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Abstract

In this work we present an extensive sensitivity study of retrieved total ozone columns
from clear sky Global Ozone Monitoring Experiment 2 (GOME-2) measurements be-
tween 325 and 335 nm which are corrected for instrument degradation. Employing an
algorithm based on the scaling of a reference ozone profile with the extension to an-
alytically calculate total column averaging kernels, allows us to investigate the impact
of the choice of the reference profile on the retrieved total ozone column, since it rep-
resents a regularization of the retrieval. It introduces an error to the retrieved column
with respect to the true column typically in the order of 1% depending on the refer-
ence scaling profile. However, a proper interpretation of the retrieved column using
the total column averaging kernel avoids this error, which is demonstrated by a valida-
tion of GOME-2 total ozone columns with collocated ozonesonde and ground-based
total ozone column measurements. Globally, we report a bias of 0.1 % and a SD of
2.5 % for 647 collocations with ground-based and ozonesonde measurements at dif-
ferent geolocations in the period of 2007 to 2010. Futhermore, an extended validation
solely based on ground-based observations and a strict cloud filtering shows that the
use of pseudo spherical scalar radiative transfer is fully sufficient for the purpose of
this retrieval. Polarization of light by atmospheric scattering affects the retrieval accu-
racy only marginally and thus can be ignored. Finally, we study the effect of instrument
degradation on the retrieved total ozone columns for the first four years of GOME-2
observations and discuss the efficiency of the proposed radiometric correction.

1 Introduction

Ozone is an important constituent of Earth’s atmosphere and monitoring its atmo-
spheric abundance is essential to improve our understanding on tropospheric chem-
istry, air quality and climate change. For this purpose, satellite measurements in the
ultraviolet (UV) part of the solar spectrum between 310 and 340 nm form a valuable
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tool to measure the vertically integrated amount of ozone with global coverage. The
Global Ozone Monitoring Experiment 2 (GOME-2) aboard the three European Sun-
synchronous, polar-orbiting MetOp satellites, with two currently in operation and the
third one due for launch in 2017, measures earth radiance and solar irradiance spectra
in the UV, visible, and near infrared spectral range from 240 to 790 nm with a spec-
tral resolution of 0.24—0.53nm and a spectral sampling of 0.11-0.22 nm. It continues
a long heritage starting with the Solar Backscatter UltraViolet instruments (SBUV and
SBUV/2) (Bhartia et al., 1996) and the Total Ozone Mapping Spectrometer (TOMS)
(Bhartia and Wellemeyer, 2004) on Nimbus 7 launched in 1978, followed in Europe
by GOME (Burrows et al., 1999) on ERS-2 in 1995, the Scanning Imaging Absoption
Spectrometer for Atmospheric CHartographY (SCIAMACHY) (Bovensman et al., 1999)
on Envisat in 2002, and the Ozone Monitoring Instrument (OMI) (Levelt, 2006) on Aura
in 2004.

To retrieve total ozone columns from these instruments, different algorithms have
been developed. Most of the algorithms employ the Differential Optical Absorption
Spectroscopy (DOAS) technique (e.g. Coldewey-Egbers et al., 2005; Weber et al.,
2005; Eskes et al., 2005; Van Roozendael et al., 2006; Veefkind et al., 2006; Loy-
ola et al., 2011), which is benificial with respect to its computational cost. Alternatively,
Lerot et al. (2010, 2014) have proposed a non-linear least squares fitting algorithm,
which adjusts a scaling to a reference ozone profile to fit UV radiance measurements.
Borsdorff et al. (2014) proposed an important extension of this approach by describing
an efficient manner to analytically calculate the total column averaging kernel for each
individual retrieval. This quantity describes the sensitivity of the retrieved column with
respect to changes in the vertical ozone distribution and it is an essential component
for a proper interpretation of this type of satellite observations.

For GOME-2 the operational O3BMSAF/EUMETSAT ozone column product is based
on the DOAS method (Valks et al., 2013) and is extensively validated with ground-
based measurements. Anton et al. (2009) performed a validation over the Iberian Pen-
ninsula using Brewer spectrometer measurements and found a bias of —3.05 %, while
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Loyola et al. (2011) report a global mean bias and SD of —0.28 £ 0.7 % with respect to
Dobson spectrometer measurments and —1.22 + 0.67 % with respect to Brewer spec-
trometer measurements. A comparison with the total ozone columns from GOME,
SCIAMACHY, and OMI showed biases of —0.8, —0.37, —1.28 %, respectively, ensur-
ing a consistent dataset (Koukouli et al., 2012). Furthermore, degradation of satellite
instruments in the UV is often observed (e.g. GOME and SCIAMACHY). Several meth-
ods have been published to correct measured reflectances with modeled reflectances
(e.g. van der A et al., 2002; Krijger et al., 2005; van Soest et al., 2005) or by com-
paring measured reflectances to those at the beginning of the misson after removing
both, solar zenith angle and seasonal dependencies (Liu et al., 2007). Cai et al. (2012)
provide an extensive analysis of both the spectral and the cross-track degradation of
GOME-2 measurements with time compared with model simulations. This so-called
“soft” calibration is also implemented in the retrieval of SO, from GOME-2 measure-
ments (Nowlan et al., 2011).

In this study, we investigate the sensitivity of retrieved total ozone columns to a set
of key parameters, such as the choice of the scaling ozone profile, instrument degra-
dation, cloudiness, topography, the approximation of Earth’s sphericity, and the choice
of the radiative transfer solver. Therefore, we model earth radiances, calculate the re-
flectance, and use a least squares profile scaling approach of a reference profile to
retrieve total ozone columns from GOME-2 measurements. Moreover, following Bors-
dorff et al. (2014), we analytically calculate the total column averaging kernel for each
retrieval and apply it for the validation of the data product. This approach allows us to
investigate the impact of the ozone profile used for scaling on the contribution of the
null space of the retrieval. The null space comprises that part of the state vector that
cannot be retrieved from the measurements. We investigate the impact of the degra-
dation of GOME-2 measurements on the retrieval product. The degradation is solely
derived from global cloud free measurements referenced to 2007, which is also the
first year of the mission. For this purpose, we assume that the mean reflectance over
a certain area for the same observation geometry and time of the year does not change
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for a cloud free atmosphere. Finally, we analyse the retrieval sensitivity with respect to
cloudiness, topography, the approximation of Earth’s sphericity, and the choice of the
radiative transfer solver and validate our retrieval algorithm with ground-based Brewer,
Dobson and Systéeme d’ Analyse par Observation Zénithale (SAOZ) spectrometer data
and collocated ozonesonde measurements.

The paper is structured as follows: in Sect. 2 we briefly describe the forward model
and the inversion scheme. Section 3 describes the radiometric correction of the GOME-
2 measurements to mitigate the instrument degradation. In Sect. 4 we present and dis-
cuss the validation of our GOME-2 retrieval algorithm with a number of ground stations
regarding the choice of the reference ozone profile (Sect. 4.1), followed by an analysis
of the influence of a set of key parameters on the validation such as cloudiness, topog-
raphy, the approximation of Earth’s sphericity, the choice of the radiative transfer solver,
and scan mirror degradation in Sect. 4.2. Finally, in Sect. 5 we conclude this paper.

2 Algorithm description and retrieval setup
2.1 Forward model

To retrieve total ozone columns from GOME-2 measurements, a forward model F g,
is needed in order to simulate GOME-2 earth radiance measurements ¥ ., as

Yearth = Fearth(X, b) *+ €earth - (1)

F.artn iS @ function of the state vector x to be retrieved and the model parameter vector
b, which contains additional parameters that influence the spectrum but are not altered
by the inversion. The error vector e+, combines both, errors in the measurement and
forward model errors.

