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Abstract

In this technical note, we present the results of the validation of GOMOS (Global Ozone
Monitoring by Occultation of Stars) Version 6 data in the UTLS (Upper Troposphere - Lower Strato-
sphere) region. GOMOS ozone profiles are compared to the collocated ozonesonde data from
NDACC (Network for the Detection of Atmospheric Composition Change) network. The results
show a strong ozone overestimation by GOMOS in the tropopause region and below (median rela-
tive difference up to 100%), particularly large in the tropics. The influence of retrieval uncertain-
ties and star properties on the large observed bias in the troposphere is also investigated. No ap-
parent correlation between the large bias and these parameters is found, thus preventing a simple
data screening for getting a reliable data subset for UTLS studies. The comparison with climatolog-
ical data also confirms these results.

We assessed also how known geophysical phenomena in the UTLS (seasonal cycles, influence
of Asian Summer Monsoon) are reproduced by the GOMOQOS data. It is found that the UTLS phe-
nomena are generally reproduced by the GOMOS V6 data at ~100hPa and above. At lower alti-
tudes, spatio-temporal distributions obtained from GOMOS V6 data are not realistic.

The alternative retrievals by the AERGOM processor are also validated. AERGOM data have
a smaller bias in the UTLS, but have a negative bias of ~5-10 % in the stratosphere above 30 km.
Not all UTLS features are reproduced by the AERGOM data.

1 Introduction

This Technical Note describes the validation studies of GOMQOS data performed within the
ALGOM project, which is dedicated to development of advanced Level 2 GOMOQOS processing algo-



rithms. The WP 1 of this project is aimed at optimization of GOMOS retrievals in the UTLS. As a
first part of the studies, the extensive validation of GOMOS data in the UTLS has been performed.

The lowest altitude of the GOMOS measurements depends on stellar brightness and the
presence of clouds (Tamminen et al., 2010); it is usually between 5 and 20 km. The GOMOS V.6
data processing relies on the two-step inversion (Kyrola et al., 2010): the spectral inversion and
the vertical inversion. Since the aerosol extinction spectrum is not known a priori, a polynomial
model is used for the description of the aerosol extinction in the GOMOS retrievals. In the early
version of GOMOS processor (IPF 4.02), a simplified aerosol extinction model proportional to 1/A
(A is wavelength) has been used (Vanhellemont et al., 2005), while further developments (IPF 5.0
and IPF 6.0) use a second-degree polynomial model in A for the description of the aerosol extinc-
tion in GOMOS retrievals (Kyrdla et al., 2010; Vanhellemont et al., 2010). The study by Tamminen
et al. (2010) has shown that the retrieval of GOMOS ozone profiles in the UTLS is highly sensitive
to the aerosol model. In particular, using higher order (2nd and 3" order) polynomial aerosol mod-
els results in ~¥30% larger ozone values in the UTLS and in the troposphere compared to the lower
order model (zero or 1% order).

The dedicated validation of GOMOS ozone profiles in the UTLS region have not been performed so
far, although some results can be found in the extensive validation of GOMOS ozone profiles fo-
cused on the stratosphere. For IPF v.4.02, Meijer et al. (2004) reported a positive ozone bias ~20%
in tropical UTLS in comparisons with ozonesondes. In comparisons with ozonesondes at two polar
stations, Tamminen et al. (2006) found ~10 % bias for Sodankyld (67.4°N, 23.6°E) and over 20%
negative bias for Marambio (64.3°S, 56.7°W) below 15 km. For GOMOS ozone profiles processed
with IPF v.5.0, van Gijsel et al. (2010) have performed an analysis analogous to Meijer et al. (2004)
but on a significantly larger dataset and found large GOMOS positive bias, over 40%, in the tropi-
cal UTLS and the troposphere. This conclusion is in full agreement with the validation work of Mze
et al. (2010) using ozone soundings from 8 SHADOZ stations.

