> 90% for the responses. considered as in-phase with the solar uv-flux maximum.

with those reported for 1979 to 2005 from Randel and Wuthere is a maximum response of order 5% in the subtropics
(2007, their Figure 12a), for 1984 to 2003 from Soukharevof the Northern Hemisphere that is localized between 27.5
and Hood (2006, their Figure 6), and for 1984 to 2000 fromand 35km. No similar feature is present in the Southern
Lee and Smith (2003, their Fig. 2b); at tropical latitudes andHemisphere. Earlier, it was noted that the MLR model is un-
in the Northern Hemisphere the present findings do not agreeerestimating the observed ozone in 1991/1992 aiN2and
with theirs, as well. In particular, there is a clear, SC-like 27.5km (Fig. 5). As Lee and Smith (2003) pointed out, it is
response maximum near 35km in Fig. 6 at the tropical lat-very likely that there are confounding effects for an analyzed
itudes, unlike the response profiles from the foregoing pub-solar cycle term at this location due to ozone forcings from
lished analyses. the Pinatubo eruption that occurred near the time of the 1991
Figure 7 shows the distribution of the phases of the 11-yrsolar maximum. For example, radiative cooling at the top
terms from SAGE Il. Solar maximum uv-flux values occur of the volcanic aerosol layer increases the slow mean ascent
broadly from early 1989 to early 1992 and in 2001/2002, of the tropical stratosphere. Air with lower values of NO
based on the time series of the solar flux in Soukharev andvould be transported to higher altitudes as a result, and its
Hood (2006). January 1991 and 2002 are the estimated timeassociated lower NOwould lead to slightly enhanced values
of maximum solar uv-flux for the SAGE |l data record of this of 0zone at chemical equilibrium. In support of that prospect,
study. Phase values in Fig. 7 are given with respect to 199Hood and Soukharev (2006) reported finding 10% reductions
and 2002 and are shown with a contour interval of 1.0 yearin HALOE NO, at 10 hPa{30 km) and at the low latitudes
Regions shaded gray are where the phases of the 11-yr ternis early 1992. Whatever are the true mechanism(s), the evi-
are within£1.0 year of those dates and are defined here aslence from Figure 6 is that those effects were not communi-
being in-phase with solar flux maximum. At the higher lati- cated to the southern subtropics.
tudes of the middle stratosphere the 11-yr terms have their Another hemispheric asymmetry in the results of Figure
maxima occurring just more than 1 year prior to Januaryé are its max minus min values at and above 45 km that are
1991/2002, and it may be that there are decadal-scale, dyarger at northern than southern middle latitudes (or 5% ver-
namical forcings confounding the effects of the SC forcing sus 3.5%). A similar asymmetrical pattern for the decadal-
in those regions during the 14-yr period. Still, the diagnosed.scale response from the HALOE ozone will be shown for
11-yr terms are clearly in-phase with the SC over most ofthe subtropics near 2hPa in Sect. 4 and taken from Rems-
the latitude/altitude domain. Substitution of a solar uv-flux berg (2008). Figure 7 indicates that the response at the
proxy term for the 11-yr terms of the MLR models of SAGE northern middle latitudes is also not quite in-phase with so-
Il ought to lead to very similar, max minus min ozone values lar maximum. It is postulated that these patterns are due to
and phases. hemispheric asymmetries in the dynamical forcings during
Several aspects of the 11-yr responses in Fig. 6 disagreBorthern Hemisphere winter, perhaps related to the Northern
with that expected from a direct, solar-uv forcing. First, Hemisphere annular mode (or NAM) (e.g., Kiesewetter et al.,
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Linear Trends for SAGE Ozone (%/decade) are somewhat less negative and nearly constant with latitude
55 AN (about—3%/decade). Randel and Wu (2007, their Figure 8a)
E \\ - B e and Li et al. (2002) reported that the effect of a gas phase,
S0P Y 4 ST ] chlorine-induced ozone loss yields negative ozone trends that
L) o N ] are largest between 35 and 45 km and at the higher latitudes.
E s L S 5 The trends in Fig. 8 for 1991-2005 do not have that character.
LIJ" r . . ]
5 40 :_\\\ \\\ 7\‘\ A - «\\ - =S8 2 - 3.2 September 1992 through August 2005
= [ \ S ~ /\ - ]
< 35 R . > ’i : e The MLR results of Fig. 5 indicated that the 11-yr and trend
L " A _4 e s R terms in Figs. 6 and 8 at the northern subtropical latitudes
305 N B 0 4 Y may be affected by the forcings from the Pinatubo layer in
N Ny e 0. 2R ] the middle stratosphere. In fact, the underestimate of the
o5t ] SAGE Il ozone by the MLR model in late 1991 and early
55S 45S 35S 25S 15S 5S 5N 15N 25N 35N 45N 55N 1992 is an excellent example of “end point anomaly” effects
LATITUDE for time series analyses. It seems prudent to avoid the late