The forward model F,,, requires a solar spectrum S, sampled on an internal, fine
spectral grid. To infer S from the daily GOME-2 solar irradiance measurements y,,,
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we set up a forward model equation analogous to Eq. (1) but for the solar measure-
ment, where we assume that the solar measurement y ,, can be simulated by spectral
convolution of the solar spectrum S, with the instrument spectral response function.
This yields the forward model equation for the solar spectrum

Ysun = KisrrSo + €gun - 2)

The matrix Kiggr represents the convolution of the solar spectrum with the instrument
spectral response function and ey, is the corresponding error vector. In Eq. (2), the
length of the observation vector y,, is smaller than the length of Sy and so its inver-
sion has no unique solution. Van Deelen et al. (2007) showed that the least squares
minimum length solution .'3‘0, which minimizes the length of the solution vector 30 as
a side constraint, is of sufficient accuracy to simulate earth radiance measurements of
the GOME mission. Following this approach, we calculate the earth radiance measure-
ments by

Feartn(So) = Kisre(r - So) (3)

where we explicitly show the dependence of Fg,,y, on the solar spectrum and omit any
other dependence. Furthermore, r is the spectral reflectance of Earth’s atmosphere.
Equation (8) assumes the same instrument spectral response function for solar irradi-
ance and earth [adiance measurements, and so the noise contribution on the inferred
solar spectrum S is attenuated by the convolution in Eq. (3).

The transfer of light through Earth’s atmosphere is described by the reflectance r as
part of the convolution
(r -390 = [dTr2. D 5. @)

It includes the description of inelastic Raman scattering and elastic Rayleigh scattering

of solar light, where the integral kernel r(1, 1) represents the reflection of sunlight at the
4922
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incoming wavelength 1 to the outgoing wavelength 1. Numerical calculations of r are
very time-consuming (e.g. Landgraf et al., 2004; van Deelen et al., 2005) and thus re-
quire an approximation to keep the numerical effort of the algorithm reasonable. Based
on the concept of pre-calculated Ring spectra (e.g. Hoogen et al., 1999; Hasekamp
and Landgraf, 2001; Lerot et al., 2014), we approximate Eq. (4) by

Ram * S0

- (5)

Feartn(So) I'Ray So|1+a

where rg,, is the monochromatic earth reflectance due to atmospheric Rayleigh scat-
tering. It is calculated online employing the LINTRAN radiative transfer model (Landgraf
et al., 2001; Walter et al., 2004; Hasekamp et al., 2005; Schepers et al., 2014). For all
simulations, we use ozone cross sections by Brion et al. (1993) as well as scatter-
ing cross sections and phase matrices for Rayleigh scattering described by Bucholtz
(1995). LINTRAN comprises a scalar and vector radiative transfer solver in plane par-
allel geometry and its pseudo-spherical extension. In this study, we employ the scalar
solver with the pseudo-spherical approximation if not mentioned differently. Additionally,
r;l;; and r;ﬂ] are pre-calculated reflectances stored in a lookup table, which includes
Rayleigh scattering and inelastic Raman scattering, respectively. The lookup table is
calculated with the model by Landgraf et al. (2004) for the US standard atmosphere,
a nadir viewing geometry, a Lambertian surface albedo A; = 0.1 and it includes the
dependence on the total ozone column and solar zenith angle. Factor a in Eq. (5) is
a free model parameter to adjust the effect of Raman scattering in the retrieval.

The use of the reflectance lookup tables r;ngn and r'g{g; in Eq. (5) instead of pre-
calculated Ring spectra bears the advantage that the simulation is based on one so-
lar spectrum, which eases the spectral calibration of the forward model. Assuming
the molecular spectroscopy of ozone as spectral reference, the forward model can be
spectrally adjusted by shifting the solar spectrum in Eq. (5), Sg(1) — Sp(4 + Adg), and
by a corresponding spectral adjustment of the instrument spectral response function

4923

| J1adeq uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiqg

Jaded uoissnosiq

©)
do

AMTD
8, 4917-4971, 2015

Explorative study on
GOME-2 total column
ozone retrievals

A. Wassmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/4917/2015/amtd-8-4917-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4917/2015/amtd-8-4917-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

s(1,1) — s(A+ AAlSRF,I). Both, the spectral calibration Alg and Al,ggr are elements of
the state vector and are determined by the inversion module, which is discussed in the
next section.

2.2 Inversion module

For the inversion, we need to linearize the forward model around an initial guess of the
state vector x,

y= Kx + €earth> (6)

where K = 0F /0 x is the Jacobian matrix and y = y .1 — F(Xq, b) + Kxq. Both, the sim-
ulated radiance and the Jacobian are standard outputs of the LINTRAN radiative trans-
fer model. To retrieve the total ozone column, we follow the profile scaling approach
used by Lerot et al. (2010). The state vector consists of the total ozone column ¢, the
surface albedo A and its spectrally linear dependence 6 A, the amplitude a in Eq. (5),
a spectral shift of the solar spectrum Alg, and a spectral shift of the instrument spectral
response function Aliggr in Eq. (3). Here, the column density ¢ is defined by vertical
profile integration,

c=Clp, (7)

where C = (1,...,1) represents the corresponding geometric integration assuming an
ozone profile p given in partial column densities per model layer.

We apply Eq. (6) to invert Eq. (1) in an iterative way with respect to the state vector
x using Gauss—Newton iteration, for which the minimization problem

X = min{l
X

is solved in each iteration step. Here |- ||, represents the L, norm and S, is the mea-
surement error covariance. For this purpose, the Jacobian with respect to a scaling
4924
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of a reference profile is calculated from corresponding derivatives with respect to an
altitude resolved ozone profile p,

ref

oF; p;

col _ i _ prof =/

K/ T dc z K// cref”’ (9)
/

Here, Kls.rOf = 8F,;/8p; describes the profile Jacobian, p; represents the ozone sub-

column of the profile in layer j, and /oref is the reference profile used for the scaling
approach. From Eq. (9) it is clear that the profile scaling approach relies on an altitude
resolved profile Jacobian. A direct analytical calculation of the derivative 9F; /0dc is not
possible due to scattering and the temperature dependence of the ozone absorption.
K together with the derivatives of the measurement with respect to the other ele-
ments of the state vector defines the column of the least squares Jacobian K, and
the solution of Eq. (8) is given by

X= Glsqy (10)

with the gain matrix

Giq = (KT (11)

-1
TSe 'Kiq) KL Sg"-

Isq

The least squares scaling approach can be interpreted as a regularized retrieval of
the vertical ozone distribution (Borsdorff et al., 2014). Hence, the retrieved column ¢
represents an estimate of an altitude weighted integration of the true ozone profile,
namely

¢= ACOIIOtrue + €col (12)

where A® is the total column averaging kernel, oy is the true ozone profile and e,
is the error on the retrieved column due to the measurement error ey. This means that
4925
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generally the retrieved column ¢ should be interpreted as an estimate of the effective
column

Ceff = ACOIptrue- (1 3)

The part of the true column that cannot be inferred from the measurement, namely

€n = (C - ACOI)ptrue ) (1 4)

belongs to the effective null space of the inversion and is also known as smoothing
error of the retrieval (Rodgers, 2000). Borsdorff et al. (2014) discussed the meaning
of this error term. They showed that the null space contribution of the reference profile
Ore 1S always zero, A°°'p,ef = C p.- Consequently,when the correct relative profile is
used for the scaling approach, the retrieved column can be interpreted as an estimate
of the true column. In other words, the null space contribution e, is the error due to the
choice of the reference profile.