The validation of the latest GOMOS processor, IPF v.6, performed so far (which are also focused
mainly on the stratospheric ozone) indicate, however, the presence of large GOMOS bias in UTLS.
For example, Adams et al. (2014) reported over 20% positive GOMOS bias in UTLS in comparisons
with OSIRIS/Odin v.5.0 profiles, which are of good quality in the UTLS (e.g., Cooper et al., 2011).
Hubert et al. (2015) have performed validation of GOMOS v.6 profiles with ozonesondes and re-
ported a large positive ozone bias in the UTLS and the troposphere nearly everywhere except at
polar high latitudes (only winter-time measurements are available for these locations). Large posi-
tive GOMOS ozone biases in UTLS are also observed in data agreement tables created for the
HARMOZ dataset (Sofieva et al., 2013), which consists of user-friendly vertically gridded ozone
profiles from 6 limb-viewing instruments (GOMOS, MIPAS, SCIAMACHY, OSIRIS, SMR and ACE-
FTS); the illustrations of the biases between the instruments are available at http://www.esa-
ozone-cci.org/?g=node/161. The summary of GOMOS processors and the previous GOMOS valida-
tion in UTLS are summarized in Table 1.
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Table 1. Summary of previous GOMOS ozone validation studies, with focus on UTLS.

Processor and its main Publication Reference dataset | Main results in UTLS
features
IPF 4.02 Meijer et al. ozonesondes, lidars For tropical locations, a positive
- air density is retrieved (2004) bias ~20 %
- simplified aerosol mod- | Tamminen et ozonesondes at Ma- | For individual profiles, no clear UTLS
el 1/A al. (2006) rambio and Sodanky- | biases. In statistics, +10 % bias for
Ia in 2003 Sodankyld and over -20% for Ma-
rambio, altitudes below 15 km
IPF 5.0 Mze et al. Ozonesondes from 8 | Below the tropopause, a large posi-
- Air density is not re- (2010) tropical SHADOZ sta- | tive bias (over + 50 %)
trieved bun taken from tions
ECMWF van Gijsel et Ozonesondes and For tropical locations, large positive
- A quadratic polynomial | al. (2010) lidars bias over 40 %
for modelling aerosols
IPF 6.0 Adams et al. OSIRIS v. 5.0x GOMOS has strong positive bias
- Improved calibration (in | (2014) >20%
particular, characteriza-
tion of dark charge) Hubert et al. Ozone sondes Large positive bias in the UTLS and
- ”Full covariance matrix” | (2015) the troposphere nearly everywhere
in spectral inversion except at polar high latitudes
- Aerosols and air density
are asin IPF5.0

The analyses presented in this TN are focused on ozone profiles. Aerosol data have been assessed
in (Vanhellemont et al., 2010) and also within the dedicated project AERGOM. For ozone profiles,
we have performed the validation in the UTLS region using collocated ozonesonde measurements.
In our analysis, the position of the tropopause is taken into account. The influence of stellar prop-
erties and other parameters on quality of GOMOS ozone profiles in the UTLS is also investigated.
In addition, we have also performed so-called “geophysical assessment” of the GOMOS ozone da-
ta. This geophysical assessment compares the spatio-temporal distributions in the UTLS with those
obtained by other satellite instruments that have good data quality in the UTLS.

The Technical Note is organized as follows. In Section 2, we describe validation against col-
located ozonesonde data. Section 3 is dedicated to geophysical assessment of GOMOS ozone pro-
files. In Section 4, the validation of the alternative GOMOS data processed within the framework
of the AERGOM project is presented. Discussion and summary (Section 5) concludes the TN.



2 Validation using ozonesonde data

2.1 Data and the comparison method

GOMOS IPF Version 6 night-time ozone profiles (with solar zenith angles at tangent point
larger than 107°) from the full mission are used in this work. The GOMOS data have been screened
for outliers according  to the recommendations in the readme (file
http://earth.eo.esa.int/pcs/envisat/gomos/documentation/RMF_0117_GOM_NL__ 2P _Disclaimers
.pdf).

GOMOS ozone profiles are interpolated to 1 km vertical grid and compared to ozonesondes
data from the NDACC network (extracted from www.ndsc.ncep.noaa.gov). Ozonesonde data have

been smoothed down to the vertical resolution of GOMOS ozone profiles (which is 2 km below 30
km) and also interpolated to the same vertical grid. Figure 1 shows locations of the ground-based
stations included in the comparison. Data availability is larger in the Northern Hemisphere (NH).

