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[1] Stratospheric ozone profiles measured by the Global Ozone Monitoring Experiment
(GOME on ERS-2) and Stratospheric Aerosol and Gas Experiment II (SAGE Il on ERBS,
data version 6.2) were compared over a 4-year time period (1996—2000). GOME
measures the reflected and backscattered radiation from Earth, and vertical profiles are
derived from nadir observations using the Full Retrieval Method (FURM, version 5.0),
which is based upon an advanced optimal estimation inversion scheme; SAGE II uses
solar occultation to measure vertical profiles of ozone with an instantaneous vertical field
of view of 0.5 km at the Earth limb. Coincident measurements are identified by limiting
time differences and distance between two observation points. Since for ozone in the
lower stratosphere gradients in the horizontal distribution evolve from transport processes,
validation at the border of different air masses is rendered more difficult. Important factors
influencing the ozone distribution are the tropopause height and whether a measurement
is taken within or outside the polar vortex. This was taken into account when the
validation was reduced to matches where both measurements were within the same air
mass. Overall, comparisons show that between 19- and ~34-km good agreement between
the ozone profiles of the two satellite instruments is achieved. If lower stratospheric ozone
is strongly depleted during polar spring, a homogeneity condition has to be imposed on
the GOME and SAGE II measurements by requiring an upper limit on the potential
vorticity difference at the 475-K isentrope.  INDEX TERMS: 0340 Atmospheric Composition and
Structure: Middle atmosphere—composition and chemistry; 3334 Meteorology and Atmospheric Dynamics:
Middle atmosphere dynamics (0341, 0342); 3362 Meteorology and Atmospheric Dynamics: Stratosphere/
troposphere interactions; 3360 Meteorology and Atmospheric Dynamics: Remote sensing; KEYWORDS: ozone

profiles, GOME, SAGE 11
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1. Introduction

[2] Atmospheric ozone plays an important role in the
Earth’s radiation budget because it absorbs both short-
wave and long-wave radiation [Ramanathan et al., 1976;
Ramanathan and Dickinson, 1979; Fishman et al., 1979].
Decreases of stratospheric ozone in middle and high
latitudes, resulting from anthropogenic emissions of chloro-
fluorocarbons (CFC), cool the surface, while increase of
surface and upper tropospheric ozone from photochemical
production increases the surface temperature. The overall
effect of ozone on climate is highly sensitive not only to its
amount but also to its vertical distribution [Wang et al.,
1993]. Understanding the cause of observed negative trends
in the column requires knowledge of the changing shape of
the ozone profile. Long-term observations of the ozone
profile are needed to assess the current behavior and
potential future changes.
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[3] With the development of satellite-borne sensors,
stratospheric ozone measurements can be extended to
near-global coverage. It is particularly important that
satellite measurements of stratospheric ozone be routinely
compared with independent measurements to verify the
long-term stability of the instrument performance. As
satellite instruments age and unfortunately die, it is nec-
essary to compare the ozone measurements from older
instruments with those from newer instruments in order to
ensure that long-term behavior, derived from a combina-
tion of ozone sensors, will be useful [e.g., Cunnold et al.,
1996].

[4] The Global Ozone Monitoring Experiment (GOME)
is a UV/VIS grating spectrometer aboard the ERS-2
satellite, which was launched in April 1995 [Burrows et
al., 1999]. GOME measures the reflected and backscattered
radiation from Earth. Vertical profiles are derived from nadir
observations using the Full Retrieval Method (FURM),
which is based upon an advanced optimal estimation
inversion scheme [de Beek et al., 1997; Hoogen et al.,
1999a]. The longest record of satellite high-resolution
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profile measurements has been made by the solar occulta-
tion instrument Stratospheric Aerosol and Gas Experiment
(SAGE 1I), which was launched on the Earth Radiation
Budget Satellite (ERBS) in October 1984 and is still
operational and collecting data. Compared to GOME, which
is a nadir-viewing instrument and covers the entire surface
within 3 days, the solar occultation instrument SAGE II has
a repeat cycle of slightly more than a month. On the other
hand, SAGE II pixel size is smaller, and the vertical
resolution is higher than that of the profiles retrieved from
GOME. In addition to that, data from the SAGE II
instrument have been extensively validated, and the accu-
racy of the previous SAGE II ozone profile version 6.1 is
documented to be within 5% between 15 and 50 km [Wang
et al., 2002]. Thus comparisons of ozone profiles from
SAGE 1II and GOME provide a unique opportunity to
validate the GOME data products. As both instruments
have been operated concurrently for a sufficiently long
period, the long-term behavior and zonal characteristics
can be analyzed and compared.

