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Abstract. We have studied data from two satellite occulta- given on a 1km vertical grid, and with a resolution of 1
tion instruments in order to generate a high vertical resolu-month in time and 19in latitude. The combined ozone data
tion homogeneous ozone time series of 26 yr. The Stratoset is analyzed by fitting a time series model to the data.
spheric Aerosol and Gas Experiment (SAGE) Il solar oc-We assume a linear trend with an inflection point (so-called
cultation instrument and the Global Ozone Monitoring by “hockey stick” form). The best estimate for the point of in-
Occultation of Stars (GOMOS) instrument measured ozondlection was found to be the year 1997 for ozone between
profiles in the stratosphere and mesosphere from 1984—-200&ititudes 35 and 45 km. At all latitudes and altitudes from 35
and 2002-2012, respectively. Global coverage, good vertito 50 km we find a clear change in ozone trend before and
cal resolution, and the self-calibrating measurement methodfter the inflection time. From 38 to 45 km, a negative trend
make data from these instruments valuable for the detecef 4% per decade (statistically significant at 95 % level) at
tion of changes in vertical distribution of ozone over time. the equator has changed to a small positive trend of 0-2 %
As both instruments share a common measurement perioger decade. At mid-latitudes, the negative trend of 4-8 % per
from 2002-2005, it is possible to inter-calibrate the data setsdecade has changed to to a small positive trend of 0-2 % per
We investigate how well these measurements agree with eaatlecade. At mid-latitudes near 20 km, the ozone loss has still
other and combine all the data to produce a new stratospherimcreased whereas in the tropics a recovery is ongoing.
ozone profile data set. Above 55 km, SAGE Il measurements
show much less ozone than the GOMOS nighttime measure-
ments as a consequence of the well-known diurnal variation
of ozone in the mesosphere. Between 35-55km, SAGE I
sunrise and sunset measurements differ from GOMOS’ meal Introduction
surements to different extents. Sunrise measurements show
2% less ozone than GOMOS, whereas sunset measurementse stratospheric ozone decline, especially the drastic de-
show 4% more ozone than GOMOS. Differences can becrease of ozone over the Antarctic, has been a focus of mid-
explained qualitatively by the diurnal variation of ozone in dle atmosphere research during the past 25 yr (for reviews,
the stratosphere recently observed by SMILES and modelegeeSolomon 1999 Staehelin et al2001 WMO, 2011). An
by chemical transport models. Between 25-35km, SAGEunderstanding of the causes of ozone loss was quickly es-
Il sunrise and sunset measurements and GOMOS measurgablished after the ozone hole discovery, and an international
ments agree within 1 %. agreement about the control of ozone-depleting substances
The observed ozone bias between collocated measurevas reached in Montreal in 1987. These controls have led
ments of SAGE Il sunrise/sunset and GOMOS night mea-to a decline of atmospheric chlorine and bromine — the most
surements is used to align the two data sets. The combinetinportant substances in ozone loss —in the stratosphere since
data set covers the time period 1984—-2011, latitudésS60 1997. An improved understanding of the ozone loss problem
60° N, and the altitude range of 20-60 km. Profile data arealong with the advances in the middle atmosphere model-
ing have made it possible to predict a complete recovery of
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stratospheric ozone between 2050 and 2070 (for a review 02 SAGE Il and GOMOS measurements
ozone depletion science, S&MO, 2017).

In order to follow the development of middle atmosphere SAGE |l was launched in 1984 on board the Earth Radia-
ozone, global measurements are needed. Ground-based itien Budget Satellite (ERBS). The SAGE Il predecessor is
struments and ozone sondes can monitor ozone mainly ithe SAGE | solar occultation instrumem¢Cormick et al,
the lower stratosphere, but in order to attain a global view1989, which was operational from 1979-1981. Both rising
of trends, satellite instruments need to be used. There arand setting solar occultations were observed by SAGE II.
excellent long time series of the total ozone and its evolu-Ozone profiles are given on a regular grid from 0.5km to
tion, but in order to investigate the details of the processes0km with a step of 0.5km. In 21 yr, (1984-2005) SAGE II
involved, vertical ozone profiles are required. Several stud-measured 168 075 solar occultations. In Bigve show how
ies have used satellite measurements to study the decline ¢ifie measurements are distributed over the years. The number
ozone and ozone’s predicted recovery (see Elartis et al, of measurements is stable from 1985-1999 (with the excep-
1999 Weatherhead et al200Q Newchurch et a).2003 tion of 1993, when a battery problem decreased the number
Steinbrecht et 312006 2009 Randel and Wu2007, Jones  of successful measurements), but decreases towards the end
et al, 2009. Weak signs of the ozone recovery have alreadyof the mission. The number of measurements from sunrises
been detected in studies Biewchurch et al(2003, Stein-  and sunsets is nearly equal throughout the mission. Inrig.
brecht et al(2009, andJones et al(2009. we show the latitudinal distribution of measurements from