1991 and early 1992 period in a repeat of our MLR analyses.
Fig. 8. Contour plot of the linear trend terms (in percent per decade)The changing effects of the reactive chlorine for the upper
from the MLR models for the SAGE 1l ozone data of 1991 to 2005. stratospheric ozone should also be lessened. Thus, in this
Contour interval is 2%/decade. Dashed contours denote negativeubsection the distributions of the amplitudes and phases of
trends, and the dotted contour is where the trends are zero. Darkghe 11-yr terms and of the linear trend terms are analyzed and
shading denotes where 6190% for the trends; lighter shading has  ghown for the period September 1992 through August 2005.
70%< CI < 90%. Figure 9 shows the max minus min responses for the 11-yr

terms from that 13-yr time series. Now, the peak responses

at 35 km are only of order 3%, and they are more symmetric
2010). During wintertime there is a significant meridional with latitude across the two hemispheres than in Fig. 6. Min-
gradient in the zonal mean ozone distribution at middle |ati-imum responses of order 1% occur in the tropics at 27.5km
tudes of the upper stratosphere. If the polar vortex is stableind at about 45km. Regions of the domain where the ClI
through the winter, that gradient is maintained. However, tha/ames exceed 90% are shaded, and one can see that the sig-
occurrence of a midwinter stratospheric warming will causenificance of the terms is less and not as extensive as in Fig. 6.
a nettransport of ozone to higher latitudes, where the Iifetimeon the other hand, the maximum response of about 5% near
for ozone destruction is long. Midwinter warming events 35° N and 50 km is nearly unchanged from before. It is also
occurred in the early 1990s and again in the early years ohoted that the results of the model simulations that include
the 2000 decade, or for those years near solar flux maximungnly solar and QBO forcings (see Lee and Smith, 2003; their
(Manney et al., 2005). Conversely, no midwinter warming Fig. 14a) show an ozone response pattern in the upper strato-
events occurred near solar minimum or during the middlesphere that is quite similar to that of Fig. 9.
part of the 1990s (Pawson and Naujokat, 1999). Thus, these Figure 10 shows the distribution of the phases of the 11-yr
variations in the occurrence of the warming events may haveerms of Fig. 9. Phases are similar to the ones of Fig. 7, ex-
led to an enhancement of the diagnosed solar cycle respong@pt for those small regions where the max minus min values
at the northern middle latitudes. Unfortunately, there are toogre zls0 small€1%) and not significant. The ozone response
few SAGE Il samples at the higher latitudes for conducting at 5> N near 35 to 40 km in Fig. 10 occurs about 1 to 1.5 years
time series analyses for a specific month or season of th@fter January 1991, or very near to the time of the absolute
year or for resolving the effects of a winter warming. Simi- maximum for the solar uv-flux for that cycle. As before, Fig-
lar midwinter warming events seldom occur in the Southernyre 10 shows that there is disagreement in the phase with that
Hemisphere and, therefore, are unlikely to have affected it%f the SC uv-flux poleward of 33 and from about 27.5 km
decadal scale ozone responses. to 35 km, presumably because of confounding contributions

Figure 8 is a contour plot of the linear trend terms (in of similar amplitude from dynamical forcings.