[s] For long-lived substances, such as ozone in the lower
stratosphere, validation at the edge of different air masses is
more difficult, because gradients in the horizontal distribu-
tion result from transport processes. At the potential tem-
perature of 475 K (~19 km altitude) there is a strong
gradient in potential vorticity range between 30 and
40 PVU in the Northern Hemisphere and —40 to
—30 PVU in the Southern Hemisphere. These PV values
indicate the edge of the polar vortices, which separate low
ozone concentrations inside the polar vortex from high
ozone concentrations outside the polar vortex. At the
475 K isentrope, ozone destruction within the polar vortex
maximizes, and therefore differences in ozone concentra-
tion are most pronounced at this isentropic level. Studies by
Weiss [2000] on long-term measurements of ozonesondes
showed that more than half of the ozone variability in the
midlatitudes can be explained by a linear dependence
between total ozone and tropopause height; additional
factors are chemical ozone loss, the amount of stratospheric
aerosols from massive volcano eruptions, and the solar
variability. Eichmann [2001] showed that an increase of
the tropopause height by 1 km in extratropical regions
corresponds to a decrease of 40—50 DU. At high tropo-
pause heights the ozone concentration can be reduced up to
the isentropic level of around 550 K [Zellner et al., 1999].
In this context the appearance of ozone miniholes is
significant. These result from large horizontal divergent
transport of ozone from the lower stratospheric layer above
a high tropopause, which rapidly reduces the total column
in a localized region [e.g., Newman et al., 1988; McKenna
et al., 1989; James, 1998; Eichmann et al., 1999, 2000;
Weber et al., 2002]. Besides identifying collocated measure-
ments by limiting time difference and distance between two
observation points, additional criteria were selected to
ensure that observations were made in the same air masses.
The tropopause height and the position of the polar vortex
were determined by analysis of the potential vorticity (PV)
distribution.

[6] This study presents the comparison of coincident
ozone profiles retrieved from GOME nadir measurements
and SAGE II occultation measurements over a 4-year
period including statistical analyses. Thereby, zonal and
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dynamical aspects have been explicitly considered and
provide insight into the data quality of the measurements.

2. Instruments and Data Analysis
2.1. Instrument Description and Retrieval Methods

2.1.1. GOME

[7] The nadir-viewing instrument GOME on board ERS-2
measures the radiation scattered back or reflected from the
Earth and its atmosphere. ERS-2 flies in a Sun-synchronous
near-polar orbit at a mean altitude of 795 km. The equator-
crossing time in the descending node is at 1030 local time
(LT). Global coverage is achieved after 42 orbits or approx-
imately 3 days. At latitudes higher than 65°, complete
coverage is provided daily except for the polar night region.
Measurements cover the entire spectrum from 240 nm to
790 nm with a spectral resolution varying between 0.2 and
0.3 nm and are taken within four separate spectral channels
[Burrows et al., 1999]. The measurement sequence of an
across scan lasts 6 s; three radiance measurements are taken in
1.5 s in the forward direction covering, together, a maximum
surface area of 40 km x 960 km and the final back scan.

[8] The short-wave region of GOME covers the Hartley-
Huggins ozone bands, which contain information about the
vertical ozone distribution. The retrieval algorithm Full
Retrieval Method (FURM) has been developed to derive
ozone profiles from the UV/VIS spectral range [de Beek et
al., 1997; Hoogen et al., 1999a]. FURM consists of two
major parts: first, a forward model, the pseudospherical
multiple-scattering radiative transfer model GOMETRAN
[Rozanov et al., 1997], calculating the top-of-atmosphere
(TOA) radiance for a given state of the atmosphere; second,
an iterative inversion scheme that adjusts this state to match
that calculated with the measured TOA radiance, utilizing
the so-called weighting functions also provided by
GOMETRAN. Because this inversion problem is undercon-
strained, an optimal estimation approach [Rodgers, 1976]
was chosen that combines the information from the mea-
surement with a priori information from a climatological
database [Fortuin and Kelder, 1998] and an information
matrix approach [Kozlov, 1983; Hoogen et al., 1999a,
1999b]: By developing the difference between the iterative
solution of the atmospheric state vector (including the
ozone profile) to the a priori state vector into a series of
eigenvectors with truncation of higher-order terms, the
information content contained in the GOME measurements
can be reduced to a minimum number of parameters (here
the expansion coefficients) to be fitted, resulting in a
numerically stable retrieval scheme. Temperature and pres-
sure profiles are taken from the United Kingdom Meteorol-
ogical Office (UKMO) assimilated data set [Swinbank and
O’Neill, 1994]. Information about the surface height and
albedo are taken from a database (R. Guzzi, surface type
and height database, private communication, 1993) that is a
reclassification of a database compiled from ~100 sources
[Matthews, 1985]. The cloud cover is calculated from the
measurements of the broadband Polarization Measurement
Device (PMD) of GOME [Kurosu, 1998]. From the
fractional cloud cover an effective albedo is determined.
Figure 5 of Hoogen et al. [1999a] shows the solution
standard deviation in fractions of the a priori standard
deviation and the contributions from measurement noise

2 of 11



D20308

of GOME FURM: Between 11 and 42 km the measurement
considerably improves the knowledge compared to the a
priori statistics. Below and above the height range the
ratio tends toward 1, and the information gain from the
measurements decreases.