We selected GOMOS and ozonesonde data separated less than 1000 km in ground distance, less
than 3°in latitude and less than 24 hours in time. The information about the number of collocated
GOMOS profiles in UTLS and in the troposphere useful for the comparison with ozonesondes is
collected in Table 2.
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Figure 1. Locations of the NDACC ozonesonde stations considered in the comparison.
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Table 2. Number of useful pairs of collocated GOMOS profiles and ozonesondes in UTLS and tropo-
sphere for the NDACC stations included in the comparison.

Station (Lat °N, Lon °E) !\lumber of collocations !\lumber of collocations
in UTLS in troposphere

Alert (82.45, -62.51) 38 3

De Bilt (52.10, 5.18) 53 3

Dumont (-66.67, 140.02) 57 9

Eureka (79.99, -85.93) 51 3

Mac Murdo (-77.85, 166.63) | 7 2

Izafia (28.30, -16.50) 160 67

Neumayer (-70.68, -8.26) 74 18

Ny Alesund (78.93,11.93) | 132 26

OHP (43.94, 5.71) 74 3

Paramaribo (5.8, -55.22) 75 15

Praha (50.00, 14.44) 66 0

Reunion (-21.06, 55.48) 82 34

Salekhard (66.50, 66.70) 7 0

Scorebysund (-70.68, -8.26) | 112 20

Sodankyla (78.93, 11.93) 58 0

Thule (43.94,5.71) 16 1

Uccle (50.80, 4.35) 195 6

For every collocated pair of profile, the tropopause height is determined based on the standard
thermal lapse-rate criteria (WMO, 1957). The sonde temperature profiles are used for the tropo-
pause detection. A detailed description of the tropopause height calculation can be found in e.g.
(Sofieva et al., 2014).

In this work, the vertical range between 10 km above and 5 km below the tropopause height (re-
ferred to as UTLS hereafter) has been considered. The relative differences (RD, in %) between
GOMOS ozone and the ozonesondes are derived as RD[%]=100*(G —S)/S, where G refers to
GOMOS and S to the ozonesonde ozone number density at each altitude.

2.2 Results

Figure 2 shows the relative difference between GOMOS ozone profiles and the ozonesondes data
at different altitudes from all the stations presented in Figure 1. The color scale of the dots in Fig-
ure 2 indicates the GOMOS retrieval uncertainty (in %). When looking at the RD as a function of
altitude (Figure 2, left), it can be noticed that the median RD is the largest below 15 km and any-



way smaller than 10%. This small value of the median RD is the result of the compensation be-
tween very large RD values with opposite sign obtained at different stations.
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Figure 2. Percentage relative difference from collocations with all NDACC stations as a function of
altitude (left panel) and altitude relative to the tropopause (centre) and for the 12 brightest stars
(right). The color code of the points corresponds to the uncertainty of the GOMOS ozone retrieval.
The lines indicate the median (solid) and the standard deviation (dashed) when the GOMOS uncer-
tainties are smaller than 100% (red), 75% (green) and 50% (blue).

In order to separate the tropospheric and stratospheric components, the RD was plotted as
a function of the altitude relative to the tropopause (Figure 2, center). Below the tropopause, a
large ozone overestimation (median RD larger than 30%) by GOMOS can be observed.

Removing the GOMOS data with uncertainty larger than 75% or 50% (Figure 2, green and
blue lines, respectively) does not reduce the large positive median RD values observed below the
tropopause. In this case, the median RD is even larger than in the case with all data included in the
comparison (red lines in Figure 2). This is because most of the data with large uncertainty corre-
sponds to large negative RD values. The best accuracy in GOMOS retrievals can be achieved using
the brightest stars (the smallest noise). When only the 12 brightest stars are taken into account
(right panel in Figure 2), the difference between GOMOS and the ozonesondes becomes larger
(median RD up to ~100%). The result is similar to the one obtained when the GOMOS data with
large retrieval uncertainty were removed.

In order to evaluate the dependence of the observed bias on latitude, the relative differ-
ence as a function of the altitude relative to the tropopause was shown for different latitude re-
gions (Figure 3). The largest overestimation is observed in the tropical region (Figure 3, bottom
left), where also most of the data below the tropopause are available. The best agreement is
found at high latitudes, especially for the stations in Antarctica (Figure 3, bottom right), where the
median RD value is smaller than 40%. At the NH mid-latitudes a negative bias can be observed be-
low the tropopause and ~3 km above. No ground-based measurements are available at SH middle-
latitudes. These results are in perfect agreement with those reported in in the recent paper
(Hubert et al., 2015).
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Figure 3 Relative difference of ozone profiles at different latitude bands (indicated in the title of
each subplot). The red lines indicate the median (solid) and the standard deviation (dashed).