Past changes in the average ozone levels have taken plaGAGE Il in 1985 and 2004. The latitude distribution peaks
slowly, and this pace is predicted to continue. Therefore, re-at 5¢ and has a minimum at the equator. Sunrise and sunset
quirements for the stability of ozone observations are strin-measurement are similarly distributed in the beginning of the
gent. The stability means that a given ozone density in theSAGE Il mission, but the distributions differ towards the end
atmosphere produces the same retrieved ozone value (allovef the mission.
ing variation by noise) independent of the measurementtime. SAGE Il has seven wavelength channels centered at 386,
Instrumental factors or changes in retrieval parameters ard48, 452, 525, 600, 940, and 1020 nm. Thea@d NQ den-
obvious sources for affecting the stability. From the instru- sity and the aerosol extinction profiles at each wavelength are
mental point of view, self-calibrating occultation instruments retrieved using data from five wavelength channels, 448, 452,
are good candidates for long-term monitoring of ozone. The525, 600, and 1020 nm. The aerosol extinction at 448 and
SAGE Il instrument Chu et al, 1989 made 168075 so- 600nm is approximated by a linear interpolation from 452,
lar occultation measurements of ozone in the stratospher825 and 1020 nm aerosols assuming the aerosol extinction
and lower mesosphere from 1984 to 2005. The more recoefficient spectra are consistent with those produced by log-
cent Global Ozone Monitoring by Occultation of Stars (GO- normal aerosol size distributions (for details, $#@madeo
MOS) instrument Bertaux et al. 2010 measured ozone etal, 2013.
in the stratosphere, mesosphere and lower thermosphere The original SAGE Il algorithm was presented @hu
from 2002—-2012 using stellar occultations. There are moreet al.(1989. Subsequent improvements and validations have
than 877 000 GOMOS measurements covering both day antieen discussed in several publications (egnnold et al.
night. In this work, we use the GOMOS 410 000 night mea- 1989 Wang et al. 1992 McPeters et a].1994 Wang et al.
surements. 1996 Steele and Turcal997 Cunnold et al.200Q Wang

In this paper, we combine the ozone data sets from SAGE2002 Burton et al, 2010. The data version used in this work
Il and GOMOS to create a homogeneous time series fromnis 7.0, which was issued in November 2012. The main dif-
1984 to 2011 in order to look for changes in the middle at-ferences with respect to the earlier version, 6.2, are: (1) the
mospheric ozone profiles. We first introduce the instrumentzone cross section is now the same as for GOMBI&) (-
and the retrieval methods, and the applied data filtering inmil et al,, 2003, (2) the background atmospheric data now
Sects. 2-4. The differences between the SAGE Il and GOcome from the Modern-Era Retrospective Analysis for Re-
MOS ozone profiles are studied in Sect. 5 using collocatedsearch and Applications (MERRARienecker et al.2011J),
measurements in the 2002—-2005 shared operation period @nd (3) the vertical inversion is performed using the onion-
the two instruments. The observed bias in ozone profiles ipeeling technique without any smoothing. The ozone values
eliminated and the two data sets are combined in Sect. 6. lin the new version have decreased by 1-2 % with respect to
Sect. 7, we introduce a time-dependent model including a linthose in the earlier version, mainly because of the change
ear term, annual and semiannual terms as well as proxies fdn the ozone cross section. The validation work for the new
the solar influence and the quasi-biennial oscillation (QBO).SAGE Il data set is underway (sBamadeo et a/2013.

The linear term of the model fitted is used to derive ozone GOMOS was a stellar occultation instrument on

trends in Sect. 8. board the European Environmental Satellite (EN-
VISAT) that was operational from 2002 to 2012 (for
GOMOS overviews, seeBertaux et al. 2010 ESA,
20073, and https://earth.esa.int/web/guest/missions/
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Fig. 1. The number of SAGE Il sunrisg (red) /sunset (blue) measure-Fig_ 2. Latitude distributions of SAGE Il (top) and GOMOS (bot-

ments for 1984-2005 and GOMOS nighttime measurements (bIaCk?om) measurements. Notation: Solid and dashed red: SAGE Il sun-

for 2002-2011. rise for 1985 and 2004, solid and dashed blue: SAGE Il sunset for
1985 and 2004, solid and dashed black: GOMOS for 2004 and 2010.

esa-operational-eo-missions/envisat/instruments/gbmos

GOMOS measured during both day and night, but only 5 this work, we use GOMOS data from the Instrument
nighttime measurements have been validated so far. The ocessor Facility (IPF) version 6, issued in November 2012.
integration time is 0.5s, which gives an altitude sampling 15 main differences with respect to the IPF version 5 are
resolution of 0.2-1.6km depending on the tangent altitudee yse of a full covariance matrix in the spectral inversion
and the azimuth angle of the measurement. The total numb&f 4t has made the error estimates of ozone more realistic,
of nighttime measurements is 409 157. In Flgwe show 434 more accurate dark current removal that has improved

how the measurements are distributed over the years, and ifye stapility of the data products. The validation of the new
Fig. 2, we show the latitudinal distribution of measurements \arsion is underway.

in 2004 and 2010. The number of measurements peaked in
2004 and declined thereafter, due to an instrument problem
that strongly decreased the number of measurements i3 Retrievals compared
2005. The latitudinal distribution is more even than for
SAGE Il because GOMOS has approximately 100 differentThe measurements and retrievals of these two instruments are
target stars in various directions, whereas SAGE Il has onlysimilar but not identical (see Tablg. The Sun is an extended
one target, the sun. source of radiation whereas stars appear as point sources to
The spectral ranges of GOMOS detectors are 248-690 nngatellite instruments. Rays from both radiation sources are
755-774 nm, and 926—954 nm, making it possible to retrievebent by refraction where chromatic dispersion must also be
vertical profiles of Q, NO,, NO3, H20, Oy, and aerosols. In  taken into account. The radiation field from stars enters the
this work, we concentrate on ozone that is retrieved from theatmosphere as a parallel ray bundle and is sensitive to local
UV-visible spectral range 248—-690 nm together withNO fluctuations in temperature and to the overall altitude depen-
NOs, and aerosols. The retrieved ozone profiles have a 2 kndence of the neutral density. The parallelism of rays is dis-
vertical resolution below 30 km and a 3 km resolution abovetorted, causing dilution of the radiation intensity. Rays are
40 km, whereas Ng@and NG have a 3 km vertical resolution  also affected by fluctuations leading to scintillations. These
at all altitudes. Details of the GOMOS retrieval algorithms two effects are not seen in solar occultation measurements.
and data quality are discussedKgrola et al. (2010 and  The dilution effect can be eliminated using ray optics mod-
Tamminen et al(2010. eling and an a priori model for the neutral density. The scin-
The geophysical validation of measurements with dif- tillation effect can be partially eliminated by using GOMOS
ferent illumination conditions is presented Meijer et al.  fast photometers (se&ofieva et a|.2010.
(2009, and, more recently, iman Gijsel et al(2010. Re- GOMOS measures at 1416 wavelengths in the UV-visible
sults show that in the dark limb GOMOS ozone profile datarange and SAGE Il at seven wavelengths, from the visible
for between 20—40 km agree within a few percent with theto the near infrared. The same constituents can be retrieved
correlative data at all latitudes excluding the polar areas.  from these measurements. In both retrievals the Rayleigh
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Table 1. SAGE Il and GOMOS (UV-Vis) retrieval compared.