[v] The optimal estimation scheme uses the wavelength
region 290—345 nm to derive vertical ozone profiles. While
total ozone is derived from channel 2 spectra (315—400 nm)
with an integration time of 1.5 s leading to a surface
coverage of 40 km x 320 km, the short-wave channel of
GOME (channel la: 240-307 nm before June 1998,
currently 240—-283 nm) has an integration time of 12 s,
leading to a surface area coverage of approximately
100 km x 960 km for a single radiance measurement.
Since June 1998 the upper boundary of the long-integration
channel has been moved to 283 nm. However, since the
signal-to-noise ratio is rather poor between 283 nm and
300 nm, coadding of subsequent GOME pixels to 12 s is
still required for profile retrieval. Channel 2 spectra are also
coadded to 12 s in order to homogenize surface coverage in
channels la and 2. The nominal ground pixel size for
GOME ozone profiles is thus 100 km x 960 km.

[10] Although ozone number density is retrieved on 71
equidistant altitude levels from 0 to 71 km, the vertical
resolution of the GOME profiles is, typically, 7-8 km
between about 20 and 35 km, as estimated from the full
width at half maximum (FWHM) of the averaging kernels.
This increases above and below the region of the ozone
number density maximum [Hoogen et al., 1999a]. As a
result of the lower wavelength limit set at 290 nm, the
current version of FURM (5.0) is limited to solar zenith
angles below 76°. At SZA larger than 76° the integration
time increases to 60 s in GOME channel la. Longer
integration time at larger SZA, however, leads to large
variation in solar zenith angles across the covered surface
area, so that average geometric information for the viewing
geometry as used in the current retrieval is not sufficient.
Because of the larger ground scene at SZA larger than 76°,
the geophysical inhomogeneity increases tremendously, and
therefore no ozone profiles are retrieved.

[11] FURM results have been compared with ozonesonde
profiles, which were convolved with GOME averaging
kernels to degrade the sonde vertical resolution to that of
GOME [Hoogen et al., 1999b]. For five northern midlati-
tude to high-latitude sonde stations the GOME ozone
number density has a positive bias of ~5% with a root-
mean-square (RMS) error of ~10% at 20-km altitude.
Dynamical variability in the lower stratosphere over the
annual cycle is well reproduced by the GOME measure-
ments as compared with annual sonde measurements
[Hoogen et al., 1999a, 1999b]. Comparison with global
data from the Halogen Occultation Experiment (HALOE)
aboard UARS with collocated FURM ozone profile
between 17- and 32-km altitude shows an agreement to
within 10—-20%, except at locations close to or within the
ozone hole [Bramstedt et al., 2002]. Recent validation of
GOME FURM results to means of the ALOMAR ozone
lidar in northern Norway showed agreement within 7% in
the altitude range 15—-30 km [Hansen et al., 2003].

2.1.2. SAGE 11

[12] SAGE II uses solar occultation to measure the

attenuation of solar radiation at the Earth’s limb between
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the satellite and the Sun due to scattering and absorption by
different species [McCormick, 1987]. The transmittance
measurements are inverted using the “onion-peeling”
approach to yield 1-km vertical resolution ozone profiles
with a horizontal resolution of ~200 km [Mauldin et al.,
1985; Chu et al., 1989].

[13] From SAGE II measurements, ozone number
concentrations at the 0.60-pm wavelength channel are
derived, with the focus of the measurements on the lower
and middle stratosphere (15—60 km). The instrument and
ozone validation are discussed by Chu et al. [1989],
Cunnold et al. [1989, 1996], and McCormick et al.
[1989]. The previous versions of SAGE II data (versions
5.96 and 6.0) are discussed extensively by Stratospheric
Processes and Their Role in Climate (SPARC) [1998] and
Manney et al. [2001], respectively. SAGE II data have
recently been reprocessed using version 6.2 retrieval algo-
rithms, which is the version used in this study. This version
was improved by an adjustment to the aerosol clearing and
by the correction of channels at 525 and 1020 nm for
absorption by the oxygen dimer (information on SAGE II
can be found at http://www-sage2.larc.nasa.gov). First
validation of SAGE II ozone data version 6.1 against
ozonesonde data shows an accuracy of the SAGE II ozone
data from the tropopause region up to 50 km to within 5%
[Wang et al., 2002].

2.2. Comparison Methods

2.2.1. Data Sets

[14] Complete data sets from GOME and SAGE 1I for
July 1996 to June 2000 were searched for coincident
measurements. Before April 1996, no GOME ozone profiles
could be calculated from the level 1 data, because channel 2
measurements covered only the last quarter of the nominal
ground scene, such that large gaps in the across-track
sequence occurred. A matching of ground coverage
between channel la and channel 2 was consequently not
possible during this period [Burrows et al., 1999].
The comparison between both instruments could not be
extended after June 2000 because SAGE II experienced a
failure of its azimuth gimbal system. This was corrected and
operation at a 50% duty cycle was re-established by
November 2000 (SAGE II website: http://www-sage2.larc.
nasa.gov). In addition, since 2000 the degradation of the
GOME scan mirror deteriorates the retrieval of ozone
profiles by the FURM method because the earthshine and
Sun spectra, which are divided to obtain the reflectance
spectra, degrade at a different rate and it is difficult to retain
absolute calibrated spectra [Bramstedt et al., 2003].
2.2.2. Time and Spatial Criteria for Collocations