%/decade) from the MLR analyses of the SAGE Il ozone, The linear trend values are shown in Fig. 11. They are not
and they are negative nearly everywhere. The CI valuess negative in the stratosphere as those of Figure 8, and only
greater than 90% in Fig. 8 are shaded and mostly cover thé¢he trends of -3%/decade or greater are significant at 90%
trends that are more negative tha8%/decade. The rela- CI. Trends are of order zero across all latitudes from about
tively large, negative trends at 30 to 35 km in the subtropics40 to 45 km, similar to those from the HALOE analyses of
of the Northern Hemisphere seem to be related to anomaRemsberg (2008). Again, this finding is noteworthy because
lous effects in 1991/1992, based on the analyses in the folthat altitude region is where the chemical changes for ozone
lowing subsection. Trends in the upper stratosphere (45 kmylue to any trends in the reactive chlorine would ordinarily
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Fig. 9. As in Fig. 6, but the max minus min variations are from the Fig. 10.As in Fig. 7, but the phases are from the SAGE Il data from
SAGE Il data from September 1992 through August 2005. September 1992 through August 2005.

i 0,
be the largest. Stratospheric chlorine was increasing at a ratt Linear Trends for SAGE Ozone (%/decade)

S55F=A4 1 T=6I- 1 L S N e (1 L=R W X
of about 3%/yr from September 1991 to 1996 (WMO, 2007, SRR e
Figs. 1-12), so truncating the SAGE Il time series by one  50L o . Fea Seal o]
year can explain the noticeable differences for both the SC- o S, T ! .
like and linear ozone response terms. In fact, Figure 8 showsE 450 .07 - @
that the trend at that altitude was -3%/decade for the periody; [ T o
of 19912005, while it is near zero in Fig. 11 for 1992-2005. § ,or -~~~ g 3
At the same time the 11-yr responses were changed by onI)E 2 S A :
1% (c.f., Fig. 6 and Figure 9), although those differences & & @ N e B
are not significant at 90% CI. Even though the effects of E W “cil 4
the chlorine may have been somewhat non-linear from 1992- 30 Sl N \2 ]
2005, the above results indicate that a linear approximation to // .. P ﬁ‘\? o
them does not alter the analyzed 11-year responses by muct o5l " ‘

Ozone trends are also now closer to zero and less significan
just above the top of the Pinatubo aerosol layer, as a result of
deleting the 19911992 data.

55S 45S 35S 25S 15S 5S 5N 15N 25N 35N 45N 55N
LATITUDE

Fig. 11. As in Fig. 8, but the trends are from the SAGE Il data from
September 1992 through August 2005. The solid contour denotes a
4 Comparisons between SAGE, HALOE, and the positive trend.

Brasseur model

The results of the analyses of the HALOE ozone time seriesf the 11-yr terms from HALOE, and they are mostly in-
are discussed in this section. Note that those analyses afhase with solar flux maximum. The major exceptions are
taken from Remsberg (2008) but have also been extended upear the stratopause and below the 10-hPa level in the trop-
ward to the 0.2-hPa level or near 60 km in the present studyics, where the 11-yr responses from HALOE are not signifi-
in order to make a better judgment about differences be<cant. In general, the 11-yr responses from SAGE Il are more
tween the HALOE and SAGE Il responses in the lower meso-closely in-phase with the solar uv-flux.

sphere. Figure 12 is the 11-yr ozone responses from HALOE Figure 14 shows the distribution of the linear trends from
for comparison with the foregoing ones from SAGE Il (i.e., the HALOE ozone, and there are some noticeable differences
Figs. 6 and 9); the responses from HALOE are smaller androm those of SAGE Il (Figures 8 and 11). For instance, the
not as significant in the upper stratosphere. Upon maskinddALOE trends are more negative than those of SAGE Il just
the responses from both data sets above about 50 km (or theelow 30km (or the 10-hPa level), but less negative in the
1-hPa level), the patterns in Figs. 9 and 12 appear quite simiupper stratosphere. This profile difference for the trends is
lar. Figure 13 shows the associated distribution of the phasesonsistent with the fact that there has been a cooling in the
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Fig. 12. As in Fig. 6, but for the HALOE max minus min, 11- Fig. 13. As in Fig. 7, but for the phase of the 11-yr terms from the
yr responses in ozone. Darker shading denotes where @0%; HALOE ozone.

lighter shading denotes 70% Cl < 90%.