To infer the total column averaging kernel in our algorithm, we follow the approach
by Borsdorff et al. (2014). Interpreting the profile scaling approach as a particular case
of a regularized profile retrieval using Tikhonov regularization of the first order with
an infinitely strong regularization, Borsdorff et al. (2014) showed that the gain matrix
reduces to a gain vector gc°I representing the fitted ozone column, which in turn we can
extract from the gain matrix of the least-squares fit Gisq and calculate the total column
averaging kernel

dc
Acol S i coIKprof )
(dpi ) I

For the proof of Eq. (15), the reader is referred to Borsdorff et al. (2014).
Based on these findings, one may follow two different philosophies to derive
a GOME-2 ozone column product: the first approach aims to provide an estimate of
the true column. Starting with accurate a priori knowledge on the relative vertical dis-
tribution of ozone, the retrieved column is an estimate of the true column and the total
4926
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column averaging kernel is not needed for the data interpretation. Here, the data prod-
uct depends critically on the quality of the a priori knowledge of the ozone profile. For
validation purposes, the retrieved column can then be directly compared to total ozone
columns inferred from ground-based spectrometer measurements, which are recorded
routinely as part of a global measurement network. This strategy is widely used in the
literature, e.g. by Lerot et al. (2014). Alternatively, one may provide the effective ozone
column together with the total column averaging kernel. In this case, Eq. (13) repre-
sents the basis for validation, and hence an estimate of the vertical ozone profile is
needed. Ozonesonde measurements can be used for this purpose. However, due to
fewer observation sites and less frequent measurements, a corresponding validation is
limited in its temporospatial coverage. Obviously, the advantage of this approach is the
minor dependence of the data product on the a priori knowledge of the vertical ozone
distribution. Important applications, like the assimilation of the total ozone column in
global and regional models, preferably deal with information purely coming from the
measurements and thus try to minimize the effect of ozone knowledge originating from
a priori data. For such applications, the effective column together with its total column
averaging kernel forms a well suited data product.

Figure 1 shows the total column averaging kernels for retrievals from simulated
measurements. Here, the measurements are simulated for an ozonesonde profile on
15 January 2009 over De Bilt, the Netherlands, representing the true ozone profile.
Retrievals are performed for three different reference ozone profiles, the US standard
ozone profile (NOAA, 1976), the corresponding profile extracted from the climatology
by Fortuin and Kelder (1998), which provides monthly averaged climatological ozone
profiles in 10° latitude bands, and the true ozone profile. All are depicted in the right
panel of Fig. 1 as dashed line, dotted line, and solid line, respectively. Although the
US standard and the climatological reference profile of Fortuin and Kelder (1998) peak
at different altitudes with different magnitudes, one can see in the left panel that the
general shape of the total column averaging kernel is largely similar. The null space
contribution of the sonde profile clearly differs for the given model atmosphere and is
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e, = 0.12% for the US standard ozone profile and e,, = —0.95 % for the climatological
profile, respectively. It vanishes when the ozonesonde profile itself is used as reference
profile as expected. Depending on the reference profiles, we thus can expect errors in
the order of 1% when we interpret the retrieved column as an estimate of the true
column. This error source can be avoided when we interpret the retrieved column as
an effective column and subsequently apply the total column averaging kernel concept
for validation. In Sect. 4.1 we demonstrate this aspect by applying both concepts to
GOME-2 measurements.

Finally for the retrieval, we use temperature and pressure profiles from the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA interim data (Berrisford
etal., 2009) as auxiliary input and assume a clear sky atmosphere by filtering for cloudi-
ness. This cloud filter is based on FRESCO cloud parameters (Wang et al., 2008),
which are part of the dissiminated GOME-2 level 1B product, and is discussed in detail
in Sect. 4.2.

3 Instrument degradation

To validate the presented algorithm, we apply it to spectra recorded by GOME-
2/MetOp-A between January 2007 and July 2011, disseminated by EUMETSAT. Due to
the choice of the retrieval window between 325-335 nm, we only use data from chan-
nel 2B with the advantage of the small 80 x 40 km ground pixels. Because of the optical
degradation of the GOME-2 scan mirror, the reflectance measurements are subject to
a spectral radiometric error. To mitigate this error, two major approaches are reported in
the literature, one based on the predictability of the measurement using radiative trans-
fer simulations and a priori knowledge about the atmospheric state and the other based
on actual measurements, assuming that the averaged radiometric signal over certain
regions is constant for the same period of the year, i.e. surface albedo and observation
geometry. For example, Cai et al. (2012) calculate the degradation as relative difference
between measured data and modeled data in the wavelength region between 270 and
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350 nm for the tropical belt (25° S-5° N), where ozone varies only little, for the period
between February 2007 and December 2009 in 15 day intervals. For GOME, Liu et al.
(2007) presented a different approach comparing measured reflectances with respect
to those of a reference date. Assuming a constant mean reflectance value, they consid-
ered the mean reflectance measured between 60° N and 60° S as a function of time for
the first and 15th day of each month. Subsequently, the mean reflectance is referenced
to the value determined for 1 July 1995. To remove solar zenith angle dependency
and other seasonality, two third-order polynomials in time are fitted to the data. There
are several advantages of using observations only over a comparison with simulated
measurements. First, no collocations of the radiative transfer input parameters with
the measurements are needed and second, more importantly, uncertainties in ozone
profiles, temperature profiles, and cloud data which lead to forward model errors are
avoided. In that way only the effect of the instrument degradation and of atmospheric
variations remain. However, averaging daily data over a large enough region reduces
the impact of the latter.

In this paper, we follow a similar approach to Liu et al. (2007), monitoring degradation
at three wavelengths in our total ozone fitting window, namely 325, 330, and 335 nm.
For each of the wavelengths, we consider GOME-2 reflectances between 60° N-60° S
with minor cloud contamination of cloud fraction 7,4 < 10 %, which is calculated by the
FRESCO cloud algorithm (Wang et al., 2008). We arrange the data in 5° latitude bins,
2° solar zenith angle bins, and 24 ground pixel bins representing the cross track scan.
To define the degradation /4 for the period 2008-2011, the reflectance is referenced
to the corresponding reflectance of the year 2007, which is also the first year of the
mission, at the same day of the year for the same solar zenith angle bin, latitude bin
and ground pixel bin. We observe a clear scan angle dependence, shown for 330 nm in
Fig. 2. Here, ground pixel 2 represents the easternmost pixel, since pixel 1 is discarded
due to poor statistics, and ground pixel 24 represents the westernmost pixel. One can
clearly identify different rates at which the across track degradation takes place as
indicated by the colour gradients. The westward pixels are subject to the most severe
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degradation with about 9.5% at the end of the period under investigation, while the
eastward pixels are least affected (3—4 %), which is comparable to the findings of Tilstra
et al. (2012). Based on these findings, we correct the relative radiometric degradation
of GOME-2 radiances with respect to solar measurements assuming a multiplicative
error contribution (R. Snel, personal communication, 2014, SRON, the Netherlands).
Since the degradation showed only little spectral dependency across our fitting window,
we consider it spectrally constant. From the data of Fig. 2, we derived a corresponding
degradation correction for the period 2008-2011 per scan mirror position by linear
regression. It is assumed that the GOME-2 data are not affected by the degradation in
2007 and hence are not corrected.

4 Validation

To validate the retrieval product, we employ Eq. (12), and hence, we rely on measure-
ments of the vertical distribution of ozone, represented on the vertical grid of the model
atmosphere (2 km thick model layers between 0 and 60 km). For this purpose, we use
ozonesonde measurements which are extended with the climatology of Fortuin and
Kelder (1998) above the sonde burst height and subsequently normalised to the total
column of ozone of a collocated ground-based measurement. This approach accounts
for both, the lack of data above the burst height and systematic errors resulting from dif-
ferences in pre-flight preparation of the ozonesonde (Kerr et al., 1994; Beekmann et al.,
1994, 1995; Smit et al., 1998; Fioletov et al., 2006). Both, ozonesonde measurements
and ground-based data have to be recorded at the same day and spatially co-aligned
within at least a radius of 0.5°. Additionally, we corrected the total column from ground-
based measurements for the difference in surface elevation between the measurement
site and the mean GOME-2 pixel elevation, which is derived from Shuttle Radar Topog-
raphy Mission (SRTM) high-resolution digital topographic database (Farr et al., 2007)
and the near-surface ozone mixing ratio approximated by the ozone reference profile.
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Generally, much less ozonesonde measurements than ground-based measurements
are available, which limits the number of validation measurements. However, a suf-
ficient number of collocations has been found to evaluate the relevance of the total
column averaging kernel. In total, we consider ozone measurements at 36 stations
that are displayed in Fig. 3 and extracted the corresponding data from the WOUDC
(see www.woudc.org) and SHADOZ (Thompson et al., 2007) networks. For some sta-
tions, more than one ground-based instrument was operational for the examined pe-
riod, which allows us to intercompare different instrumentations. From Fig. 3, a good
coverage of validation sites in the Northern Hemisphere is evident with an even higher
density of stations in Europe, which is displayed in the zoom-in of the map. Details for
each station are given in Table 1, showing the coordinates and the type of spectrome-
ter.