[15] Ozone profiles from GOME and SAGE II data have
been compared for the coincidence criteria that measure-
ments took place on the same day and that the tangent point
of SAGE II is within 160 km of the center of the nearest
GOME ground pixel. This ensures that the SAGE 1II tangent
point is within the GOME ground pixel. The SAGE 11
profiles were interpolated from the bottom of the SAGE
measurement to an altitude of 70 km at an interval of 1 km to
enable statistical analyses between the collocated measure-
ments having different vertical resolutions. In addition,
ozone subcolumns from 10 to 18 km, 18 to 25 km, and
25 to 32 km from measurements of both instruments have
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All GOME - SAGE Il Matches

Figure 1. Location of all collocated GOME and SAGE II
ozone measurements within a collocation radius of 160 km
from July 1996 to June 2000.

been calculated and compared. The subcolumn altitude
range roughly corresponds to the number of independent
information in the retrieved vertical GOME profile. The
data set of all coincident measurements was divided into
subsets of four zonal bands in each hemisphere: high
latitudes (60°—-90°), midlatitudes (30°-60°), subtropics
(15°-30°), and tropics (0°—15°).
2.2.3. Comparison Method of Matches Within Same
Air Masses

[16] In order to avoid matches where the samples origi-
nate from different air masses, all coincident measurements
were checked for their potential vorticity (PV) to identify air
masses. PV values from the same day of each collocated
measurement were taken from the United Kingdom
Meteorological Office (UKMO) assimilated meteorological
data set available in a 3.75° x 2.5° (longitude-latitude) grid
resolution [Swinbank and O’Neill, 1994] and interpolated
spatially to the observation point. Because of the quite large
pixel size of a GOME profile with 960 x 100 km, the
corner coordinates of each GOME profile were checked for
the homogeneity of PV. For the SAGE II profile only the PV
values at the tangent point were looked at, because the line
of sight along the tangent point of a SAGE II ozone
measurement is below 300 km [Mauldin et al., 1985] and
smaller than the UKMO data grid resolution. For samples
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outside the tropics, the tropopause height was determined
with 3.5 PVU, which was proven by Hoerling et al. [1991]
to be a good estimate for the dynamical tropopause height.
Inside the tropics the smaller altitude of the 380-K isentro-
pic level and 3.5-PVU level was selected for the tropopause.
To consider only collocations where both GOME and
SAGE II were inside the polar vortex or outside the vortex,
matches have been included where both measurements were
either greater than 40 or less than —40 PVU at 475 K (inside
the vortex) or between —30 and 30 PVU at 475 K (outside
the vortex), respectively. For the tropopause height, devia-
tions within 1 km for collocations were tolerated.
2.2.4. Statistical Analysis of Collocated Measurements
[17] For each collocation pair the relative deviation RD
between GOME and SAGE II ozone concentrations was
determined at each altitude level 4 using equation (1):

SAGE[Os], — GOME([O;],
SAGE[0s], + GOME[O3],) x 0.5~

RD() = ¢ (1)

[18] For each subset at each altitude level the mean
relative deviation (MRD) and root-mean-square (RMS) of
the relative deviation between all GOME and SAGE pairs
were determined. For each subset, mean profiles and sub-
columns for both instruments were calculated. Both instru-
ments have a few measurements (<1%) with highly
oscillating values that were removed from the statistical
analyses by setting a criterion that only collocations be
included where both measurements at 20-km altitude
([03])50xm) Were within the following range (equation (2)):

MRD2km — 4 X RMSs0km < [O3]501m < MRD2gkm

+ 4 x RMS)0km- (2)

3. Validation of GOME Ozone Profiles

[19] Over the 4-year time period from July 1996 to June
2000, 15,655 collocated GOME and SAGE II ozone
measurements have been found (Figure 1 and Table 1).
The matches are globally distributed from around 80°N to
80°S with most matches between 40° and 70°. There is
only a swath stretching from Siberia to India where no
collocations have been found. Here, descoping during the
GOME operation takes place between two dump stations,

Table 1. Statistical Results of the Comparison of SAGE and GOME Ozone Profiles in Different Latitudinal Zones: Number of
Collocations N, Altitude Range Where the Mean Relative Deviation is Less Than 10% and the Root-Mean-Square of the Mean Relative
Deviation at These Altitudes Both Without Considering and Considering Atmospheric Dynamics Selection Criteria®

MRD < 10% MRD < 10% RMS RMS
Zone N Without ADSC N With ADSC Without ADSC With ADSC Without ADSC With ADSC

60°-90°S 2376 806 18-20, 24-35 km 16—40 km 13-27% 10-15%
30°-60°S 4033 1507 19-35 km 18.5-35 km 12—-18% 10-15%
15°-30°S 800 584 20-33 km 20-33 km 12-18% 10-15%
0° to 15°S 564 558 19.5-32 km 19.5-33 km 8-18% 8—-15%
15°N to 0° 498 494 19.5-34 km 19.5-34 km 5-17% 5-15%
30°-15°N 750 532 19.5-32 km 19.5-33 km 5-18% 5-15%
60°—30°N 4181 1354 16—34 km 16—34 km 10-25% 10-20%
90°—60°N 2452 927 15-35.5 km 15-36 km 10-20% 10-15%
90°S to 90°N 15655 6762 18.5-34.5 km 18.5-34.5 km 10-25% 10-15%