Linear Trends for HALOE Ozone (%/decade)

0.1
time series of temperature versus altitude in the middle at-
mosphere, primarily due to the increasing £@Steinbrecht
et al., 2009; Remsberg, 2009). Still, the trend differences for
the upper stratosphere are greater by a factor of two from theg 1.0§
modeled differences of Rosenfield et al. (2005, their Figure <
6). That disagreement may be a consequence of diﬁerence%
for the trends of the temperature data used to process the reg
spective ozone datasets or due to unmodeled interactions beé> 10.0
tween ozone and temperature. Note that the trends from the
HALOE data in Fig. 14 are essentially zero at low to middle
latitudes near the stratopause and through the lower meso - O;
spherg, which is fexpected if there are no changes from the 455 355 255 155 58 &N 16N 25N 35N 45N
chemical production or loss terms for ozone at those upper LATITUDE
altitudes. In contrast, the trends in that region from SAGE I
are increasingly negative with altitude in Figs. 8 and 11. Fig. 14. As in Fig. 8, but for the linear trend terms from the HALOE

The separate, 11-yr ozone response profiles from th@zone. Regions of darker shading denote-@0%; regions of
SAGE Il data are now averaged across the 20-degree widd'ghter shading have 70% CI < 90%.
latitude zones of 155, 8 S, B N, and 15 N or effectively
from 25° S to 25 N. Those results are plotted in Fig. 15 for
both the 19912005 and the 1992-2005 periods. The resultfects of the changing chlorine of the 1980s. As noted earlier,
from HALOE were averaged in the same way, and they arel_ee and Smith (2003) were able to obtain a pattern of ozone
also included in Fig. 15 along with the Brasseur model profileresponses that agreed with their model simulations once they
from Fig. 1. The reader is reminded that both the HALOE removed the SAGE Il data that were affected by the Pinatubo
and the Brasseur model results are ozone response profil@srosol layer.
in pressure coordinates. Both 11-yr response profiles from Near the stratopause and into the lower mesosphere the
SAGE Il have a similar shape to those of HALOE and of responses from SAGE Il disagree with those from HALOE
the model throughout most of the stratosphere, but are someand the model, most likely a result of the associated differ-
what larger in magnitude. The character and vertical locatiorences for the ozone trends from the two data sets. To test that
of the peak response for the SAGE |l ozone also agrees wittassumption, Fig. 15 also contains an 11-yr response profile
those from HALOE and the model, unlike the SAGE results (dotted) from a second set of analyses of the SAGE Il data
of Randel and Wu (2007), as reported in WMO (2007) andof 1991 to 2005, but without the inclusion of the linear trend
shown in Fig. 1. It is presumed that much of differences isterm in the regression model. The comparison of the SAGE
due to uncertainties for the registration of the SAGE | profilesIl 11-yr profiles, with and without the trend term, is a mea-
of 1979-1981 and for the accounting of the much larger ef-sure of the sensitivity of the magnitudes of their responses

[ o~
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mesosphere and a contraction (or lowering) of atmospheric
density at a constant altitude (e.g., Remsberg, 2009). The
corresponding Rayleigh correction should have been getting
smaller with time. Nevertheless, there is no indication of
any bias in the SAGE Il ozone trends at 50 km and below