3 Geophysical assessment

In this section, we show how known geophysical phenomena in the UTLS are represented by
the GOMOS v.6 data. Such analysis aimed at evaluation whether the useful information on UTLS
can be obtained from GOMOS data.

3.1 Comparison between GOMOS and ML climatology

Comparisons of GOMOS ozone profiles with collocated ozone sonde data have indicated a
large positive bias in the UTLS and in the troposphere. Although we have used all available GOMOS
data, the number of collocations with ozonesondes is limited, especially in the vertical region
around the tropopause (Table 2). The GOMOS bias in UTLS is so large that it should be seen also at
the climatological level. In order to confirm this, GOMOS observations have been compared with
the new ozone climatology by McPeters and Labow (2012) referred to as ML climatology hereaf-
ter. The ML climatology is based on ozonesonde data (1988-2010) below 8 km (12 km at high lati-
tudes) and Aura MLS ozone profiles (2004-2010) above 16 km (21 km at high latitudes), with a lin-
ear transition between these altitude ranges. The ML climatology presents monthly zonal mean



ozone mixing ratio profiles in 10° latitude zones from -90°S to 90°N on pressure altitude levels
from the ground to 66 km. The comparison of GOMOS data with ML climatology can indicate only
a broad agreement, at climatological level. On the other hand, since it is based on all available da-
ta, the statistics is much more representative compared to comparisons based on collocated GO-
MOS and ozonesonde profiles.

all stars Starid <13
30 30 _
28 28
26 26

approx. altitude, km
approx. altitude, km

20 40 60 80 -80 -60 -40 -20 0 20 40 60 80

latitude

'GOMOS - ML, %
-20 0 20 40 60

Figure 4. Relative difference between the yearly average GOMOS monthly zonal mean data and
ML climatology for all stars (left) and for 12 brightest stars (right). The black line indicates the
mean climatologic tropopause height.

For this comparison, the GOMOS number density ozone profiles have been converted to
mixing ratio profiles using the ECMWF (European Centre for Medium-Range Weather Forecasts)
air density profiles at occultation locations and presented on pressure grid. The monthly zonal
mean values in 10° latitude zones from -90°S to 90°N for years 2002-2010 have been compared
with ML climatology.

Figure 4 (left) shows the relative difference between the yearly average GOMOS monthly zonal
mean data and ML climatology, provided all valid GOMOS data are taken into account. Here the
relative difference for each month is calculated and then averaged over all months. A strong
overestimation (~100% and even more) of tropospheric ozone in the equatorial region is observed.
At Northern Hemisphere middle latitudes (represented mainly winter months), GOMOS UTLS
ozone is ~10-20 % lower than in the ML climatology, while at Southern Hemisphere high latitudes
(also represented by winter months) it is ~10-20 % larger (in the zone 70°S-80°S, up to 25km).
These deviations at high and mid-latitudes might be related to non-uniform sampling by GOMOS
measurements, while the very large overestimation of UTLS ozone abundances in tropics seems to



be related to the GOMOS processing. If only very bright stars are taken into account (Figure 4,
right), the comparison with the ML climatology practically does not change. This confirms the re-
sults obtained in the comparison with the ozonesondes, i.e., that a large ozone overestimation is
observed in the tropical troposphere for all stars. This does not allow selecting from the GOMOS
dataset a subset of data with realistic ozone profiles in the UTLS region.

3.2 Influence of Asian Summer Monsoon

The Asian Summer Monsoon (ASM) contains a strong anti-cyclonic vortex in the UTLS, span-
ning from Asia to the Middle East. The ASM has been recognized as a significant transport pathway
for water vapor and pollutants to the stratosphere (e.g., (Kunze et al., 2010; Park et al., 2007)).
Figure 5 shows ozone distributions at 100 hPa in June-August from OSIRIS, ACE-FTS, MIPAS, and
SCIAMACHY and GOMOS measurements. To obtain these maps, all available data have been used.
The low ozone values in Asia associated with the strong upward motion of tropospheric air are
clearly seen in the distributions by OSIRIS, ACE-FTS, MIPAS and SCIAMACHY. For GOMOS, the
ozone values are overall larger at 100 hPa than for other instruments. However, low ozone values
associated with the ASM are also observed in the GOMOS ozone distribution.
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Figure 5. Mean ozone mixing ratio (ppb) at 100 hPa in the summer season (June-August), as in-
ferred from all available measurements by OSIRIS, ACE-FTS, MIPAS, SCIAMACHY and GOMOS. El-
lipses indicate low ozone values associated with the Asian Summer Monsoon.