“In this selection, no vertical resolution degradation was applied to SAGE II. ADSC, atmospheric dynamics selection criteria; MRD, mean relative

deviation; RMS, root-mean-square.
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Figure 2. Examples of collocated ozone profiles from GOME (gray lines) FURM retrieval (solid lines)
and a priori information (dotted lines) and SAGE II measurements (black lines) in original height
resolution (solid lines) and convoluted with the GOME averaging kernels (dotted lines): (a) in the tropics,
(b) in the southern midlatitudes, (c) in the northern midlatitudes, and (d) in the southern polar region.

which is a planned gap in data recording of GOME
operations because of the limited capacity of the tape
recorder. Looking only at collocations where the whole
GOME pixel and the SAGE II pixel were in the same air
mass regarding their tropopause height and their PV value at
475 K, 6762 matches were found (Table 1). Few matches
from the low latitudes to 40° latitude were excluded, but
more than 50% were excluded between the 40° and
70° latitudes in each hemisphere, because of large ozone
gradients associated with tropopause height variability and
polar vortex [e.g., Weber et al., 2002].

[20] A few examples of collocated GOME and SAGE II
ozone profiles are shown in Figure 2. The examples from
the tropics (Figure 2a) and southern midlatitudes (Figure 2b)
show good agreement between 18- and 50-km altitude. The
example from around 50°N (Figure 2c) cannot resolve the
double ozone peak between 19 and 23 km, as observed by
SAGE II. This is explained by the coarse vertical resolution
of the GOME profiles. Below 18 km, GOME deviates more
strongly from SAGE II. That may be either due to clouds
disturbing the SAGE II signal or due to the fact that for
GOME FURM the information at these altitudes is nearly
completely coming from the a priori profile. In addition to
this, the asymmetric GOME averaging kernel alters the
observed vertical ozone gradient below the ozone maximum
peak [Hoogen et al., 1999a], which can be also seen at
higher values at these altitudes in the SAGE II profiles
convolved with GOME averaging kernels compared to the
ones at their original resolution. Figure 2d shows an
example from October 1996 at high southern latitude where
the GOME ozone profile was partly within and partly
outside the vortex and the SAGE II ozone profile was
measured inside the vortex. Therefore it is necessary to
exclude such collocations from further statistical analyses
by considering atmospheric dynamics criteria: The GOME

PV values for this example ranged from —20 to —65 PVU,
and the SAGE II PV value was around 50 PVU.

[21] Statistics over the comparison of all available
GOME-SAGE collocated ozone measurements at each
altitude level show good results with a mean relative
deviation between 19 and 33 km of +5% and a RMS of
the mean relative deviation of 10-25% (Figure 3a and
Table 1).

[22] Table 1 shows, for different zonal bands, the
statistical results of all matches both without taking and
taking both the tropopause height and the vortex edge
criteria into consideration. For all collocations regardless
of dynamical criteria, GOME and SAGE II show good
agreement between 19 and 33 km (mean relative deviation
of £10% with RMS of 10—20%) in all zonal bands except at
high southern latitudes. This can also be seen in the
statistical results by comparing subcolumns (Table 2): For
subcolumns the mean relative deviation of GOME to SAGE
II ranges, at 18—25 km, between 0% and +8% bias with an
RMS of 9-16%, and it ranges below 5% with an RMS of
4—-12% at 25—-32 km. At northern latitudes between 30° and
90° there is a good agreement down to 15 km. At high
southern latitudes below 24 km (Figure 3b) the larger
deviations between the two data sets probably result from
matches where collocations are not homogenously within or
outside the polar vortex. While the statistical results for all
collocations where the matches were both within the same
air mass (Figure 3c) appear similar for the mean relative
deviation over all matches without using atmospheric dy-
namics criteria, the zonal statistics elucidate the fact that
within the high southern latitudes this method improves the
statistical result significantly (Tables 1 and 2 and Figure 3d):
Here, the mean relative deviation is within 6% for the
subcolumns between 18 and 32 km and 10% from 16 to
40 km for the height-resolved statistics. Also, the RMS is
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Figure 3. Mean relative deviation (solid lines) and the standard deviation (dotted lines) of the mean
relative deviation of collocated GOME ozone profiles to SAGE II measurements: considering (a) all
matches, (b) all matches between 60°S and 90°S, (c) only matches within the same air mass, and (d) only
matches between 60°S and 90°S that are in the same air mass.

improved from 12—16% to 8% for the 18—32 subcolumns
(Table 2) and from 27-13% to 10—15% for the height-
resolved comparison (Table 1). However, in addition to this,
the inclusion of collocated measurements, where both are

within the same air mass, improves the RMS between 18
and 32 km in all zonal bands as compared to the comparison
of all collocated measurements by 2—5%. One has to bear in
mind that the number of coincidences in these statistical

