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Abstract

The GOMOS (Global Ozone Monitoring by Occultation of Stars) instrument on board
the Envisat satellite measures the vertical composition of the atmosphere using the
stellar occultation technique. While the night-time data of GOMOS are proved to be
of good quality, the daytime observations are more challenging due to poorer signal-
to-noise ratio. In this paper we present an alternative technique, which uses GOMOS
limb scattered radiances instead of the stellar signal, to retrieve stratospheric ozone
profiles. Like for many other limb-viewing instruments, GOMOS observations contain
stray light at high altitudes. We introduce a method for removing the stray light and
demonstrate its feasibility by comparing the corrected radiances against those from
the OSIRIS (Optical Spectrograph & Infra Red Imaging System) instrument. For the
retrieval of ozone profiles, an onion peeling method is used. The first validation results
suggest that the retrieval of stratospheric ozone is possible with a typical accuracy
better than 10% at 22-50 km. GOMOS has measured about 350 000 daytime profiles
since 2002. The new retrieval method presented here makes this large amount of data
finally available for scientific use.

1 Introduction

During the last few decades, extensive research efforts have been made to measure
the vertical composition of the Earth’s atmosphere. Numerous satellite instruments
have been deployed specifically to observe the middle atmosphere using different mea-
surement techniques, geometries, and wavelengths regions.

Limb-viewing instruments can directly observe solar or stellar signal as it is occulted
by the atmosphere, but limb scattered indirect sunlight, or radiance, can be used as
well. Compared to the nadir looking instruments, the limb-viewing technique can not
achieve as good global coverage, but it yields superior vertical resolution. A major ad-
vantage of the stellar occultation technique is the possibility of night-time observations
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which is essential for, e.g., polar night studies. A detailed information of the past
and present middle atmosphere instruments can be found elsewhere (Grant, 1989;
Qu et al., 2006).

The key element of the middle atmosphere is ozone, but there are several other
observable species such as NO, and HO, compounds, BrO, OCIO, aerosols and even
metals. It is typically the wavelength band of the instrument that restricts which species
are possible to detect. The obvious advantage of satellite measurements is that large
quantities of global data can be gathered over long periods of time. Recent middle
atmosphere studies have increasingly aimed to utilize, and sometimes combine, large
satellite data sets in order to understand how ozone (or other species) are changing in
time (Jones et al., 2009; Kyrola et al., 2010). The goal of course is to distinguish be-
tween natural variations and anthropogenic forcings in the atmosphere. Furthermore,
long and consistent satellite data sets are crucial for validation of climate models.

The GOMOS (Global Ozone Monitoring by Occultation of Stars) instrument on board
the Envisat satellite uses stellar occultation method to probe the atmosphere between
10 and 120km. Since 2002, GOMOS has performed altogether almost one million
measurements. The ozone profiles obtained from the night-time occultations are con-
sidered to have typically better than 5% accuracy in the stratosphere (van Gijsel et al.,
2010; Renard et al., 2008; Meijer et al., 2004). However, the majority of the daytime
ozone profiles retrieved from occultations are currently of poor quality and not suitable
for scientific use.

In addition to the star signal, GOMOS also records the limb scattered sunlight
during the daytime in similar way than e.g. OSIRIS (Optical Spectrograph & Infra
Red Imaging System) on the Odin satellite (Llewellyn et al., 2004) and SCIAMACHY
(SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY) on En-
visat (Gottwald et al., 2006). The first experiment to retrieve ozone profiles from the
GOMOS limb signal was done by Taha et al. (2008), obtaining promising results. In
this paper we present a new method to retrieve ozone from the GOMOS bright limb
(GBL) measurements and show some initial validation results.
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2 GOMOS radiance measurements

GOMOS CCDs record light from the limb using three spatial bands. The central band
measures the sum of the star and the limb scattered signal, while the upper and the
lower bands measure only the limb contribution. In the operational occultation retrieval,
the upper/lower band radiance is removed from the central band measurement to get
the pure star signal, which is then used for the retrievals. This procedure is performed
for the day and twilight observations but not for night measurements when no limb
contribution is present.