3.3 Seasonal cycle in the tropical UTLS

A pronounced annual cycle is observed in the tropics with approximately factor-of-two varia-
tions in the strength of upwelling and temperature variations of up to 8 K, with faster upwelling
and colder temperatures during boreal winter (e.g., (Randel and Jensen, 2013)). The tropical
upwelling influences the vertical transport of trace constituents; this is especially important for
ozone having a strong gradient across the tropical tropopause layer. The ozone annual cycle in the
tropical UTLS, as observed by five satellite instruments is shown in Figure 6 (left). In this panel, the
annual cycle from the ML ozone climatology is also shown. GOMOS data are positively biased, but
the annual cycle is observed also in GOMOS data. The amplitude of the annual cycle (i.e., monthly
mean data divided by the annual mean) is different between the datasets (Figure 6, right). For
GOMOS, the amplitude of the annual cycle is smaller compared to those of MIPAS, OSIRIS and ML
climatology. This might be the influence of the GOMOS sampling pattern or imperfect inversion.
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Figure 6. Center: ozone mixing ratio at 100 hPa from satellite instruments and ML ozone climatol-

ogy (McPeters and Labow, 2012) (dashed purple line). Bottom: amplitude of annual cycle at 100
hPa for satellite instruments and ML climatology.

3.4 Seasonal cycle in the extra-tropical UTLS

The seasonal cycle of ozone at 100 hPa in the extra-tropics is mainly driven by the Brewer-
Dobson circulation, with maxima observed in spring (e.g., (Hegglin et al., 2010)). Figure 7 shows
the annual cycle at latitudes 40°N-60°N as observed by five satellite instruments and the ML cli-
matology. To obtain these curves, all available satellite data are used. At 100 hPa, annual cycle
curves for MIPAS, OSIRIS and SCIAMACHY agree perfectly with each other and with the ML clima-
tology. ACE-FTS data also reproduce the seasonal cycle, but they are affected by low sampling. The
annual cycle in the extratropical UTLS is observed also in GOMOS observed, with some deviations
from the climatology (in particular, a slightly shifted phase). At 200 hPa, the annual cycles from
MIPAS, SCIAMACHY, OSIRIS and ACE-FTS agree well with each other and with the ML climatology.
In GOMOS data, the annual cycle at 200 hPa is not reproduced.
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The analogous annual cycle, but for latitudes 40°N-60°N, is shown in Figure 8. For GOMOS, the
same features as for the NH mid-latitudes are observed: at 100 hPa, GOMOS data reproduce satis-
factorily the annual cycle, but at 200 hPa it does not.
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Figure 7. Annual cycle of ozone mixing ratio at 40°N-60°N from satellite instruments and the ML
climatology, for 100 hPa (left) and 200 hPa.
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Figure 8. As Figure 7, but for 40°S—60°S.

3.5 Comparison of probability density functions

Probability density functions of geophysical parameters in some spatio-temporal periods
provide a more detailed characterization of the parameter (compared to the commonly used
characterization by the mean and the standard deviation).

As an illustration, we compared probability density function of ozone distribution in Febru-
ary at latitudes 30°N-40°N, where frequent stratospheric intrusions occur. Figure 9 shows proba-
bility density functions in the altitude range ~10-40 km for OSIRIS, MIPAS and GOMOS. In this fig-
ure, color indicates the fraction of data having a particular ozone partial pressure. As observed in
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Figure 9, GOMOS has a larger fraction of data with high ozone abundances in the UTLS, compared
to MIPAS and OSIRIS. Figure 10 shows the probability density functions, for the same instruments,
at one pressure level 150 hPa. Compared to MIPAS and OSIRIS pdfs (which are in a very good
agreement with each other), GOMOS reports larger probability of very small and very large data at
this pressure level. This indicates the presence of significant noise in GOMOS data.
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Figure 9. Probability density functions of ozone distributions, for OSIRIS, MIPAS, and GOMOS. Col-
or indicates the fraction of the data.
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Figure 10. Probability density functions of ozone distribution at 150 hPa, for GOMOS, MIPAS and
OSIRIS.
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4 Assessment of AERGOM ozone data