Table 2. Mean Relative Deviation and the Root-Mean-Square of the Mean Relative Deviation, Calculated With Equation (1), of the
Comparison of GOME FURM and SAGE II Ozone Profiles in Different Latitudinal Zones Within the Three Subcolumns 10—18 km, 18—
25 km, and 25-32 km Both Without Considering and Considering Atmospheric Dynamics Selection Criteria®

10—-18 km 10-18 km 18-25 km 18-25 km 25-32 km 25-32 km

Zone Without ADSC With ADSC Without ADSC With ADSC Without ADSC With ADSC
60°-90°S —24% + 20% —15 = 10% 10% =+ 16% 6% + 8% —5% = 12% —5% + 8%
30°-60°S —24% + 26% —26% = 27% 0% £ 11% 0% = 10% 2% + 10% 2% £ 9%

15°-30°S —55% + 40% —60% + 40% —8% + 10% —8% = 10% 1% + 10% 0% =+ 10%
0° to 15°S —84% + 42% —84% + 43% —6% = 11% —6% = 10% 3%+ 7% —3% + 7%
15°N to 0° —90% + 40% —91% + 40% —2% = 10% —2% = 10% —4% + 4% —4% + 4%
30°N to 15°N —53% + 41% —61% = 40% —7% + 8% 7% = 7% —2% £+ 5% —2% + 4%
60°—30°N —13% + 26% —15% = 27% —2% = 9% —2% = 9% —1% + 9% 0% = 8%
90°-60°N —8% + 16% —6% £ 14% 0% + 9% —1% = 7% —3% + 9% —3% = 8%
90°S to 90°N —29% + 34% —31% + 41% 0% £ 12% —2% + 9% —1% £+ 10% —1% + 8%

2ADSC, atmospheric dynamics selection criteria.
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Table 3. Mean Relative Deviation and the Root-Mean-Square of the Mean Relative Deviation, Calculated With Equation (1), of the
Comparison of GOME A Priori and SAGE II Ozone Profiles in Different Latitudinal Zones Within the Three Subcolumns 10—18 km,
18-25 km, and 25-32 km Both Without Considering and Considering Dynamical Aspects®

10—18 km 10—18 km 18-25 km 18-25 km 25-32 km 25-32 km

Zone Without DA With DA Without DA With DA Without DA With DA
60°-90°S —31% + 40% —6 = 16% —14% + 30% —2% = 21% —9% £ 16% —5% = 13%
30°-60°S —13% = 13% —16% = 37% —3% = 11% 3% £ 10% —4% £ 13% —3% = 12%

15°-30°S —55% + 43% —63% = 42% —8% = 10% —8% = 10% 4% + 9% 5% + 9%

0° to 15°S —89% + 43% —90% + 44% —7% = 10% —7% £ 10% 8% + 6% 8% + 6%

15°N to 0° —100% + 40% —100% =+ 40% —10% = 10% —10% = 10% 7% + 4% 7% + 4%

30°-15°N —55% + 46% —64% + 44% —7% + 9% —7% + 8% 5% + 6% 6% = 6%
60°—30°N —8% + 38% —8% = 42% —2% £ 11% —2% £ 11% —1% = 10% —1% = 10%
90°—60°N —8% + 23% —5% + 22% —1% = 9% —1% = 9% —2% £ 13% 2% + 12%

90°S to 90°N —24% + 44% —31% + 50%

—6% = 15%

—4% + 14% —1% £ 12% 2% = 10%

“DA, dynamical aspects.

analyses may influence the RMS values. If the number of
coincidences with atmospheric dynamics criteria were the
same as without the criteria, the RMS of the statistics over
all coincidences within the same air mass would be even
lower.

[23] As expected, overall the subcolumn-based statistics
of SAGE II and GOME are in even better agreement than
the altitude-resolved statistics, because the first takes into
account the lower vertical resolution of the GOME profiles.
However, regardless of the collocation criteria used, both
comparisons show that below 18 km, GOME is generally
higher than SAGE 1II and exhibits a very high RMS up to
45%.

[24] Table 3 shows the results of comparisons of GOME a
priori profiles with SAGE II for the three subcolumn
altitude ranges. This comparison was made in order to
check whether the observed improvement in GOME/SAGE
comparisons when dynamical effects are accounted for is
partially due to selectively removing cases where the
GOME a priori profile is significantly different from the
true ozone profile. Results show that for all three subcol-
umns, except for the zone between 60°S and 90°S, the mean
relative deviation and the RMS between the GOME a priori
and SAGE II profiles did not improve after applying the
dynamical criteria as in the comparisons between GOME
FURM and SAGE II: No change was seen for the two upper
subcolumns between 18 and 32 km, but an increase was
seen in both mean relative deviation and its RMS for the
10—18-km subcolumn. One can conclude that for the
tropopause height criterion the GOME a priori profile is
not affecting the improvements found for including dynam-
ical aspects, but when filtering for the polar vortex, the a
priori information is also improving significantly the com-
parability of FURM profiles to SAGE II.

4. Long-Term Trends in Ozone Subcolumns of
GOME and SAGE

[25] The time series of all collocated SAGE Il and GOME
ozone subcolumns from 10 to 18 km, 18 to 25 km, and 25 to
32 km in different zonal bands are shown in Figures 4a, 4b,
and 4c. Except for high latitudes (60°-90°), collocations
between SAGE II and GOME were found for nearly all
months.