Element GOMOS IPF 6 SAGE Ilv. 7

Refraction Ray bending, dilution, scintillations Ray bending

Forward model Absorption by £ NOo, NOg; scatter- Absorption by @, NOy; scattering ext.
ing ext. by air and aerosols by air and aerosols

Wavelengths 250-680 nm, 1416 pixels 386, 448, 452, 525, 600, 940 and

1020 nm

Rayleigh extinction Removed using ECMWF Removed using MERRA

Species separation Simultaneously Simultaneously

Aerosol model Second order polynomial in wavelength ~ Mie theory

Vertical inversion Onion peeling with target resolutionOnion peeling without smoothing
Tikhonov and the constraint of density
continuity.

Ozone cross section Bogumil et al.(2003 Bogumil et al.(2003

Local time Near 10 p.m. outside polar areas Sunrise and sunset

Vertical sampling 0.2-1.7km Scanning

Vertical resolution 2km (up to 30 km); 3km above 40 km 1km

Reference Kyrola et al.(2010h Damadeo et a(2013

extinction is first eliminated using either European Cen-a priori data of atmospheric temperature and density whose
tre for Medium-Range Weather Forecasts (ECMWF) oper-accuracy may change with time. The estimation of the possi-
ational data (altitudes lower than 1 hPa) or MSIS90 climatol-ble drifts in 0zone measurements have been investigated us-
ogyHedin(199]) (higher than 1 hPa) in the case of GOMOS, ing stable ground-based instruments. These studies indicate
and MERRA in the case of SAGE II. At the comparison al- a 0.3 % yr! drift at most for SAGE Il (sedair et al, 2011,
titudes these two neutral density data sets differ by 2—-39%2012. For GOMOS,Nair et al. (2011 reported somewhat

at most. The other constituents are retrieved simultaneouslharger values. However, due to the short measurement series,
in GOMOS and SAGE Il. In GOMOS, the aerosols are fit- no conclusion can be made at this time. Furthermore, these
ted using a second-order polynomial in wavelength, whereastudies have used the previous data versions of SAGE Il and
SAGE Il makes use of the Mie scattering theory. The SAGEGOMOS. The data versions used in this work are currently
Il data version 7 uses the same ozone cross se@iogumil being validated and studied for possible drifts.

et al, 2003 as GOMOS. In the vertical inversion, GOMOS

uses the onion-peeling inversion along with the target resolu-

tion Tikhonov smoothingfofieva et al.2004. SAGE lluses 4 Data screening

the standard onion-peeling technique without any smoothing.

The stability of the SAGE Il and GOMOS instruments Both data sets are screened for erroneous ozone pro-
is the crucial underlying assumption when combining thesefiles. For SAGE |l, data are screened using the er-
data sets and using the combined data for ozone trend studer estimates as explained in the SAGE Il version
ies. The self-calibrating measurement principle reduces pos? readme file [ttps://eosweb.larc.nasa.gov/project/sage2/
sible reasons for drifts of data products. The data retrieval isage2_release_v7_note&ny profile with an error estimate
based on atmospheric (horizontal) transmissions where thiarger than 10 % between 30-50 km is rejected. All data be-
measurements through the atmosphere are divided by thew the tropopause height are rejected. Data at and below
above the atmosphere measurement of the Sun (SAGE llaltitudes of 35 km where the error estimates are larger than
or a star (GOMOS). In the ideal case, this would lead to the200% are eliminated. Data are also eliminated below the
cancelation of multiplicative calibration factors. In practice, level where the 1020 nm aerosol extinction is larger than
instrumental noise (dark current) must first be removed from0.001 knt! and the aerosol extinction ratio 525 nm/1020 nm
the measurements, which weakens the self-calibration. Thergs smaller than 1.4. The amount of data eliminated is about
are also other factors that are immune to the firewall of the5% of all SAGE Il measurements between altitudes 20—
self-calibration. For example, the retrievals of ozone include60 km. The final number of occultations used in this study
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is about 125 000 (605—60 N), including profiles with some 60
flagged data points.

For GOMOS, we first eliminate measurements s
involving stars included in the GOMOS “cool
and weak stars” list (see the GOMOS disclaimer, *°
http://earth.eo.esa.int/pcs/envisat/gomos/documentation/
RMF_0117 GOM_NL__2P_Disclaimers.pdfny individ-
ual ozone profile is rejected if more than 40 % of its points 3wl
are flagged by the retrieval processor. Moreover, we rejec 2
all profiles in which the absolute value of the ozone mixing < s
ratio exceeds 100 ppm between 10km and 110km, or in

T T
= GOMOS-SAGE Il sunrise (464)
= GOMOS-SAGE Il sunset (730)
GOMOS-SAGE Il all (1194)

45

km)

Al

which the mixing ratios are outside the rang@.5 ppm to 3of 8
20 ppm from 15 km to 45 km. The amount of data eliminated

is about 3% of all GOMOS measurements (after the cool %[ i
and weak star elimination) between 20 and 60 km. The final /

number of profiles used in this study is about 215000 (in % 15 1w AGE-GoNOS )/GOMé)S o o 15w
60° S—60 N). ’

Fig. 3. The percent difference between SAGE Il and GOMOS mea-

) surements for the collocations in 2002—2005. The corresponding
5 Comparison of SAGE Il and GOMOS measurements gitferences between SAGE Il sunrise and sunset measurements are

from 2002—-2005 also shown. The line labels show the number of collocations.