The algorithm validation depends critically on the accuracy of the ground-based total
column measurements of ozone. Fioletov et al. (2008) indicated less accuracy of zenith
sky measurements and so we exclude these measurements in our study. Moreover,
Basher (1982); Komhyr et al. (1989); Basher (1994); Kerr et al. (1997); Fioletov et al.
(2005) reported that a precision of 1% for well-calibrated Brewer and Dobson instru-
ments can be reached. However, systematic differences of about +£0.6 % between both
are introduced through different temperature dependencies of the absorption cross
sections at the different wavelengths used by the instruments (Staehelin et al., 2003).
For SAOZ instruments, Van Roozendael et al. (1998) carried out a validation with Dob-
son and Brewer instruments and found a bias of about 2 % between the two types of
measurements. Thus differences between GOME-2 retrieval and ground-based mea-
surements have to be considered in the view of this overall uncertainty of our validation
measurements.

4.1 Validation of the effective ozone column product

To validate the GOME-2 effective ozone column product with collocated ozonesonde
and ground-based measurements, we apply several quality criteria. First, we define
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a cloud filter for GOME-2 measurements based on an effective cloudiness parameter

Zeld
Netd = fog = »

(16)
Zref

where f4 is the factional cloud coverage of the observed scene, z,4 the cloud top
height and z,, a reference height. The effective cloudiness parameter yields largest
values for high clouds and large cloud fraction and thus describes a shielding of the
subjacent atmosphere. For the numerical implementation of the cloud screening, we
employ the GOME-2 FRESCO cloud product (Wang et al., 2008) and assume a refer-
ence height z,¢; = 10km. To filter on representation errors and errors due to scene het-
erogeneity, we consider three days of consecutive ground-based measurements, with
the second day being spatio-temporally coregistrated with a GOME-2 measurement
and the difference of that collocated ground-based measurement with the measure-
ments of the preceding day and succeeding day (6¢) has to be less than a threshold
value. Measurements are assumed to be spatially co-aligned when the distance be-

tween the site of the ground-based measurements and the center of the GOME-2 pixel
6r does not exceed a threshold. Moreover, only GOME-2 products are considered with
,1/2 < ,y,iax of the spectral fitting. For the effective column validation, we choose strict
quality filtering, based on

5t <15 DU (17)
6r <300 km (18)
Xinax =2 (19)
Nelg < 0.1. (20)

The dependence of the validation on the cloud filtering will be discussed in more detail
in Sect. 4.2.
Figures 4 and 5 display two examples of the GOME-2 validation for ozone mea-
surements at Naha, Japan, and Hohenpeissenberg, Germany. At both measurement
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sites, direct sun measurements are performed with a Dobson and a Brewer instru-
ment, respectively. In the following, we consider the two validation concepts discussed
in Sect. 2.2: first, we compare the retrieved ozone column directly with the ground-
based measurement (direct column comparison). Second, we compare the retrieved
column with the effective column defined in Eq. (13) (effective column comparison).

The upper panel of Fig. 4 shows the time series of the retrieved total ozone col-
umn (filled circle) and the ground-based ozone column (open circle) for Naha, Japan.
Here, we chose the US standard reference profile to be scaled by the retrieval. Overall,
we see a good agreement between both total ozone columns with the same seasonal
dependence. However, a closer look reveals that the direct comparison of the ozone
columns is negatively biased by —2.6 % in its mean with a SD around the mean of
2.2%. The mean bias is mainly caused by the choice of the US standard profile as
reference profile. As discussed in Sect. 2.2, this effect is characterized by the total
column averaging kernel and the corresponding null space error shown in the middle
panel. The latter is estimated from the ozonesonde measurements scaled to the Dob-
son total ozone column and the total column averaging kernel of the individual retrievals
(using Eq. 12). The null space error is on the order of 3 %, but varies between the dif-
ferent soundings because of the variability of the total column averaging kernel and the
ozonesonde measurements with respect to the standard atmosphere. The lower panel
of Fig. 4 shows the relative retrieval error for the direct and effective column compari-
son. It indicates the importance of the total column averaging kernel, where the mean
retrieval bias is reduced to —0.2 % with a SD around the mean bias of 1.9 %. Similar
results are obtained for Hohenpeissenberg, Germany (see Fig. 5). Here, the mean bias
and the SD reduce from —-1.8 and 2.3 % for the direct comparison to —0.7 and 2.2 %,
respectively, for the effective column comparison.

Figures 4 and 5 are based on temporal and spatial collocations of ground-based
Dobson and Brewer measurements, ozonesonde measurements and GOME-2 obser-
vations. Figure 6 shows the time series of GOME-2 and ground-based measurements
for a set of stations with direct sun measurements and with more than 15 collocations
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with GOME-2 retrievals. For each station, we consider the mean bias as a diagnostic
tool, which is depicted in Fig. 7. We investigate the effect of three different choices for
the reference profile in the inversion: (1) the ozone profile of the US standard atmo-
sphere (2) climatological profiles of Fortuin and Kelder (1998) and (3) the collocated
ozonesonde measurements.

Using the US standard reference profile, the mean retrieval bias varies from station
to station between —-0.8 and -3 % for the direct comparison. For all sites, the bias is re-
duced significantly for the effective column comparison with mean biases between 0.6
and -1.1%. For climatology profiles, the performance of both approaches becomes
similar with biases ranging from 0.7to -1 %, however, the validation of GOME-2 re-
trievals improves significantly for Naha, Hong Kong Observatory, and Broadmeadows,
when the null space contribution of the regularization is accounted for. Finally, using
the ozonesonde profile as reference profile, provides identical results for direct and
effective column comparison with biases of 1t0-0.9 %, because the null space con-
tribution of the reference profile diminishes by definition (see discussion in Sect. 2.2).
Moreover, the effective column comparison results in a very similar validation for the
three choices of the reference profile. The SD of the retrieval error varies only little for
the different approaches. This confirms that a proper treatment of the regularization of
the profile scaling approach in the validation reduces the dependence of the validation
on the particular shape of the reference profile.

For all 36 stations, we summarize the validation in Table 1 (dataset 1) by giving the
number of collocations, the mean error, and the error SD. Here, collocated ozonesonde
measurements were used as reference profile o,

4.2 Column validation with ground-based measurements

Finally, we study the retrieval performance of the proposed algorithm as a function of
a set of key parameters. For this purpose, the validation dataset of the previous section
is too small and thus we discard the spatial coregistation of the GOME-2 observations
with ozonesonde measurements at the cost of a proper estimate of the null space error.
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To generate this second dataset, we relax the quality filter (Eq. 17) to 6t < 30DU and
obtain a total of 6861 validation measurements that satisfy the cloudiness criterion in
Eq. (20), which is about six times more than for the first validation dataset. For this
dataset the reference ozone profiles are extracted from the climatology by Fortuin and
Kelder (1998). The retrieval diagnostics using this dataset (dataset 2) are also given
in Table 1 for all stations and Fig. 8 displays the corresponding retrieval biases for
those stations that comprise at least 30 collocations. On global average, the difference
between the observation modes of the ground-based spectrometer are minute with
a mean bias of —0.1% and an error SD of 2.7 %. Overall, we see similar biases for
Dobson, Brewer and SOAZ instruments with largest biases for Scoresbysund (3.2 %),
Macquarie Island (-2.3 %), and Marambio (3.3 %). In this analysis we do not account
for the effective null space, and thus from the results of Fig. 7, we expect that the biases
can be overestimated up to 1 %.