[26] The 10—18-km (Figure 4a) ozone subcolumns are
highest in the middle to high latitudes and decrease with

decreasing latitude. SAGE II and GOME ozone subcolumns
in all latitudinal bands follow each other, but nearly every-
where GOME mean values are higher than or at least equal
to SAGE II values. At midlatitudes (30°—60°) the annual
cycle in ozone subcolumns with maxima during late win-
ter—early spring is observed. This is more pronounced in
the Northern Hemisphere; a similar pattern is observed in
Arctic latitudes (maxima in spring), but in Antarctic lat-
itudes, spring ozone values are about the same as or even
lower than those during other times of the year, indicating
strong chemical ozone depletion. For both middle and high
latitudes, SAGE II and GOME mean values in the Northern
Hemisphere are very close to each other, while in the
Southern Hemisphere, discrepancies are bigger between
mean values of both instruments.

[27] SAGE II and GOME ozone subcolumns between 18
and 25 km (Figure 4b) follow each other in all latitudinal
bands except for the high southern latitudes, where devia-
tions between the mean and RMS values are larger. Ozone
subcolumn values are highest between 30° and 90° and then
decrease with decreasing latitude. In the subtropics and
tropics (between 30°S and 30°N), GOME ozone subcol-
umns are higher than or about the same as SAGE II values.
However, in the northern tropics and middle and high
latitudes, sometimes SAGE mean values are higher. The
tropical ozone values measured by both instruments show a
minimum in January 1998 of 60—65 DU (depending on the
instrument used for measuring and on the hemisphere). In
the southern subtropics an annual cycle in the ozone
subcolumn is detected with maxima during winter (July to
September), but not in the equivalent latitudes of the
Northern Hemisphere. Also at midlatiudes (30°-60°), an
annual cycle in the 18—25-km subcolumns with maximal
values during winter can be observed. This annual pattern is
also pronounced at high northern latitudes, with maxima in
spring, but in the high southern latitudes the ozone values in
spring range from maximal values over 140 DU to minimal
values below 40 DU, indicating that collocations are as
good inside as outside the polar vortex. In accordance with
this, the large deviations between the mean and RMS ozone
subcolumn values of SAGE II and GOME mainly during
late winter and spring in this zonal band correspond to the
fact that at quite a few collocations both collocated measure-
ments were not either completely inside or outside the polar
vortex.

[28] Subcolumns between 25 and 32 km from SAGE II
and GOME ozone follow each other in all latitudinal bands
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Figure 4. Mean ozone subcolumns of all collocated GOME and SAGE II ozone measurements at
(a) 10—18 km, (b) 18—25 km, and (c) 25—32 km calculated for different latitudinal zones.
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Figure 5. Mean ozone subcolumns calculated from all
collocated GOME and SAGE II ozone measurements at
60°-90°S within the same air mass at 10—18 km, 18—
25 km, and 25-32 km.

(Figure 4c). Overall, in the Northern Hemisphere, devia-
tions between the mean and RMS subcolumns of SAGE 11
and GOME are smaller than at southern latitudes. In the
tropics and in the southern high latitudes, GOME ozone
subcolumns are higher than or about the same as SAGE II
values as opposed to the other latitudinal subsets, where
SAGE mean values can also be higher than GOME. Ozone
subcolumn values are highest in the low latitudes and
decrease with increasing latitude. An annual cycle in the
ozone subcolumn with minimum values during the winter
can be seen in all latitudinal subsets: very weak, as
expected, in the tropics; clearly visible in the subtropics
and midlatitudes but here less pronounced in the Southern
Hemisphere; and also weak in the high latitudes, where,
because of no light in winter, these values are missing.
[29] The time series of all collocated SAGE Il and GOME
ozone subcolumns from 10 to 18 km, 18 to 25 km, and 25 to
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32 km where both matches were in the same air mass
showed no differences from the analyses using all colloca-
tions shown in Figure 4, except for high southern latitudes,
where significant improvements are observed (Figure 5).
Differences are most pronounced in the 18—25-km subcol-
umns, where the deviations between GOME and SAGE II
mean values become much smaller. Since all collocations
considering dynamical aspects were outside the polar vor-
tex, subcolumn values are not below 80 DU, as opposed to
values of <40 DU where all collocations in this subset were
considered. The trend can also be seen at 10—18 km with
smaller deviations between the mean subcolumns of GOME
and SAGE II and lowest values around 60 DU, as opposed
to values down to 10 DU considering all matches. For
subcolumns between 25 and 32 km, deviations among
collocations within the same air mass are about the same
as deviations considering all collocations, but the RMS of
the values is decreased significantly.

5. Summary and Conclusions

[30] The overall agreement between ozone profiles from
GOME FURM (version 5.0) and SAGE II (version 6.2) is
remarkably good between 19 and 35 km. When atmospheric
dynamics criteria are considered, good agreement extends
down to 16 km in the middle to high latitudes.