Both SAGE Il and GOMOS took measurements during the

period 2002 to 2005. During this time interval, SAGE |l mea- exceeds the number of sunrises. In the 25-35 km range, the
sured 12 000 solar occultations (5800 sunrises and 6200 SURjittarences between all the data sets are small. Below 25 km
sets), and GOMOS measured 192 000 quality-controlled stelé” the differences increase again, and are 5% at 20 km.
lar occultat_ions during nighttime (solar zenith angle at true 1,4 apparent difference between SAGE Il and GOMOS
tangent point larger than 105 The large number of mea- ;6 profiles can be attributed to various reasons. The de-
surements allows for a direct comparison between SAGE Il itiong can arise from differences in instrumental behavior,
and GOMOS ozone profiles. We use the following coinCi- eyrieval techniques or real atmospheric conditions during the
dence criteria (latitude- 6, longitude= ¢, time=r): measurement period. There are no indications of relevant in-
strumental differences between SAGE Il sunrise and sunset
measurements even if we acknowledge the different radia-
The method used to characterize the difference at each alt|t—i0n environments immediately before the aqtual measure-
tude,z, for a given profile is _meljts. We Imovy, ho_vvever, that the atmospherlc transmission
is different in nighttime, sunset, and sunrise measurements
A =10 (fs(2) — fa(2)) ) because N@has a strong diurnal variation. This was clearly
(fo@) ’ seen when we (_:ompa_red GOMOS and S_AGE Il tran_sm|s-
sions at collocation points. The N@ontent interferes with
where fs and fg denote SAGE Il and GOMOS vertical pro- the ozone retrieval but this can be shown to be only of a mi-
files in the altitude range 20—60 km with 1 km steps. The pro-nor contribution to the ozone values. Therefore, it is plausible
files are compared directly, without averaging kernels, as thehat the observed differences between the GOMOS nighttime
vertical resolutions are comparable. The brackets denote thmeasurements and the SAGE Il sunrise/sunset measurements
median over all the collocated measurements. reflect the real diurnal differences of the atmosphere.

In Fig. 3, we show the difference between SAGE Il- and The sunrise—sunset difference is inherent in the SAGE I
GOMOS-collocated ozone profiles using the coincidence cri-data, and this can be visualized if we take SAGE |l sunrise
teria defined above. We show SAGE Il sunset and sunrisend sunset measurements in the tropic§ &aLC N). Trop-
data separately because there is a clear difference betweécal ozone values are relatively stable and the sunset—sunrise
the values of these measurements. Above 55 km the differpopulations can be compared to each other with a good justi-
ence between day and night ozone can be seen as a negatifieation. The differences in 5yr periods are shown in Big.
difference between SAGE Il and GOMOS. For 35-55km, Between 35km and 55 km, the sunset profiles exhibit up to
there is more ozone in SAGE Il sunset measurements than ii0 % more ozone than the sunrise profiles. The situation is
either GOMOS nighttime or SAGE Il sunrise measurements.reversed above 55 km. Below 35 km there are no large differ-
The overall mean SAGE Il difference profile is biased to- ences except that, below 25 km, the 2001-2005 period devi-
wards sunset measurements, as the number of sunsets cleadies strongly from the other periods.

AO <2°, A¢p <10°, At <12h (2)
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6.1 Common time-latitude grid

60 T

—86-90
55 —oeool We need to use a spatial and temporal grid where the mea-
——01-05 surements from both instruments are collected. Zonal aver-

] aging is a natural choice as the occultation instruments sam-
ple the longitudinal dimension regularly and with sufficient
density. We define the filling factor for the time—latitude grid
as the percentage (from all available cells) of those latitude—
time cells where at least two measurements are found. A high
] grid filling value is a necessary prerequisite for the grid se-
lection, and with a coarse grid this is always achieved. A de-
8 sire to resolve natural variability would, on the other hand,
demand more refined grids. The mean latitude—time average
filling factors for several latitude—time grids are shown in Ta-
0 : ‘ ‘ ‘ ble2. In order to obtain a good coverage by both instruments,
-20 -15 -10 -5 0 5 10 15 20 a monthly grid with 5—-20 latitudinal bands can be selected.
(sunset-sunrise)/sunrise (%) . . .
In the following we use 10latitude bands as a compromise

Fig. 4. The SAGE Il ozone median of sunrise measurements comPetween the latitudinal resolution and the filling degree.

pared to the median of sunset measurements for 5yr periods in the The relatively large size of the time—latitude cells allows

tropics (10 S—10 N). the natural variability of the ozone field to affect the rep-
resentativity of the cell estimates. In order to quantify this,
we define the latitudinal or temporal asymmetry of measure-

The observed large diurnal differences in ozone values aments in a grid cell as
altitudes below 50 km (Figs3—4) are in contradiction with
our understanding of ozone behavior in the stratospherea _ 2(x —xc) ®)

Chemical box models predict very small variations in the S Ax

stratosphere. The recent detailed measurements of the Ozoq%is measures the mean location of the measurenmait
diurnal cycle by the SMILES instrument and simulations by .
respect to the center of the cell centeredcaiand having

chemical-transport models show (s&ekazaki et a].2013, . . ) ) .
. . width Ax. Figure5 shows time series of asymmetries and
however, a clear diurnal cycle of ozone in the stratosphere,

) .__0zone densities in the latitude band 50=B0t is clear that
SMILES results show that the magnitude between sunrisg S . .
and sunset is about 4 % (0.2 ppm), which is half of the varia- arge variability of asymmetries takes place for both instru-
i | ments. In this case, there is a small SAGE Il latitudinal asym-