To investigate the retrieval performance as a function of key parameters, one has to
consider the range of these parameters carefully by defining suitable subsets. The need
to correct for topographic differences between validation site and satellite ground pixel
is demonstrated exemplary for the elevated sites Izana (~2300ma.s.l.) and Mauna
Loa (~ 3400 ma.s.l.). Here, we obtain retrieval biases of 0.2 and 1.1 % after correction
as shown in Fig. 9, compared to —1.8 and —3.5 %, respectively, without elevation cor-
rection. For other stations the elevation correction is of minor importance due to smaller
differences in elevation.

Next, we investigate the effect of cloudiness, as defined in Eq. (16), on our retrieval
performance. Therefore, we consider the retrieval error for each station as a function
of cloudiness and correct the data for an overall bias determined from nearly cloudfree
scenes (g4 < 0.1). This correction varies between +2 % depending on the validation
site, which is reflected in the station-to-station bias variation in Fig. 8. Applying this
correction, highlights the dependence of the retrieval bias on cloudiness 14 as shown
in Fig. 10. For nyq4 < 0.1 the relative dependence on cloudiness is weak but increases
significantly for ;4 > 0.1, showing already a retrieval error of about —1 % for 54 = 0.15
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and further increases to A, = —3.2 % for nyq = 0.5. This justifies the criterion for cloud
filtering set in Eq. (20) in the previous section.

For satellite observations at large solar zenith angles, the treatment of Earth’s
sphericity as part of the radiative transfer simulation becomes an important aspect.
We investigate the retrieval performance as a function of solar zenith angle for differ-
ent approximations: (1) plane-parallel radiative transfer, (2) the air mass correction of
Kasten and Young (1989) and (3) the pseudo-spherical approximation (Walter et al.,
2004). Here, we select validation sites, where the GOME-2 measurements cover at
least the solar zenith angles 50° < 8 < 80°. To correct for overall biases, for each sta-
tion the dataset is corrected for its mean error determined from solar zenith angles
6 < 55°, which varies between -2 and 3%. In this way, we consider the relative er-
ror at larger solar zenith angle. Figure 11 shows a clear improvement when using
the pseudo-spherical approximation instead of the plane-parallel approximation with
and without airmass correction. For 8 > 70°, using the plane-parallel approximation
underestimates the ozone column up to a mean error of 7.5% at 6 = 85°. Errors are
reduced by more than a factor 2 using the air mass correction and about -0.5 % for
pseudo-spherical approximation. This is in agreement with the sphericity effect studied
for simulated measurements. Nevertheless, the relative error shows some suspicious
features, e.g. the positive error of 2 % for the speudo-spherical simulations at 8 = 77°.
This may be caused by the combination of different measurement sites with different
bias corrections. For a better comprehension of the solar zenith angle dependence,
Fig. 12 shows the retrieval error as function of the solar zenith angle for three sta-
tions, Lerwick (Dobson), Uccle (Brewer) and Praha, which is equipped with a Dobson
and a Brewer spectrometer. For each dataset, we determine a potential trend by linear
regression. The SD of the data points with respect to the regression is used to char-
acterize the overall quality of the regression. Although the validation sites are located
at similar latitudes and hence GOME-2 covers a similar range of solar zenith angles,
the datasets show different dependences. For both Dobson instruments at Lerwick and
at Praha, we observe a clear positive trend with increasing solar zenith angle of 1.2
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and 1% per 10° solar zenith angle, respectively, whereas for the Brewer instruments
at Uccle and at Praha such a trend is not present in the data, 0.2 and 0.1 %, respec-
tively. Particularly for Praha, we conclude that the error trend is probably inflicted by
the ground measurements and not by the GOME-2 data and one may suggest that the
Praha Dobson spectrometer is more susceptible for solar zenith angle dependencies.
Figure 13 summarizes the slope of the regression and the SD for all stations of Table 1
with sufficient data coverage. Significant slopes are observed for the stations Churchill
(B-MKIV.032), Goose Bay, Praha (Dobson), Boulder, Tateno, and Ushuaha, which is
confirmed by the small variation of the SD of the data points around the linear regres-
sion within the dataset. The trends in Fig. 13 indicate a significant error dependence on
solar zenith angle for Dobson spectrometers. However, to confirm that a more thorough
study is needed with stations comprising multiple instruments and sufficient data.

One may argue that the use of the scalar radiative transfer solver in our forward
model, which does not include polarization properties of light, potentially causes the
solar zenith angle error dependence. In the left panel of Fig. 14 the spectral error in the
wavelength range between 303 and 336 nm is shown for different solar geometries and
comprises a strong wavelength dependence for wavelengths smaller than 320 nm for
almost all investigated scattering geometries. Here, the polarization of light is governed
by singly scattered light, which for Rayleigh scattering has its highest degree of linear
polarization for a scattering angle of O4.,; = 90°. This polarization affects the intensity
at higher scattering orders, and consequently causes an error on the simulated inten-
sity if it is not accounted for. For the spectral window used in this study (325-335 nm),
this error comprises mainly a radiometric offset but it also includes spectral features
interfering with spectral absorption features of ozone, which is shown in the right panel
for the same scattering geometry. To estimate the effect of the used scalar forward
model on our retrieved ozone column product, we have generated synthetic measure-
ments for all solar and measurement geometries of the Lerwick validation set, shown
in Fig. 12, using a vector radiative transfer model. The geometries of Lerwick are used
here exemplary, because the dataset comprises a good coverage for the geometries.
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The errors in the total ozone columns caused by using a scalar radiative transfer model
are shown in Fig. 15 as function of the scattering angle in single scattering geometry.
In case we fit a spectrally constant effective albedo, as shown in the left panel, in order
to account for the radiometric offset, the error on the total ozone column is substantial
with a maximum of 4 % at a scattering angle O, = 90°, where the maximum error is
expected to be. Here, the error pattern clearly follows the radiometric offset in Fig. 14.
The retrieval error induced by using the scalar version of the forward model can be fur-
ther reduced by fitting a linear spectrally dependent surface albedo, which is depicted
in the right panel of Fig. 15. For almost all scattering angles the error diminishes and is
below 0.7 % in all cases.

Although the effect of these forward model errors is small, it is interesting to see if
the corresponding changes in the retrieved ozone columns improve the validation with
ground measurements. For this purpose, we consider the retrieval error A, as function
of the scattering angle O,; using vector and scalar radiative transfer simulations. In
Fig. 16, the linear regression through the data points shows a dependence on O, for
the scalar radiative transfer model (middle panel), which reduces when vector radiative
transfer is used (upper panel). In calculating the difference of A, between both ra-
diative transfer models Ay, — Aqqt, displayed in the bottom panel, the same structure,
both in magnitude and position with respect to the scattering angles, as seen already in
the right panel of Fig. 15 for the simulations is obtained. Thus vector radiative transfer
causes a small but distinct improvement of the retrieval results.

To enhance the reliability of this finding, more validation sites have to be considered.
However, to detect changes of less than 0.7 % in our retrieval product for different
stations, we have to correct again for individual biases per station. For this purpose
we consider validation points where the difference between using a scalar or a vector
radiative transfer model Ag.,— A, is less than +£0.1 % and assume that for these cases
the error is dominated by a bias, which does not depend on the particular radiative
transfer solver. Subsequently, the mean bias of this subset is used to correct the entire
validation set for the particular station. Finally, in Fig. 17, we consider the retrieval error
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A as a function of Ay, — Ayee- The figure shows a clear correlation between the
differences Ag., — Aot and the validation errors A,. For scalar radiative transfer, the
differences Ag., — Ayt @are mapped nearly one-to-one to corresponding errors of the
validation. The use of a vector radiative transfer model thus represents an improvement
of the validation dataset. For Ay, — At > 0.4 %, the statistics become poor due to the
fact that most validation sites are situated at latitudes larger than 50° N. Because of the
sun-synchronous orbit of MetOp, this causes an asymmetric distribution of scattering
angles in our dataset, which might explain the larger values of A for Ag.y — Ayect >
0.4 %. Conluding on the need of vector radiative transfer to retrieve total ozone columns
from the 325-335 nm UV spectral window, the induced error of less than 0.7 %, using
scalar radiative transfer, has to be viewed in the context of uncertainty requirements
for this data product. For example for the future Sentinel-5 mission, an uncertainty of
less then 3-5 % is required on the total ozone column product (Ingmann et al., 2012).
In this context, we conclude that the use of a scalar radiative transfer solver is justified.