[31] The tropospheric ozone subcolumn represents less
than 10% of the total ozone column, which makes the
retrieval of reliable profile information from GOME nadir
spectra challenging and requires excellent radiometric cal-
ibration. The asymmetric GOME averaging kernel, which
alters the observed vertical ozone gradient below the ozone
maximum peak [Hoogen et al., 1999a], may explain why
GOME ozone subcolumns between 10 and 18 km are
generally always higher than those of SAGE II. This means
that some contribution of the lowermost stratosphere is
smoothed into the tropospheric column. In the lowermost
stratosphere, occultation instruments may suffer from en-
hanced aerosol and high solar extinction, which also in-
crease the SAGE retrieval error. Above 35 km, information
on stratospheric ozone has to be extracted from GOME
measurements at shorter wavelengths (<290 nm). Careful
selection of the wavelength has to be made to avoid
emission features from the upper atmosphere from metals
and NO,, gamma bands. The spectral residuals are getting
larger below 290 nm as a result from the inadequate
radiometric calibration of the instrument at these wave-

Table 4. Months Where Ozone Minima and Maxima of the Annual Cycles Are Observed (in Figures 4a—4c and 5)
in SAGE Il and GOME Subcolumn Measurements From July 1996 to June 2000%

Minima Maxima

Subcolumn 10—18 km 18—-25 km 25-32 km 10—18 km 18—25 km 25-32 km
60°-90°S - - Sept.® Sept. - Oct.—Dec.’
30°-60°S Dec.—Feb. Feb. - Aug.—Sept. Aug. -
15°-30°S Feb.—March Feb. July—Aug.? Aug.—Sept.® Aug.—Sept. Feb.—March
0° to 15°S - - - - - -
15°N to 0° - - Nov.—Jan. - - Sept.—Oct.”
30°-15°N Aug.—Sept.” Sept.—Oct.® Dec.—Jan. Feb.—May® Feb.—May® July—Aug.
60°-30°N Aug. Aug. Dec.—Feb. March Feb.—March June—July
90°—60°N July—Sept. July—Sept. — March March—April —

“Dashes indicate no annual cycle.
°Only weak expression of annual cycle.

9of 11



D20308

lengths [7ellmann et al., 2004]. With the current limitation
of the usable wavelength range to above 290 nm the altitude
range where sensible ozone values can be retrieved from
GOME is limited. Additional calibration corrections are
currently underway that may enable to extend the retrieval
to the upper stratosphere. This is expected to improve the
retrieval of ozone profiles from GOME in the tropics
significantly, but also at latitudes outside the tropics, ozone
retrieval being now reasonable from the tropopause to
around 50 km.

[32] Analysis of the results of our study provides quan-
titative comparisons of GOME ozone profiles with inde-
pendent measurements having a higher vertical resolution.
This shows that the optimal comparisons are achieved using
subcolumns for an altitude range matching the GOME
vertical resolution. This study also showed that it is impor-
tant when collocated measurements for ozone comparisons
are selected to also consider the homogeneity of volume air
sampled by GOME and SAGE II. The PV value at the
475-K isentrope was used for this purpose to distinguish
polar vortex air masses from others. When in addition the
homogeneity of the tropopause height was required, im-
provement was found by lowering the RMS of the mean
relative deviation by ~2% when comparing subcolumns
and by ~2-5% for the height-resolved comparison. The
altitude range at which the GOME ozone profiles are within
10% of the SAGE II profiles extended by ~1 km at the
upper and lower ends. For comparisons of multiplatform
measurements where only a small number of matches have
been found within a chosen spatial-temporal vicinity,
Danilin et al. [2002] used a method enlarging the amount
of matching by using a trajectory-hunting technique. The
results showed that in this case with the trajectory-hunting
technique, comparisons were statistically more robust
than just limiting the comparisons to the traditional correl-
ative analysis. Our study shows that analysis of a large
data set for zonal mean comparisons including atmo-
spheric dynamics criteria for the selection of collocated
measurements slightly improves the statistics, but for
individual comparisons the criteria used result in signifi-
cant improvement.

[33] The time series of the comparisons of ozone profiles
retrieved from GOME and SAGE Il measurements (Figures 4
and 5) show, for all three subcolumns, annual cycles in all
latitudinal zones, including a weak cycle at low latitudes
(summarized in Table 4). At the northern midlatitudes the
annual cycle of ozone is more pronounced than it is at the
southern midlatitudes. This results from the stronger role of
planetary wave activity in this hemisphere, leading to higher
ozone maxima than in the Southern Hemisphere [ Weber et al.,
2003]. The maximum and minimum values in both hemi-
spheres coincide during the same time period for both
subcolumns 10—18 km and 18—-25 km. However, for the
25-32-km subcolumns at all latitudinal zones, the values are
vice versa: The maximum values appear during times when
lower altitude subcolumns show minimum values, and the
minimum values appear during times when the lower altitude
subcolumns show maximum values (Table 4).

[34] From these results we conclude that the GOME nadir
sensor already provides a valuable global data set of ozone
vertical distribution using a restricted set of wavelengths.
Improvements for GOME ozone profiles are expected to be
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obtained from the soon to be released new FURM version
6.0, in which the analysis of wavelengths shorter than
290 nm will also be included.
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