. 100 - :
tion of 8-10 A’. (0.4_ppm) seen in Fig. In Fig. 3, th_e SAGE metry followed by a considerable positive asymmetry of GO-
Il sunset—sunrise difference is about 6 %. It remains unknowr'vIOS measurements. This may explain the change seen in

as to why the differences inferred from SMILES are smallerthe ozone densities at 40 km between SAGE Il and GOMOS.
than the ones observed by SAGE Il and GOMOS. It must beI ; . L
n Fig. 6, we show the time averaged latitudinal and tempo-

noted that SMILES m rement ver onl limit - . X )
oted that S S measurements cover only a ed pe ral asymmetries as a function of latitude. In the northernmost

riod (from October 2009 to April 2010). latitude band, the mean SAGE Il latitude asymmetry@13
and that for GOMOS is considerably larger (0.27). At other
6 Combined SAGE Il - GOMOS data set latitudes, the asymmetry differences between the two instru-
ments are smaller and probably do not cause jumps in the
In order to build a common data set from these two instru-time series of ozone density. The temporal asymmetry dif-
ments, we need to find an optimal latitude—time grid for theferences are smaller and we believe that they have a smaller
combined data set and decide how to address the observeghpact on densities.
bias. We will also discuss what statistical estimators are ap-
propriate for the problem. The data sets are limited to the6.2 Removal of bias
latitude region 60S—60 N in order to avoid seasonal gaps
in the data. The extent in time covers years 1984-2011 (therd IS clear that we cannot create a homogeneous data set from

are 0n|y a few GOMOS data from 2012 because of Worsen_SAGE Il and GOMOS without a proper consideration of the
ing GOMOS instrumental problems and finally because ofPias between these two data sets that was discussed in Sect. 5.

the Envisat failure on 8 April 2012). The vertical grid is 20— e have shown that the local time of the measurements has

60 km with a 1 km step. a strong influence on the bias. We still have to consider if
the bias also depends on other parameters of the measure-
ments, such as latitude and year. The small number of col-
locations makes these studies somewhat more uncertain than

Altitude (km)
I IS o
o (&) o

w
o1
T

w
[=)
T

N
ol

Atmos. Chem. Phys., 13, 10643:0658 2013 www.atmos-chem-phys.net/13/10645/2013/



E. Kyrdla et al.: GOMOS-SAGE data and trend analysis of the vertical distribution of ozone

Table 2. SAGE Il and GOMOS filling factors for various grids (%). 0.3 :

—— SAGE lat .as.

Time x Latitude grid  SAGE Il GOMOS 0.25¢ vl
- - -GOMOS time as.

1dx 5deg 7 20 021 7

1dx 10 deg 12 34 ol

1dx 20 deg 21 51

3dx 5deg 14 26 g o1

3dx 10 deg 18 40 g

3dx5deg 27 50 7z 005;

5dx 5deg 20 30 ol

5dx 10 deg 24 44

5dx 20 deg 33 59 -0.05

1 Month x 5 deg 73 61

1 Month x 10 deg 76 71 01

1 Month x 20 deg 83 82 045

10651

Latititude

Fig. 6. The mean latitudinal and temporal asymmetries as a function
of latitude.

15

Rel. dens

(see Figsl and2), we continue with the separate sunrise and
sunset data.

T T T T o akmg 8 a0 The decisive parameter that controls the relative bias be-
o D S0 00 Dpase tween SAGE Il and GOMOS is the local hour of the mea-

surement. Therefore, we have three measurement sets: GO-
0 6.0 MOS nighttime, and sunset and sunrise from SAGE II. We
have decided to keep the GOMOS data set as the reference
and to shift the two SAGE Il populations in such a way that

1 OOOOOOOSOU‘O 89 0O O T 01O O [9) O, T
. o 00500 0 o o o © 0 ®p % ©O° o X X
8 °°7 58320000, % 6 00, ° P 006 & ¢® 0%| they agree with the GOMOS data set in the common data pe-
o o 0058500 Q A0 OR 258 S X . . .
E 00000050 BRe0y 02 DB, o riod 2002—-2005. As shown above, the bias profiles vary only
-0.51 o 00 o . . . .
98090990000, ©, 6> $%0a° 8,0 0° %B L%~ %6 0 ° slightly as a function of latitude or year, and we ignore these

84 86 88 90 92 94 96 98 00 02 04 06 08 10 12

variations in this work. Here, we use the average, altitude

dependent bias profiles from Fig.for sunset and sunrise

Fig. 5. Asymmetries of the monthly time series in the 5080  SAGE Il measurements. Individual profiles are shifted using

latitude range. Top: GOMOS and SAGE Il ozone densities at 40 kmthe appropriate bias profile. In this way, the corrected SAGE

scgled by the med_ian of the combined time sgries at 40_km, middlej profiles agree, on average, with the collocated GOMOS

latitude asymmetrle_s, bottom: time asymmetries. Red circles are fobrofiles for 2002—2005. We extend the same bias correction

SAGE Il and blue circles for GOMOS data. procedure to the SAGE Il measurements from 1984 to 2001
before the common measurement period. The estimated un-
certainty of the bias correction (small) is added to the error

the plain sunset-sunrise comparisons. Figurasd8 show  pydget.

the mean relative differences between SAGE Il and GOMOS

in 2002—-2005 in different latitude belts. The differences from 6.3 The combined data set

all latitudes are reasonably close to each other except in the

southernmost latitude belt for sunset measurements. By com?/e have to decide what statistical estimators to use to char-

paring years and individual months, the culprit for this outlier acterize data in the grid cells exceeding 1% latitude and

is found to be the GOMOS-SAGE Il sunset comparisons inone month in time. We first construct individual instrument

June 2003 around 4&. The sunset—sunrise comparison for data series, and the averages in time—latitude cells are cal-

individual years is shown in Fig®. The bias patterns seem culated by the median of the values (for error estimates of

stable during 2002—-2005. medians, see e.iyro6la et al, 2010g. Outliers are removed

The easiest solution to the bias problem would be to sim-by |x —medianx)| > 3 x 1.4826x mediar{|x —mediar(x))|.