I from 1984-1997, a period when the ozone loss due to chlo-
= M Y —48_ rine was about 5%/decade at 40 km (Li et al., 2002). Ac-
g 1 g cording to the results in Fig. 11, the SAGE Il ozone trend at
%’, 3 40 km was more nearly zero for 1992-2005, while at 55 km it
&') = ':EC was still decreasing by 6%/decade. Midway through that pe-

riod NOAA replaced the Stratospheric Sounding Unit (SSU)
with the Advanced Microwave Sounding Unit (AMSU-A) as
its operational temperature profiler for the middle and up-

Pk g

—... SAGE, 91 to 05

: . 2285 g% N gz I per stratosphere. The NOAA Climate Prediction Center pro-
100 ‘ [ T l ] L 6 vided its operational temperatures to the UARS (HALOE)
PR 0 1 5 3 4 5 6 and SAGE Projects, switching from SSU to AMSU-A pro-

Ozone Response, Max - Min (%) files in 2001. The top SSU channel covers a rather broad
atmospheric region and its weighting function is centered at
Fig. 15. Profiles of the 11-yr, max minus min ozone responses (ingbout 1.5 hPa, while that of AMSU-A is narrower and cen-
percent) from the Brasseur model (solid), HALOE data (dashed)tered at about 2.5hPa. Several recent, middle atmosphere
and the SAGE Il data from 91 to 05 (dash-dot-dot-dot), from 92 e yperature validation studies have indicated that the oper-
to 05 (dash-dot), and again from 91 to 05 but with no trend term ,i.onal temperatures are too warm above 45km and by as
(dotted). much as 5 to 10 K in the lower mesosphere at the low lati-
tudes (Ridolfi et al., 2007; Gille et al., 2008; Masiello et al.,

. ~2010). It is suspected that there is also a warm bias for the
from the MLR models in the presence of the trend. Those dif-gaGE | temperatures, especially after mid-2001. A warm
ferences are only of the order of 0.5% for the peak responsegias translates to overestimated pressures, molecular number
at altitudes of 30 to 40 km. As indicated by the dark shadingsgensities, and Rayleigh correction; the derived ozone number
in Figs. 6 (SAGE Il) and 12 (HALOE), the 11-yr responses densities would be underestimated by at least several percent
(and response differences) of less than 2% are not 5|gn|f|cartwang et al., 1996). A consequence may be the larger than
at 90% CI. One can also see that the SAGE Il response prOf"%xpected, negative SAGE Il ozone trends of the lower meso-
(dotted) obtained by excluding the trends is yielding a profilesphere in Figs. 8, 11, and 15.

shape very similar to that of HALOE at the upper altitudes,
though still of larger magnitude. The net result is that the ex-
clusion of the relatively large negative trends from the SAGE5  symmary
Il MLR analysis is responsible for a corresponding reduc-

tion of its positive, 11-yr responses in the lower mesosphereTime series analyses of SAGE Il ozone data were under-
Therefore, it is tentatively concluded that there was a spuriyaken to determine whether their decadal-scale effects are
ous trend in the SAGE |l ozone at these altitudes, at least foggnsistent with those predicted for the 11-yr, solar uv-flux
part of the 1991-2005 period. It is more likely that the true forcing. The period of 1991-2005 was chosen because it
ozone trends were less negative to nearly zero and that thg the same as that for the HALOE analyses of Remsberg
max minus min ozone responses ought to be no larger thappog) and because atmospheric chlorine and its effects on
2%, as indicated by the dotted curve in Fig. 15. ozone were not changing by much at that time. The SAGE II
SAGE Il ozone transmission profiles of the lower meso- analyses were performed betweert STand 558 N and from