2.1 Saturation

The GOMOS radiance measurements suffer from CCD saturation below 30 km in the
400-500 nm band. The saturated pixels are flagged in the Level 1 data but the flags
are not correctly implemented in the version 5.00 of the Level 1 data. The effect of the
saturation is clearly seen when looking at normalized radiances (measured radiances
divided by a radiance spectrum from high altitude). A normalized radiance is also
called radiance ratio. Figure 1 shows normalized radiances between 350 and 550 nm
for a single scan (orbit 9758, star 83) and for a few altitudes. The upper panel is plotted
using the current Level 1 data, and while the signal notably begins to saturate at 26 km,
the flags are claiming the data to be good up to 24 km.

New Level 1 processing version, coming out in the end of 2010, includes improved
saturation flags. The lower panel of Fig. 1 reveals that almost all saturated pixels are
now flagged correctly. It is important to have correct saturation flags for the successful
retrieval. A common strategy in the retrieval is to take advantage of the whole UV-
optical region between 280—700 nm and use dozens or even hundreds of wavelengths.
This way the profiles can be retrieved for a wide altitude range. If the saturation flags
are incorrect, and also saturated pixels are used in the retrieval, errors in the retrieved
profiles will greatly increase. In this study we ignored the whole 400-500 nm region to
be sure that no saturated pixels were used in the retrieval.
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2.2 Stray light

In addition to the CCD saturation, the GOMOS limb scatter measurements suffer from
severe stray light contamination. Stray light refers to unwanted extra scattering ob-
served by the instrument. Stray light is usually coming from source other than the
intended source. The relative amount of the stray light in GOMOS radiances increases
with the altitude and above 100 km the signal is pure stray light.

We use the following method to remove the stray light contamination from the radi-
ances. We first define mean relative stray light spectrum

S(A) = (A (As00./)7). (1)

n
=1

SI=

J

where /(1, /) are measured radiances and /(15q,, /) are the radiances at 500 nm. The
altitude index j goes through the measurements above 100 km and A denotes wave-
length.

Then we compute a third degree least squares polynomial fit for each wavelength
using measurements above Z, 90km <2 < 100km, as the fitting range. Stray light is
then extrapolated for low altitudes so that the low altitude values are constrained with
the spectral shape in Eq. (1). After that we do another polynomial fit using the mea-
surements above Z and the new point at low altitude to estimate the stray light for the all
measurement altitudes. Figure 2 illustrates the stray light calculation for one (400 nm)
wavelength.

A few things should be noted about the algorithm. Wavelengths are treated indepen-
dently, which can in practice produce artificial noise on the results. Another issue is
that the optimal value of Z and the order of the polynomial fits are unknown, and the
choices can affect the results, too.

In reality, the amount of stray light may actually vary as a function of altitude leading
to abnormal results from the extrapolation. Stray light is dependent on the albedo
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below the satellite, and therefore strong albedo gradients during the measurement can
disturb the usually quite constant stray light flux at high altitudes.

3 Radiance comparison

In this section we compare GOMOS radiances with OSIRIS radiances. OSIRIS is
a combined UV-optical and infrared instrument dedicated to limb scatter measure-
ments. The instrument is flying on board the Odin satellite, launched in 2001.
The OSIRIS Level 1 data is the latest version, reprocessed in the end of 2009.
The GOMOS Level is also the most recent available version 5.00 from 2006.
OSIRIS radiances are relatively clean of stray light below ~70km and therefore
OSIRIS is a good reference for the validation of GOMOS radiances and the stray light
correction algorithm.

The criteria shown in Table 1 were used to find coincident measurements between
GOMOS and OSIRIS. Using the data from the year 2004, a total of 13 matching ob-
servations were found when applying the coincidence criteria and excluding data with
solar zenith angle larger than 86 degrees. These observations are from a narrow nar-
row latitude band, around 60° S, from January and February 2004.