ply ignore any sunrise—sunset difference and correct the reThese individual instrument time series represent the com-

maining bias from either GOMOS or SAGE Il data. This bined data set for 1984-2001 and 2006-2011. For years

would, however, require a near complete similarity between2002—-2005, we have measurements from both instruments.

the sunrise and sunset data sets. Because this is not the cdser the combined data, we have decided to take the weighted
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Fig. 7. The percent differences between SAGE Il sunrise and GO-Fig. 8. The percent differences of SAGE Il sunset and GOMOS
MOS nighttime measurements in2@titude bands. The line labels nighttime measurements in 2@titude bands. The line labels show
show the centers of the latitude bands and the number of collocathe centers of the latitude bands and the number of collocations.
tions.
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—— 2003 (162/305)
2004 (277/279) []
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mean of the medians of the individual instrument data sets
The weights are the error estimates of the individual instru-
ment medians. It is not obvious how to evaluate the error of |
the resulting weighted mean. If the difference between the in-
strument medians is larger than their error estimates predici
there is good reason to believe that the two instruments hav
not measured a homogeneous and stationary ozone field. 1
allow this kind of added uncertainty, we estimate the er-
ror using the dispersion correction for weighted mean er-
ror (seehttp://en.wikipedia.org/wiki/Weighted _mearFig-
ure 10 shows examples of the individual time series and the
combined time series. sl
There are alternative ways to calculate a representativ
value in any grid cell. Instead of calculating averages (sin- 2 - - -z 5 : - - -
gle instrument) with the median, the mean or a weighted (SAGE-GOMOS)/GOMOS (%)
mean could be used. The median is robust to outliers but, . ) ,
is deceptive to a double peak or similar structure in data disFi9. 9. The percent differences between SAGE Il sunrise (mainly
tributions. A priori, in the common period 20022005 the in left part of the figure) and sunset (mainly in right part of the fig-

iahted f Il th ts togeth Id bure) measurements and GOMOS nighttime ozone measurements as
weighted mean irom all the measurements together could D ¢,ction of measurement year. The line labels show the centers of

an obvious choice. However, this approach is very sensitivene [atitude bands and the number of collocations (sunrises/sunsets).
to the consistent calculation of errors from both instruments.

In large latitude—time cells the neutrality of the latitudinal

and temporal sampling of measurements with respect to the

natural variation can be an issue as discussed in Sect. 6.%inear multi-variate regression. It is based on fitting the av-
Weighting measurements may then lead to adverse effects. erage profilep (z, 1) (z = altitude,r =time) in each latitude

bin with the following model:

55

I
[l
T

Altitude (km)
B
o

w
a
T

30

7 Time series analysis of SAGE Il and GOMOS Pz, 1) =
combined data set c(2) + L(z. 1) +5(2) F1o7(t) + q1(2) Fon(t) + q2(2) Fop(t)
In order to assess the temporal evolution of ozone using thg_i:
(an(2) cognwt) + b, (z) Sin(nwt)), (4)

combined data sets, we carry out a time series analysis using ~—
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Fig. 10. An example of the combined SAGE Il and GOMOS data Fig. 11. The values for the difference of trend terms at different
sets at 30 km between 40-50. Red crosses indicate SAGE Il data, latitudes and altitudes as a function of the inflection year.
blues crosses indicate GOMOS data, and the green line with circles
indicates the combined data (gaps in the line are due to missing
data).
out any regularization terms. The estimated uncertainties

. ) ) are modified by the residual correction term. In the fitting
wherew = 27/36525 (1day*). The firstterm is an altitude  process, we keep the inflection time outside the parameter
dependent constant. The second tefmrepresents the lin-  gptimization. The inflection time is determined by looking
ear time dependence. This can be a simple linear function ofor the best overall fit result when varying the inflection
time, but we have selected it to be a piecewise linear functioryear_ The quality of the time series fit is analyzed walues

defined as (defined as a parameter value divided by its error estimate).
Lty — di(2)(t —1c(2)) if 1 < ¢ ) Figgre 11 §hows how th?‘ valyes change as a functi.on of
D= o)t —10(2)) i £ > 1. the inflection year for mid-latitudes and for three altitudes.

We can see that the inflection time is clearly 1997-1998 for
This form of the linear dependence is often called themeasurements near 40km. For lower altitudes and lower
“hockey stick” form. It is parameterized by two slopés latitudes our data do not support a clear turn around year.
do and the time of the inflection point. In Eq. @) Fi07, In our final analysis we accept the inflection year 1997 for
the solar 10.7 cm radio flux, is a proxy for solar influence all fits. Earlier, Newchurch et al(2003 have obtained the
on the middle atmospheré“ggo and Fggo are the equatorial same result using the cumulative sum (CUSUM) method to
winds at 30hPa and at 50 hPa, respectively, and are proxSAGE I/l and Halogen Occultation Experiment (HALOE)
ies for the Quasi-Biennial Oscillations (QBO). The obser- data. InJones et ak2009, several satellite data are used and
vational basis for these proxies is discussetanris et al.  the turn around time have been analyzed usifgvalues
(1999 and WMO (2007 and references therein. The last from the time series fit. This method is very similar to ours
terms represent harmonic variation up to the second ordeand the authors obtain a range of turn around years from
(with unknown amplitudes,, andb,,), i.e., annual and semi- 1994 to 1996 depending on altitude and latitude belt. In their
annual terms. The proxy terms are scaled in such a way thatend analysis, however, they use a fixed year 1997 for all
their time averages are zero, which makes it easier to comaltitudes and latitudes. We study the determination of the
pare their contributions with the harmonic and linear terms.turn around time more closely in the companion pdene
The analysis is similar to the one Kyro6lé et al.(20103. et al.(2013.