sphere are subject to a large correction from the effects 027.5km to 55.0 km, using an MLR model that includes sea-
atmospheric Rayleigh scattering (Wang et al., 1992). The assonal, interannual, 11-yr, and linear trend terms. However,
sociated neutral density profiles for the SAGE Il algorithm none of the terms was based on external, proxy data time se-
(L. Thomason, personal communication, 2010) are obtainedies. Still, the simple, 11-yr sinusoid term was found to be
from operational temperature data up to about 50 km withessentially in-phase with that of solar proxies and had max
a tie-in to the GRAM-90/95 reference model of Justus etminus min variations of up to 4%. The SAGE Il response
al. (1991) for the mesosphere. Temperatures for the GRAMprofiles had peak values between 30 and 40 km and agreed
model were obtained from meteorological rocket profiles andwith those from the HALOE data and most models, after al-
from the Selective Chopper Radiometer (SCR) and Pressurkwing for the small periodic variations of pressure versus al-
Modulation Radiometer (PMR) climatologies of the 1970s. titude. The associated, linear trend terms from the SAGE I
Since that time there has been a rather steady cooling of thanalyses were slightly negative 2 to —4%/decade) for this
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14-yr time span. There was also a negative, decadal-scale als, M., Dean, V., Eden, T., Edwards, D. P., Francis, G., Halvor-
response in the SAGE Il ozone that grew larger from just be- son, C., Harvey, L., Hepplewhite, C., Khosravi, R., Kinnison, D.,
low the stratopause and into the lower mesosphere. At the Krinsky, C., Lambert, A, Lee, H., Lyjak, L., Loh, J., Mankin,
low latitudes that secondary 11-yr response may be mainly W.. Massie, S., Mclnemey, J., Moorhouse, J., Nardi, B., Pack-
the result of an interaction with a spurious, linear trend. man, D., Randall, C., Reburn, J., Rudolf, W., Schwartz, M., Ser-

The results of this study indicate that the solar occulta- ;fln,V\J/HitSntg;ej K'\’/\L Oggg’rf"gvagfé’ $(')’u\r/1\/§teg&-1”’HAié’hW§2§2E
“°!" technique h_as the signal sensitivity and ve_rtlcal reso- tio‘n Dynami‘cs Limb Soun,der:’ Experiment’overview, recovery,
lution for recording the response of stratospheric ozone to

) and validation of initial temperature data, J. Geophys. Res., 113,
changes of the uv-flux forcing over the 11-yr solar cycle. For D16S43, doi:10.1029/2007JD008824, 2008.

the long-term monitoring of ozone it is recommended thatGordiey, L., Thompson, E., McHugh, M., Remsberg, E., Russell
SAGE-type instruments be operated from satellites in mod- 111, J., and Magill, B.: Accuracy of atmospheric trends inferred
erately inclined orbits and hopefully with some overlap be- from the Halogen Occultation Experiment data, J. Appl. Remote
tween successive satellites. It should be clear that one can Sens., 3, 033526, d0i:10.1117/1.3131722, 2009.

only resolve the various long-term responses from their meaHassler, B., Bodeker, G. E., and Dameris, M.: Technical Note: A
surements, if all other decadal-scale forcings and trends are Néw global database of race gases and aerosols from multiple
either insignificant or accounted for in the regression model SOUrces of high vertical rt_asolutlon measurements, Atmos. Chem.
for the analysis of the observed ozone time series. As a cat}:< Phys., 8, 5403-5421, doi:10.5194/acp-8-5403-2008, 2008.

. . . ood, L. L. and Soukharev, B. E.: Solar induced variations of odd
tion, recent model studies of Smith and Matthes (2008) an nitrogen: multiple regression analysis of UARS HALOE data,

Lu et al. (2009) show that at least two to three decades of Geophys. Res. Lett., 33, L22805, doi:10.1029/2006GL028122,
satellite data may be needed, in order to separate the long- gqg.

term effects of the solar cycle forcing from those of decadal-justus, C. G., Alyea, F. N., Cunnold, D. M., Jeffries Ill, W. R.,

scale dynamical forcings. The results of the present analyses and Johnson, D. L.: The NASA/MSFC Global Reference At-
indicate that it is more likely that any such decadal-scale, mospheric Model — 1990 Version (GRAM-90), Part I: Techni-
dynamical influences will occur in the northern than in the cal/lUsers Manual, NASA Tech. Memo. 4268, 1991.
Southern Hemisphere. Kiesewetter, G., Sinnhuber, B.-M., \ountas, M., Weber,
M., and Burrows, J. P.. A long-term stratospheric ozone
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