Because instrument degradation in the UV (e.g. GOME and SCIAMACHY) is
a known issue, we investigate the influence of the scan angle degradation with time
on the retrieved total ozone columns and omit the wavelength dependent degradation
since it is small across the 325—-335 nm fitting window. To do so, we perform a validation
of retrieved total ozone columns calculated from GOME-2 measurements without and
with the degradation correction described in Sect. 3 for a subset of collocated ground
stations. The subset comprises the stations Ankara, Churchill (Brewer MKII.026), De
Bilt, Edmonton (Brewer MKII.055), Hohenpeissenberg, Hong Kong Observatory, 1zafa,
Naha, and Paramaribo, and is chosen such that it represents different instruments and
latitudes and it provides good data coverage for every single station in the investigated
period. Figure 18 (top panel) shows an improvement in the validation in the last third
of the time series, covering the period from September 2009 to December 2010, of
A, ~ 0.5% when the degradation correction is applied (red bars). Attributed to our
approach of determining the degradation, no difference between retrievals with and
without degradation correction is seen in 2007, since this year serves as reference as
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discussed earlier. Therefore, 6/, is zero in 2007 in the middle panel, which shows the
mean radiometric degradation averaged over the corresponding two-month bin in the
time series. The biases seen in the top panel show more variation which might relate to
the choice of the validation sites, their instrumentation and the data coverage over the
period under investigation, shown in the lower panel of the figure. However, in the con-
text of biases of 0.6 % between Brewer and Dobson instruments (Staehelin et al., 2003)
and 2 % between SAOZ and both, Brewer and Dobson instruments (Van Roozendael
et al., 1998), the biases, that we report, are close to or within the limit of the valida-
tion. Concluding, the impact of degradation on the total ozone column is in the order of
—-0.5% in the last part of the considered four-year period and has been corrected for.
To investigate the scan angle dependency of the degradation and its influence on the
retrieved product, we aggregate the dataset into six month bins of east and west pixels
by dividing between eastwards (pixel index 2—12) and westwards (pixel index 13-24)
scans in order to obtain meaningful statistics. Figure 19 shows that the retrieval error
increases faster for the uncorrected western pixels (light blue) than for the eastern pix-
els (dark blue). Comparing the uncorrected retrievals with their corrected counterpart,
western pixels in orange and eastern pixels in brown, this becomes even more obvi-
ous. Furthermore, the improvement by correcting degradation for the west pixels is in
the order of A, ~ 0.5 %, while the correction has a smaller effect for the east pixels.
The spurious features seen here in the beginning of the time series are of the same
origin as in Fig. 18. Because these errors already occur in the beginning of the time
series, especially the difference between west and east pixels may hint at a radiomet-
ric calibration bias of the eastward pixels. From Fig. 19 we conclude that applying the
degradation correction to the west pixels improves the validation from A, = -1.3% to
At = —0.6 % at the end of the investigated four-year period, while the correction of the
east pixels has a smaller effect.

Overall, with the western pixels being subject to stronger degradation and the contin-
uation of the overall instrument degradation, we see a trend of an increasing bias A g
starting in the last third of the investigated period. Hence, the application of the degra-
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dation correction improves the validation in that interval and it is expected to become
even more important for the ongoing mission beyond the period that we investigated.

5 Conclusions

In this paper, we presented an extensive sensitivity study of retrieved total ozone
columns from clear sky GOME-2 measurements with respect to the choice of the scal-
ing ozone profile, instrument degradation, cloudiness, topography, the approximation
of Earth’s sphericity, and the choice of the radiative transfer solver. We used a profile
scaling approach and calculated total column averaging kernels for every retrieval in
an analytical manner following the method of Borsdorff et al. (2014).

To mitigate the effect of instrument degradation, we determined a scan angle depen-
dent degradation for the period under investigation solely based on GOME-2 measure-
ments that are referenced to the corresponding day in 2007, which is also the first year
of the mission. To do so, we assumed that the mean reflectance does not change with
time for clear sky atmospheres for certain regions in the same period of the year, i.e. the
same albedo and observation geometry. For the eastern pixels we found a degradation
of about 3—4 %, while for the western pixels the degradation is up to 9.5 % at the end of
the 4.5 year period. Based on these findings we corrected the GOME-2 measurements
in the period 2008-2011.

We discussed regularization aspects of the inversion of a profile scaling approach
and evaluated the use of the total column averaging kernel for a proper interpretation
of the GOME-2 data product. When the null space is accounted for in the validation,
the dependence on the reference scaling profile reduces significantly, e.g. for Naha to
At = —0.2% instead of A,y = —2.6 % (using the ozone profile of US standard atmo-
sphere a reference) or A, = —0.8 % (using climatological ozone profiles from Fortuin
and Kelder, 1998 as reference). When the ozone profile, serving as reference scaling
profile, is used as well in the validation, the null space diminishes by definition. Here,
we used ozonesonde profiles as best a priori knowledge of the reference profile and
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subsequently in the validation, to demonstrate this effect. Thus, applying the total col-
umn averaging kernel allows us to focus on the information on the total ozone column
in the GOME-2 measurement and makes the retrieval product less dependent on a pri-
ori knowledge of the vertical ozone distribution. In particular, for applications like the
assimilation of the retrieved ozone column in a global or a regional model this presents
a clear advantage, because the dependency of the GOME-2 product on a priori knowl-
edge is reduced. In this study we applied this method in the validation of GOME-2 total
ozone columns collocated with 647 measurements at 36 ground-based stations and
found a global bias of 0.1 % with a SD of 2.5 %. Differences in elevation between the
GOME-2 ground pixel and the validation site are accounted for, since they can intro-
duce significant biases, for example for Izafa (-1.8 %) and Mauna Loa (-3.5 %).

To study the impact of clouds on the quality of the validation, we defined the cloudi-
ness parameter r4 as a product of cloud fraction and a cloud top height, normalized to
a reference height of 10 km. Both, cloud fraction and cloud top height are retrieved with
the FRESCO cloud algorithm (Wang et al., 2008). We proposed a cloud filtering with
Nag < 0.1, which limits the introduced error due to clouds to A, < —0.2 %, while for
larger values of nyql,e increased from —1 to about —3 %. Another important key pa-
rameter is the representation of Earth’s sphericity, and connected to that the influence
of the solar zenith angle on the retrieval error. We investigated three approximations:
(1) plane parallel assumption, (2) air mass correction by Kasten and Young (1989), and
(3) the pseudo-spherical approximation by Walter et al. (2004), and found the smallest
biases at large solar zenith angles (6 > 60°) for the pseudo-spherical approximation
ranging from 2to —1 %. Comparing the solar zenith angle dependence for a subset of
retrievals, using the pseudo-spherical approximation, we found a generally higher solar
zenith angle dependence for Dobson spectrometers than for Brewer instruments. For
example, for the measurement site in Praha, which is equipped with both instruments,
we found a remarkable dependence of about 1% per 10° solar zenith angle for the
Dobson instrument, compared to 0.1 % per 10° for the Brewer instrument. A more thor-
ough study is needed, including collocations of different instruments at several sites, to
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further investigate and confirm this finding. The use of a scalar radiative transfer model
introduces an error of maximum 0.7 %. This error should be weighed against the much
lower computational cost. Moreover, given the context of the uncertainty requirements
of the total ozone column product of less than 3-5 % for the Sentinel-5 mission (Ing-
mann et al., 2012), we conclude that using a scalar radiative transfer model is sufficient.