The fitting of the model to the combined In Fig. 12, we show an example of the fit in the latitude
data determines the unknown coefficients band 40-50N at 40 km. While the fitted curve follows most
(c(2),5(2), q1(2), q2(2),an(2), by (2), d(z), d2(z), 1c(2)) In of the data points, there are still several points that fall out-
every latitude belt. The fitting is carried out as a classical leasside the fit curve. One possible reason for these deviations
squares problem without data weighting. Autocorrelationsis variation in temporal and/or latitudinal asymmetry, as dis-
are removed using the Cochrane—Orcutt transformation (seeussed in connection with the choice of the common grid.
http://en.wikipedia.org/wiki/Cochrane-Orcutt_procedure  Unfortunately, it is impossible to explain these “outliers” in
All latitudinal bands and altitudes are fitted separately with-the time series using asymmetries without turning to a priori
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Fig. 13. The relative contribution of the solar proxy (%) with re-

combined SAGE 1-GOMOS monthly data. The data points are SPect to the constant term for 1984-2011. Shaded areas show re-
§ gions where trends are statistically different from zero at the 95 %

black circles. The inflection year is 1997. The red solid curve and

red line line represent the fit and linear trend for 1984-1997, respecl-evel'
tively. The blue solid curve and blue line represent the fit and linear
trend for 1997-2011, respectively.

Fig. 12. An example of the fit at 40 km between 4030 for the

data on ozone variability. This question will be addressed in
future publications.

As an example of the fitted proxy terms, we show, in
Fig. 13, the solar term as percentage to the constant term o §45
Eq. @). The regions where solar term deviates from zero atg40
95 % significance level are shaded. The statistically signif- 2
icant solar contribution is 1-3 % in the stratosphere and 2- < s
5% in the mesosphere. Note that the values are not totally
symmetric around the Equator. These values are in agree
ment with the studies iRlarris et al.(1999 andRandel and
Wu (2007).

0
Latitude
8 Ozone trend

Fig. 14.The ozone trend in % per decade for different latitudes for

The linear fitting coefficients in different latitude bands are 1984-1997. Shaded areas show regions where trends are statisti-
shown as a function of altitude in Fi@i4 for 1984-1997 and cally different from zero at the 95 % level.
in Fig. 15for 1997—2011. Figur&6 shows the difference be-
tween these two trends. The regions where the results deviate
from zero at the 95 % significance level are shaded. the ozone trend from 1984-1999 based on SAGE Il data ver-

The trend results for 1984-1997 in Fiigl show clear neg-  sion 6.1. At 40 kmWang(2002 reported-3 % per decade in
ative trends in the altitude range of 20-60km for all lati- the tropics and-7 % at mid-latitudes. At 20 km in the trop-
tudes except the tropics between 25-35km where we findcs, the rate is—4 %. These values agree well with our re-
a 1-3% positive trend (not statistically significant). In the sults. The more recent study Bgnes et al(2009 uses data
altitude range 35—-45km, the trends ar8 % per decade at from several satellites covering the period from 1979 to 2008
mid-latitudes and-4 % in the tropics. In the altitude range (including SAGE Il data with the version 6.2). Results are
20-35km the trend values are less negative, but the statistshown in wide latitudinal belts and in altitude ranges. In the
cal uncertainty is large. In the mesosphere the trend varies begseriod 1979-1997, the results show that between 35-45km
tween—2 % and—4 %. These results can be compared with the trends are of 7 % per decade at mid-latitudes (30260
the results inVMang(20032). Figure 13 of this reference gives and 30-60S) and—4 % in the tropics (30S-30 N). If we
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Fig. 15.The ozone trend in % per decade for different latitudes for Fig. 16. The change in ozone trends in % per decade between the

1997-2011. Shaded areas show regions where trends are statispieriods 1997-2011 and 1984-1997 at different latitudes. Shaded

cally different from zero at the 95 % level. areas show regions where trend differences are statistically different
from zero at the 95 % level.

_take averages of our resuits over the same _altltudes a!‘d Iafl'tude region. The largest changes towards the positive di-
itudes (without paying attention to the confidence reg'ons)rection, 5-10% per decade, have occurred at mid-latitudes.

we get—6% and—4%, respecj[ively. Betwee.n 25._35 km Between 28 and 35 in mid-latitudes the changes are smaller,
Jones et al(2009 found —1.5% in southern mid-latitudes, 2-4%. In the tropics between 23 and 35km, and at mid-
53'3% 'B northeT gl}d'lalt'%jges’ a:jn_d007.Z/% in the _tr0||0|cs. latitudes near 20 km, the ozone loss has still increased. The
Bur num ;(;S;éelzrﬁ 0 |§’ogn ¢ ) d o,brespe:;ve Y- rate changes in the mesosphere vary from negative to pos-

etween 20— ones et al 9. ound about-4%at e oyr change in trends between 1997-2011/1984-1997
mid-latitudes and+0.5 % in the tropics whereas our values can be compared with the change in trends between 1997—
are —0.9% in southern mid-latitudes;2 % in in northern 2008/1979-1997 calculated ifones et al.(2009. They

mid-latitudgs_and—Z._Z % i_n the tropics. found that between 35-45 km the trends have moved towards
The statlstlca_lly ;lgnlflcant trend (at 95.% level) resqlts the positive direction by 3.6 % (in tropics) and by over 8 %
for 1997-2011 in Fig15 show that mid-latitude and tropi- mid-latitudes, whereas our numbers at all latitudes are

— i i i _20,
cal ozone at 38-45km is now increasing at a rate of 1-2 "5round 5.4 %. Both data sets show, therefore, a clear change

per deqade. In'the aIti.tude range 30-35 km in the tropics, W&/, trend. Between 25-35 kndpnes et a2009 found wors-
find an interesting region where ozone has started to decrea%q]ing 0zone loss{3.4 %) in the tropics and recovery (4.1 %)

(cor_n_pare with F'%lgz('; Whiirl/the trgnd ig th]j_s reg_ion wasd in northern mid-latitudes, whereas our corresponding results
positive) at a rate 6t0—49% per decade (firstdiscussed 0 g 1 94 and 1.2 %, respectively. Between 20—25Janes