There exist an alternative GOMOS ozone dataset developed within the framework of the
AERGOM project and processed with algorithm, which is optimized for aerosol retrievals. It is ex-
pected that advanced characterization of aerosols should improve also ozone data in the UTLS.
The AERGOM processor uses both spectrometer A and B data for retrievals of aerosol properties,
full vertical inversion scheme, and a different (compared to V.6) regularization. In the AERGOM
retrievals, the second degree polynomial model in 1/A is used for characterization of aerosol ex-
tinction spectra.
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However, AERGOM processor is not optimized for ozone. Ozone profiles are with large oscilla-
tions, because almost no regularization is applied for ozone.

We have validated AERGOM ozone profiles against ozonesonde data. For the comparison,
AERGOM ozone profiles were first smoothed down to the vertical resolution of IPF V6 data using
the weighted-mean filter (weights are inversely proportional to uncertainties). Then all smoothed
AERGOM ozone data are screened for invalid data according to GOMOS Disclaimer. The compari-
son with ozonesonde profiles has been performed in the same way as for V6 profiles.
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Figure 11. Relative difference of GOMOS and collocated ozonesonde profiles as a function of alti-
tude relative to the tropopause. Red: IPF V6, green: AERGOM. Solid lines: median, dashed lines:
standard deviation.
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Figure 11 shows the statistics of differences (median, standard deviation) of GOMOS minus
ozonesonde profiles as a function of altitude relative to the tropopause height. As expected, the
bias is smaller in the AERGOM data. However, the standard deviation of the AERGOM ozone pro-
files is larger than in IPF V6 data, despite we smoothed the AERGOM data down to the vertical
resolution of V6 profiles.
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Figure 13. Deviations from ML climatology for year 2008 for MIPAS, SCIAMACHY, OSIRIS and ACE-
FTS (panel A) and for GOMOS IPF V6 and AERGOM data (panel B).
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It was found that AERGOM ozone profiles have significantly smaller (by 5-10 %) values in
the stratosphere, above 30 km. This is unpleasant feature of AERGOM ozone profiles, because the
V6 data are of very good quality in the stratosphere (van Gijsel et al., 2010; Hubert et al., 2015).
Furthermore, the specific ozone UTLS enhancements in 2008 observed in deviations from ML cli-
matology at ~20°N and ~20°S for MIPAS, SCIAMACHY, OSIRIS and ACE-FTS, are not seen in GOMOS
AERGOM data, as well as in GOMOS V6 data.

5 Summary and discussion

The comparison of GOMOS V6 ozone profiles with collocated ozonesonde data has shown a
strong overestimation (median relative difference up to 100%) of the ozone values by GOMOS in
the tropopause region and below. The largest difference was observed in the tropics. Removing
GOMOS data with large relative uncertainties does not reduce the median relative difference. The
observed positive bias did not show any dependence on the star brightness, making impossible to
select a subset of GOMOS dataset with realistic ozone profiles in the UTLS region.

The comparison of the GOMOS data with the ozone climatology by McPeters and Labow
(2012) has confirmed the results of GOMOS comparisons with collocated ozonesonde profiles:
GOMOS strongly overestimates UTLS ozone with large relative differences (up to more than 100%)
observed in the tropics, and this bias is observed for all stars.

The geophysical assessment has shown that the main features in the UTLS are generally
reproduced by the GOMOS V6 data at ~100 hPa. At lower altitude, the spatio-temporal distribu-
tions obtained using GOMOS ozone data are often not realistic.

Alternative GOMOS data from the AERGOM processor has been also validated. AERGOM
ozone profiles have a smaller bias in the UTLS in the comparisons with ozonesondes and the ML
climatology. However, it was found a significant negative bias ~5-10 % in the stratosphere (above
30 km) in the AERGOM data. In addition, not all geophysical features are reproduced by the AER-
GOM data. This does not allow using the AERGOM ozone profiles as advanced GOMOS data in the
UTLS.
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