Because instrument degradation is a known issue, we investigated the influence on
the retrieved total ozone columns. Application of the degradation correction contributed
to an overall more constant performance of the retrieval within the period of four years.
We found that the stronger and faster degradation of the western pixels is reflected in
the retrieval errors which are more strongly affected compared to the retrieval errors
of the slower and weaker degrading eastern pixels. The degradation correction shows
a larger effect for the western pixels of A ~ 0.5% than for the eastern pixels at the
end of the studied period. Next to the degradation, we saw already in the first year
of the mission a performance asymmetry between east and west pixels, which hints
at an initial calibration bias of the instrument. This aspect has to be adressed in a fu-
ture study. Overall, the application of the degradation correction led to an overall more
constant performance and for long-term monitoring of ozone, degradation correction is
expected to become even more important for the ongoing mission beyond the period
that we investigated.

In summary, we validated our retrieval with collocated ground-based total column
and ozonesonde measurements and found a mean bias of 0.1 % with a SD of 2.5 %.
The consequent use of the total column averaging kernel in the validation makes the
GOME-2 total ozone column data interpretation less dependent on the a priori knowl-
edge of the vertical distribution of ozone and focuses on the information that can be ex-
tracted from the measurements. A thorough study of our retrieval setup showed good
performance for clear sky retrievals with maximum sensitivity to tropospheric ozone.
However, to increase the number of retrievals the cloudiness criterion could be relaxed
when we account for clouds in the retrieval. To do so, our retrieval setup could be
extended by the O,-A band to retrieve cloud optical thickness and cloud height. Fur-
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thermore, our validation showed sufficient accuracy, when a scalar radiative transfer
solver with a pseudo spherical atmospheric approximation is used. We demonstrated
that the proposed instrument degradation correction works, but found hints to an ini-
tial calibration issue between east and west pixels that has to be adressed in another
study.

Acknowledgements. Total ozone data as well as ozone profiles were extracted from the publicly
available databases maintained by the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC, see www.woudc.org), the Network for the Detection of Atmospheric Composition
Change (NDACC, see www.ndsc.ncep.noaa.gov), and the Southern Hemisphere ADditional
OZonesondes group (SHADOZ, see http://croc.gsfc.nasa.gov/shadoz). ECMWF ERA-40 data
used in this study have been acquired from the European Centre for Medium-Range Weather
Forecasts data server (ECMWEF, see http://apps.ecmwf.int/datasets/).
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Table 1. Number of measurements N, biases b and error SD o of the validation for each station.
Dataset 1 comprises the results of the effective column comparison using ozonesonde profiles
as reference and the filter criteria 6t < 15DU, 61 < 300km, ¥ < 2, and Nag < 0.1 are applied.

Dataset 2 comprises the results used in Sect. 4.2. The reference profiles are taken from the ]
climatology by Fortuin and Kelder (1998), and the filter criterion 6t < 30 DU is relaxed, while Explorative study on
the other remain as for dataset 1. GOME-2 total column

ozone retrievals

Jaded uoissnosiq

Station Name Lat Lon Instrument dataset 1 dataset 2

N b%] o[%] N b[%l ol%] g
Alert 825N 623W B-MKILO19 7 02 30 121 09 30 2 A. Wassmann et al.
Eureka 80.1°N 86.2°W  B-MKV.069 13 -11 1.1 130 -07 2.4 @
Resolute 747°N 95.0°W B-MKILO31 7 04 14 166 -04 33 =
Scoresbysund 705°N 22.0°W  SAOZ 13 42 28 164 32 35 3
Lerwick 60.1°N 1.2°W  D-Beck032 8 -03 22 85 01 26 o 5
Churchill 58.8°N 940°W B-MKI.O26 18 06 48 155 05 35 © Title Page
B-MKIV.032 17 22 48 137 13 37 S
Edmonton 536°N 114.1°W B-MKIL.O55 24 -09 20 290 -01 25 S
B-MKIV.022 25 -05 3.0 236 -0.1 29
Goose Bay 53.3°N 60.4°W B-MKIL.O18 15 07 27 209 07 25 —
Lindenberg 522°N 141°E  B-MKILO30 10 -01 27 9% -09 2.3
De Bilt 521°N 52°E  B-MKIL189 17 -10 1.8 202 -1.3 1.8 o
Valentia Obs. 51.9°N 10.3°W  B-MKIV.088 10 -06 29 150 -0.5 2.2 = )
Uccle 50.8°N 4.4°E  B-MKIL.OI6 33 05 25 172 03 2.1 a
B-MKIIL178 40 05 1.8 177 02 20 s
Praha 50.0°N 145°E D-Beck070 5 14 27 79 -07 23 7]
Svise o do 5o b 52 a . f - |
B-MKIV.098 7 04 21 222 -09 24 =
Hohenpeissenberg 47.8°N  11.0°E B-MKI.O10 49 -0.6 1.9 215 -03 1.8 U
Egbert 442°N 79.8°W B-MKILOI5 26 02 28 274 02 35 = _ —
OHP 43.9°N 57°E  D-Beck085 9 -0 22 38 05 2.3 ®
SAOZ? 29 01 25 327 -00 25 -
Sapporo 431°N 141.3°E  D-Beck126 15 -1.0 1.9 177 06 3.0
Madrid 405°N 36W  BMKIV.O70 16 -08 29 184 -11 22 —
Boulder 401°N 105.3°W D-Beck082 22 1.1 25 161 08 29 Full Screen / Esc
Ankara 400°N 329°E  B-MKIIL188 11 -02 1.6 280 02 2.3 @]
Tateno 36.1°N 140.1°E D-Beck.125 14 1.9 27 145 1.0 3.1 @
Izafa 283°N 165W B-MKIIL157* 36 -06 1.4 342 02 1.7 o Printer-friendly Version
Naha 26.2°N 127.7°E  D-Becki127 47 01 17 409 -06 2.1 2
Hong Kong Obs.  22.3°N  114.2°E  B-MKIV.115 36 1.0 20 376 -12 1.8 S — :
Mauna Loa” 19.6°N 1551°W D-Beck076 28 12 17 205 11 16 =
Paramaribo 58°N  552°W  B-MKIIL159 48 -03 1.1 482 -03 1.2 -
Sepang Airport 27°N  101.7°E  B-MKILOSO 22 05 25 338 00 22 Q
E: OO
@
- BY
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Table 1. Continued. 0 A. Wassmann et al.
"
"
Station Name Lat Lon Instrument dataset 1 dataset 2 o
N b[%] o[%] N bl%] o[%] -
T 3
Samoa 14.3°S 170.6°W D-Beck.042 - - - 33 09 17 o
Reunion Island 21 .O: S 555° OE SAOZ? 58 04 17 620 0.0 15 C-E
Broadmeadows 37.77S 145.0°E D-Beck.115 26 -0.1 25 305 -1.1 4.0
Lauder 45.0°S 169.77E  D-Beck.072 - - - 108 -11 42 —
Macquarie Island 54.5°S 159.0°E  D-Beck.006 5 05 28 71 -23 4.2
Ushuaia 54.9°S 68.3°W D-Beck.131 - - - 71 1.2 34 O .
Marambio 64.2°S 56.7°W D-Beck.099 6 0.7 1.7 99 33 29 g
Dumont d’Urville 66.7°S 140.0°E  SAOQZ? 9 0.3 338 216 1.6 4.2 8
Syowa 69.0°S 39.6°E D-Beck.119 5 -10 28 56 -06 2.7 g n n
Global 647 0.1 25 6861 -01 27 _30
& No observation mode was given, so all available data were used that meet the collocation criteria. % _ —
® In dataset 1 collocated ozonesondes from the station Hilo are used. (—E
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Figure 1. Left panel: total column averaging kernel using the ozone profile of the US standard
atmosphere (dashed), from the climatology by Fortuin and Kelder (1998) (dotted), and the
ozonesonde profile from 15 January 2009 over De Bilt, Netherlands (solid). The right panel

shows the corresponding ozone profiles.
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Figure 2. Degradation of globally averaged reflectances with respect to reference year 2007
per small ground pixel at 330 nm in the ozone fitting window (325—-335 nm). Ground pixel 2 is
the easternmost pixel of a scan and pixel 24 is the western pixel.
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Figure 3. Map of validation stations with a zoom-in map of Western Europe, Central Europe,
and Southern Europe. The outlines of the zoom-in map are shown on the global map in solid
black lines. Each of the red dots depicts a validation station comprising both ozonesonde and
ground-based data. Details of each station are given in Table 1.