3.1 Spectral resolution and noise

The spectral resolution of GOMOS is ~3nm, i.e. relatively low compared to ~1nm
of OSIRIS. This is because the slit of GOMOS is much larger than of OSIRIS. The
wider slit allows the tracking of occultating stars but it lowers the spectral resolution.
Therefore, we convoluted the OSIRIS spectra with the GOMOS slit function. The best
estimate of the slit function is shown in Fig. 3.

In addition to the weak spectral resolution, the GOMOS radiances are also much
noisier than those of OSIRIS. This makes it challenging to retrieve trace gases
whose absorption fingerprint is small. For example, NO, is routinely retrieved from
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OSIRIS data using the strong NO, absorption features in the 430-450 nm region. Fig-
ure 4 shows radiance ratios in this region for GOMOS and OSIRIS at 32km. The
absorption lines are barely recognizable in the GOMOS ratio, while the OSIRIS ratio
is far cleaner. At higher altitudes the noise in GOMOS obscures the absorption lines
even further and below ~30 km the region stars to saturate as shown in Fig. 1.

3.2 Absolute radiance

First, we analyze differences in the GOMOS and OSIRIS absolute radiances. The radi-
ances were interpolated in wavelength and in altitude using linear interpolation. Radi-
ance as a function of altitude changes non-linearly in the UV wavelengths but the high
vertical sampling resolution of both instruments (1-2 km) allows linear interpolation to
be feasible.

Figure 5 shows an example of an individual OSIRIS (orbit 15702, scan 25) and
GOMOS (orbit 9778, star 83) match. At 50km, the amount of stray light in the
GOMOS radiance is prominent, especially in wavelengths above 400 nm. After the
stray light removal, the overall agreement is significantly better but the removal algo-
rithm has introduced some additional noise to the radiance.

Figure 6 presents median differences between OSIRIS and stray light corrected
GOMOS radiances for two different altitudes (50 and 30 km). There seems to be a pos-
itive bias in the GOMOS radiance below 350 nm. The bias is increasing towards lower
altitudes, being up to around 20% at 50 km and 40-60% at 30 km.

3.3 Radiance ratio

Instead of using absolute radiances, a common practice to counteract uncertainties
e.g. from calibration and polarization is to normalize radiance spectra by a high altitude
measurement. It may be a full spectrum from one altitude, typically around 50 km, or
the reference can come from various altitudes depending on the wavelength.

4361

AMTD
3, 4355-4382, 2010

Retrieval of GOMOS
limb ozone

S. Tukiainen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4355/2010/amtd-3-4355-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4355/2010/amtd-3-4355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

The same match as in Fig. 5 is shown in Fig. 7 but the radiances are now normalized
with the 47 km spectra. The difference in the UV band is apparent and the stray light
corrected ratio is noisier than the original GOMOS radiance ratio. Otherwise the agree-
ment between the OSIRIS ratio and the stray light corrected GOMOS ratio is good.

The median of the differences of the 13 matches is shown in Fig. 8 for 55 and 30 km.
At 30 km the GOMOS ratio is biased up to +20% below 320 nm and there is an opposed
bias at 55 km. At 55 km the red end of the spectrum is quite noisy due to the stray light
correction. The bias in the wavelengths 320-680 nm is 5-10 % for both investigated
altitudes.