@n C;1eblhardt et a’|'2012 ' Th(;(l)atiztu?(es OL:Sid? 2G-20N q et al. (2009 reported a strong positive change (3—4 %) in
In the lower stratosphere, 20-25km, show large ozone ®mid-latitudes, whereas we have a still worsening situation

pletion rates of 2 to 10 % per decade. In the mesosphere anghi.. -0 oximatelv—2—4 % negative chande of trends
in the stratosphere at high latitudes, the decrease of ozone PP ¥ ©neg g '

is ongoing at a rate of 2—7 % per decade. The only statis-

tically significant trends for the period 1997-2008Jones 9 Conclusions

et al.(2009 are between 25-35km2.1 % in southern mid-

latitudes and-2.7 % in the tropics. The corresponding num- We have created a homogenized ozone profile data set from

bers in our data are 1.7 % and—0.8 %, respectively. SAGE Il and GOMOS measurements for the period 1984—
In Fig. 16, we show how the trends in the period 1997—- 2011 (Data are available fromttp://igaco-03.fmi.fi/VDO/

2011 have changed compared from those in the period 1984index.htm). A significant bias between SAGE Il sunrise and

1997. We find large, statistically significant (thevalue is  sunset data with respect to GOMOS nighttime measurements

now defined as = (bz—bl)/ﬂsf+s§) whereb; isthe slope  has been identified. The most plausible reason for the bias is

of the linear trend before 1997 with standard errossodnd  diurnal variation of ozone in the stratosphere. In combining

by and sy are the corresponding values for the slope afterindividual instrument data, we have renormalized the SAGE

1997) changes in trends at all latitudes in the 35-50 km aldl sunrise and sunset profiles so that they are unbiased with
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respect to GOMOS measurements in the common measure- ular absorption spectra with the SCIAMACHY pre-flight model:
ment period 2002—-2005. The combined data set time series instrument characterization and reference data for atmospheric
was then analyzed for trends in the stratosphere and meso- remote-sensing in the 230-2380nm region, J. Photochem.
sphere. Photobiol. A-Chemistry, 157, 167-184, dif.1016/S1010-
The combined SAGE 1I-GOMOS data set time series was_ 6030(03)00062-52003. _
analyzed using a linear regression model. This model in-BUn: S. P, Thomason, L. W., and Zawodny, J. M.: Techni-
cludes a constant term, annual and semi-annual terms, solar 63 NO€: Time-dependent limb-darkening calibration for so-
- T . . ! lar occultation instruments, Atmos. Chem. Phys., 10, 1-8,
and QBO proxies, apd a I.|nea.r term with two independent doi:10.5194/acp-10-1-201Q010.
slopes joining at the inflection time. We found that year 1997 oy, w. p., McCormick, M. P., Lenoble, J., Brogniez, C., and Pru-
is the best estimate for the inflection year of linear trends. yost, P.: SAGE Il inversion algorithm, J. Geophys. Res., 94,
The trend results for 1984—-1997 show clear negative trends 8339-8351, 19809.
(statistically significant at 95% level) for all latitudes out- Cunnold, D. M., Chu, W. P., McCormick, M. P., Veiga, R. E., and
side the tropics in the altitude range of 30-60 km. The trends Barnes, R. A.: Validation of SAGE Il ozone measurements, J.
for 1997-2011 are, however, slightly positive except in the Geophys. Res., 94, 8447-8460, 46i1029/JD094iD06p08447
mesosphere, in the stratosphere at high latitudes, and in the 1989
isolated tropical island between 3035 km. Due to the short:Cunnold, D., Wang, H., Thomason, L., Zawodny, J., Logan, J., and
ness of the time series, statistically significant results are still Zgg;ﬁg'rz’ IJ g'ggié\éegfsn_iﬁ?gsozigg tzzr;dss_'&tsh?e Iz%vg)f(e)r
resmCted I.n altitude and Iatl.tUde' Comp?”ng the trgnds dur_Damadeo, R. P Zawodny, J. M., Thoma‘son, L W., and I);er, N.:
ing the period 1997-2011 with thOS.e ‘?'U””Q th?.per'Od 1984~ 5AGE version 7.0 algorithm: application to SAGE Il, Atmos.
1997, we have a much better statistical significance. In the \jeas. Tech. Discuss., 6, 5101-5171, #16i5194/amtd-6-5101-
altitude region 35-50 km at all latitudes we find a clear large 2013 2013.
change towards ozone recovery. In mid-latitudes this positiveESA: Envisat-GOMOS, An instrument for global atmospheric
change goes down to 28 km, whereas in the tropics between ozone monitoring, vol. SP-1244, European Space Agency, No-
30 and 35 km ozone has surprisingly started to decrease after ordwijk, the Netherlands, 2001.
a small increase in the period 1984-1997. Gebhardt, C., Rozanov, A., Hommel, R., Weber, M., Bovensmann,
Itis thought that the estimated trends in this paper are real H., Burrows, J. P, Degenstein, D., Froidevaux, L., and Thomp-
trends of the ozone distribution and not artifacts from in-  SOM A. M.: Stratosp_herlc ozone trends and variability as seen
strumental drifts. Future studies will hopefully vindicate this BY SC|AM'1A§ H]z.gggnflgllzlaz;ﬁqgigi/e’ Atdmfs ' ﬁ;ggm'zggs'
statement. The time series model used to derive these trends x>~ B . acpa-2s- o

. . 2013.

'_S not C,O”,‘p'ete enpqgh to allow all 9f the data pplnts 'tO beHarris, N., Hudson, R., and Phillips, C.: Assessment of trends in the

fitted within error limits. A more flexible model will be in- vertical distribution of ozone, WMO, Geneva, 1999.

troduced in the companion papkaine et al.(2013. Hedin, A. E.: Extension of the MSIS thermospheric model into the
middle and lower atmosphere, J. Geophys. Res., 96, 1159-1172,
1991.
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