4 Inversion method

A slightly revised version of the inversion method described in detail in Tukiainen et al.
(2008) is used for the retrieval. The fundamental idea is the same. For every mea-
surement layer j, a least squares fit weighted by error is done between the model and
measurement:

1G.A) _ /ssﬂ(/,A,p)RU,A)w’ @)
het() T 4()

where /(/,1) is the observed radiance and /,44(4) is a reference measurement at ~50 km.
On the right hand side, 7ss(j,/1,p) is the modeled single scattering radiance, adjusted
dynamically during the fitting operations, and iref(,l) is the modeled reference radiance.
The second term on the right:

R(A) =t @)

Iss(/. )

is the ratio of modeled total to single scattering radiance. This term comes from a look-
up-table and is kept fixed during iterations. The iterative fitting of gas densities o in

4362

AMTD
3, 4355-4382, 2010

Retrieval of GOMOS
limb ozone

S. Tukiainen et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/4355/2010/amtd-3-4355-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/4355/2010/amtd-3-4355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Eq. (2) is done using the Levenberg-Marquardt method (Levenberg, 1944; Marquardt,
1963). The error term e in Eq. (2) is used as a weight in the fitting.

The atmosphere between around 60 and 20 km is “peeled” this way from top to
down to get the vertical profiles of retrieved species. With this approach, it is possible
to retrieve several species simultaneously. Typically O, aerosols and neutral air are
inverted together using tens (or hundreds) of wavelengths in the 280-680 nm band,
while NO, is taken from a climatology and kept fixed. However, as shown in Tukiainen
et al. (2008), it is better to retrieve minor absorbers such as NO, in a separate peeling
loop using much smaller wavelength windows. It should be noted that, as mentioned
earlier, NO, is not currently retrieved from the GOMOS bright limb measurements due
to weak spectral fingerprint in the 430-450 nm band.

Radiative transfer model

It is straightforward and computationally very effective to calculate single scattering
radiances in limb-viewing geometry. But in the visible wavelengths, a significant part
of the photons have been scattered multiple times before observed by the instrument.
This makes the modeling challenging, and usually approximations are used to simplify
the radiative transfer calculations.

Several models have been developed to calculate the multiple scattering radiance
of the radiative transfer problem in the UV visible wavelengths. The more modern
ones include eg. SASKTRAN (Bourassa et al., 2008), McSCIA (Spada et al., 2006),
Sciatran (Rozanov et al., 2005), MCC++ (Postylyakov, 2004), LIMBTRAN (Griffioen
and Oikarinen, 2000) and Siro (Oikarinen et al., 1999).

We use a revised version of the Monte Carlo (MC) model Siro. Siro is a backward
MC model — the photons are simulated from the detector towards the atmosphere. The
latest Siro version is written in Fortran90 and parallelized using OpenMP framework.
Options for polarization and refraction are available, but were not used in this study.

The execution time of Siro depends mainly on the tangent point altitude and wave-
length. More multiple scattering means slower execution. Smaller contributions come
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from the solar angles, atmospheric composition and albedo. The running time, and
precision of the solution, is naturally proportional to the number of simulated photons.
With a modern CPU (Xeon E5420) using only single core, a 10° photon simulation for
one wavelength takes a few seconds in the UV region. In the visible band, a similar
simulation takes typically around 30s.

It is computationally too expensive to use Siro directly in the operational retrieval.
Instead in Eq. (2) we use a fast analytical single scattering model and perform multiple
scattering correction using a Siro calculated look-up table. The Siro look-up table is
built with the parameters shown in Table 2. To get approximately 1% accuracy, radi-
ances were simulated with 10° photons.

5 Ozone profile validation

As there is some discrepancy in the GOMOS and OSIRIS radiances below ~350 nm,
differences in retrieved ozone profiles should be expected. Above around 45 km, these
wavelengths are required for successful ozone retrieval. But at lower altitudes, the
information mainly comes from the Chappuis band around 600 nm, and the UV band
can be suppressed from the inversion to cope with the issue.

Figure 9 shows a comparison of the 13 GOMOS bright limb and OSIRIS ozone pro-
file retrieved using the radiances shown in Figs. 6 and 8. The medians of the profiles
are shown in the left panel. The GOMOS profiles were retrieved with the UV band (red
dashed line) and without the UV band below 45km (red solid line). The right panel
shows the medians of the individual relative differences. In both cases there is a neg-
ative bias below 50 km compared to OSIRIS but flagging the UV wavelengths clearly
improves the agreement.

To better test the statistical accuracy of the retrieved profiles, we compare the
GOMOS bright limb profiles with the GOMOS night-time occultation profiles. Due to is-
sues in the 400-500 nm band (saturation) and in the UV band below 45 km, we flagged
these wavelengths from the retrieval. Figure 10 shows the result of the comparison in
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the equator between 30° S and 30° N. The 79 profiles are from 2003 with no more than
1° difference in latitude, 2° in longitude and 15h in time. The median of the individual
relative differences is less than 10% between 22 and 50 km. Above 45 km the diurnal
variation of ozone starts to take effect, and the GBL values (day) are smaller than the
night occultation values, as expected. Below 22 km the standard deviation of the GBL
profiles increase significantly. It is difficult to follow occultating stars at low tangent
altitudes, and especially when clouds enter the line of sight.

6 Discussion

There are serious defects in the GOMOS Level 1 bright limb data that complicate trace
gas retrievals. The stray light contamination is a severe problem at high altitudes. In the
wavelengths >400 nm, stray light accounts for as much as 10-50% of the measured
signal already at the 50 km altitude (see Fig. 5). Thus, it is absolutely necessary to
correct for the stray light. The radiance comparisons against OSIRIS suggest that the
algorithm presented in Sect. 2.2 is feasible.

In addition to the stray light, the signal saturates below around 30 km in the 400—
500 nm region making a large part of the spectrum useless. Current saturation flags
are not trustworthy, but the situation is greatly improved with the upcoming version of
the Level 1 data.

The spectral resolution of GOMOS (bright limb signal) is poor, about 3 nm compared
to the ~1 nm resolution of OSIRIS. The spectra of GOMOS are also noisier than those
of OSIRIS. Both the weak spectral resolution and the noise make NO, retrieval difficult
and so far it has not been successful.

Furthermore, there seems to be a systematic difference between the GOMOS and
OSIRIS spectra in the wavelengths below 320nm. This cannot be explained by the
stray light because the discrepancy increases at lower altitudes where the relative
amount of stray light decreases. The difference is apparent in both absolute and
normalized radiance (see Figs. 6 and 8). Unfortunately, close matches between
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OSIRIS and GOMOS measurement times, tangent point locations, and solar angles
are rare and only 13 cases were investigated in this paper.

The disagreement in the UV band leads to a difference in the retrieved ozone pro-
files between GOMOS bright limb and OSIRIS. It is possible to cope with the problem
by suppressing the UV band in the retrieval below ~45km. After flagging the UV band
(and the saturation band) the agreement with GOMOS night-time occultations was bet-
ter than 10% between 22 and 50 km in the equator. The good validation result against
the GOMOS night-time occultations, after flagging the UV band, suggest that the UV
band is biased indeed in GOMOS and not in OSIRIS.

Despite the weaknesses in the Level 1 data, the proposed stray light removal algo-
rithm and the inversion method offer a promising way to utilize the whole GOMOS bright
limb data set. The processing of the GBL data would roughly double the amount
of useful GOMOS ozone profiles between at least 22 and 50 km. The distribution of
GOMOS night-time and daytime measurements in 2004 is shown in Fig. 11.

Finally, it should be noted that the validation for profiles shown in this paper are
preliminary and should be repeated using other reference instruments for all latitudes.
Additionally, the robustness and performance of the stray light correction could be an-
alyzed more carefully in a separate study.
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Table 2. Siro look-up table parameters.
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Parameter Range

Zenith angle 40-90°, 5° resolution

Azimuth angle 20-180°, 10° resolution

Albedo 3 albedos: 0.1, 0.5, 0.9

Climatology 5 regions: tropic, mid latitudes (summer, winter),
arctic (summer), Antarctica (summer)

Altitude 12, 14, 16, 18, 2