4955

Jaded uoissnasiq | Jadeq uoissnosiq | Jaded uoissnasiq

Jaded uoissnasiq

AMTD
8, 4917-4971, 2015

Explorative study on
GOME-2 total column
ozone retrievals

A. Wassmann 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/8/4917/2015/amtd-8-4917-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4917/2015/amtd-8-4917-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

NAHA
450 ‘ ‘

400

® GOME-2 O Dobson]

350
300

250
200

total ozone [DU]

®
%
N
i
'
v
[ )
®
~
RN~ Vs Vil SRR A

N
\\\‘\\\‘\\\‘\\\
.

.
%
.
\\\‘\\"\\“\\\

»
o
L8
=
o
o
-
<
o

>
a
=
o
9!
o
111

Afet L%J

>p

AA
AAA
A

(@]
\\\\‘\\\\‘\\\\‘\\\\

T e S A

—10

Jan  Apr  Aug Dec Mar Jul  Nov Mar Jun Oct Feb May
2007 2007 2007 2007 2008 2008 2008 2009 2009 2009 2010 2010

Figure 4. Time series of GOME-2 retrievals validated with ground-based Dobson direct sun
measurements at Naha, Japan: (upper panel) retrieved GOME-2 total ozone column (filled
circle) and the Dobson ground-based ozone column (open circle). (Middle panel) The null space
contribution e,. (Lower panel) The retrieval error for a direct comparison of the GOME-2 column
with the Dobson column (open triangles) and for the effective column comparison accounting
for the effective null space contribution e, (Eq. 14) (filled triangles).
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Figure 5. Time series of GOME-2 retrievals validated with ground-based Brewer direct sun
measurements at Hohenpeissenberg, Germany: (upper panel) retrieved GOME-2 total ozone
column (filled circle) and the Brewer ground-based ozone column (open circle). (Middle panel)
The null space contribution e,. (Lower panel) The retrieval error for a direct comparison of
the GOME-2 column with the Brewer column (open triangles) and for the effective column
comparison accounting for the effective null space contribution e, (Eqg. 14) (filled triangles).
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Figure 6. Time series of retrieved GOME-2 total ozone columns (filled circles) and collocated
ground-based direct sun measurements (open circles) for stations with more than 15 spatiotem-
poral collocations. Details on instrumentation and geolocations of the measurement sites are

given in Table 1.

Jan  July  Jan  Jul Jan  July Jan Jul
ZOOy7 ZOOYE 200)/9 ZOWyO

4958

Jan  Jul Jan  July  Jan  Jul Jan  Jul
200)/7 ZOOyB ZOO%? 201y0

| Jadeq uoissnosiq | Jaded uoissnosiqg

Jadedq uoissnosiq | Jaded uoissnosiq

AMTD
8, 4917-4971, 2015

Explorative study on
GOME-2 total column
ozone retrievals

A. Wassmann 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/8/4917/2015/amtd-8-4917-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4917/2015/amtd-8-4917-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

S std ‘ ‘ ‘ ‘ ‘ ‘ ‘ " direct
— effective

8 [%]

Fortuin & Kelder’

Are( [%]

b [%]

Q9 Y % % B S B B % %
K K &, DA P2 %, N %, %, s, o,
) o, 2, ® ® o, %, ° ° 2y .
2% 2% 4 © © 2. 4 % o, %,
(3 (3 \ S ©, & , 2 )
% > 1, Y% Y K: 4 %
3 3 % %, %, % 2 ° %,
\ \ 7 % ) g Q %,
% % ‘0, S, G, 0. N ®
7, 17 G oY > 7 g
*0-
s ™

Figure 7. Mean error of the retrieved ozone column using different reference ozone profiles
Pret: (Upper panel) adapted from the US standard atmosphere, (middle panel) from the ozone
climatology of Fortuin and Kelder (1998), and (lower panel) collocated ozonesonde measure-
ments. The red bars indicate the validation concept of the total column estimate including the
total column averaging kernel and purple bars denote the direct comparison concept.

4959

| Jadeq uoissnosiq | Jaded uoissnasiqg

Jadeq uoissnasiq | Jaded uoissnosiq

AMTD
8, 4917-4971, 2015

Explorative study on
GOME-2 total column
ozone retrievals

A. Wassmann 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/8/4917/2015/amtd-8-4917-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/4917/2015/amtd-8-4917-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

Figure 8. Retrieval bias using the ozone climatology of Fortuin and Kelder (1998) as reference
profile to be scaled by the retrieval (dataset 2). Different colours of the bars denote different
ground-based instruments used in the validation: Dobson (blue), Brewer (yellow), and SAOZ

(red).
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Figure 9. Time series of total ozone columns and the retrieval error for dataset 2. Upper panels:
the retrieved ozone column (filled blue circles) using the elevation correction, and the ground-
based measurements (open circles) for the sites Izafia and Mauna Loa. Lower panels: retrieval
error accounting and not accounting for the elevation differences between satellite ground pixel
and measurement site (filled blue and open triangles, respectively).
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Figure 10. Mean retrieval error as function of the cloudiness parameter .4 (Eq. 16) aggre-
gated into bins of .4 = 0.05. (Upper panel) The mean retrieval error in per cent. (Lower panel)
Number of data points per bin of cloudiness. In total, the dataset comprises 9600 data points.
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Figure 11. Mean ozone retrieval error as a function of solar zenith angle 8 for different ap-
proximations of Earth’s sphericity in the radiative transfer calculation. (Upper panel) The mean
ozone retrieval error in per cent for the plane parallel approximation (PP, light plue), airmass
correction of Kasten and Young (1989) (KY, dark blue), and pseudo-spherical approximation
(Walter et al., 2004) (PSPH, red). (Lower panel) Number of data points per 2.5° bin of . The
validation set comprises cloudfree measurements at Resolute, Churchill B-MKII.026, Edmon-
ton B-MKII.055, Lindenberg, Macquarie Island, Dumont Durville, Goose Bay (see Table 1 for
more details about the different sites). For each measurement site, the data are corrected for
an overall bias for solar zenith angles 6 < 55.
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Figure 12. Retrieval error A, as function of solar zenith angle 6 for Lerwick (upper left), Uccle
B-MKII.178 (upper right), and Praha (Dobson, lower left, and B-MKIV.098 lower right). The blue
lines are trends determined by linear regression.
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Figure 13. Dependence of the retrieval error A, on solar zenith angle 8, characterized by the
slope of a linear regression through the data point per 10° solar zenith angle (upper panel, see
also Fig. 12) and the SD around the linear regression (lower panel).
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Figure 14. Relative error in the radiance simulation due to the scalar radiative transfer approxi-
mation for different scattering geometries. (Left) Relative radiance error 8/ = (Igey) — o)/ fvec fOF
different scattering angles O, and solar zenith angles 6. (Right panel) Same as right panel
but zoom-in on retrieval window. The mean error for the indicated spectral window is subtracted
and reported in the figure legend.
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Figure 15. Ozone column error in the radiance simulation for solar and viewing geometries
adapted from GOME-2 measurements of the Lerwick validation dataset. All measurements are
simulated using a scalar radiative transfer model for clear sky conditions and the Lambertian
surface albedo of 0.1 %. The atmospheric ozone abundance is taken from the US standard
atmosphere NOAA (1976). The retrieval error is corrected for noise contributions. (Left panel)
All fit parameters of our model including only a spectrally constant albedo. (Right) Same as left
panel but retrieving a spectrally linear dependent albedo.
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Figure 16. Total ozone column retrieval error A ; as function of scattering angle O, in single
scattering geometry. (Upper panel) For vector radiative transfer and (middle panel) for scalar
radiative transfer. (Lower panel) Difference between scalar and vector approach.
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Figure 17. Effect of the radiative transfer solver on A,;. (Upper panel) Total ozone column re-
trieval error as a function of difference between scalar and vector approach, (lower panel) num-
ber of validation points. The analysis is based on measurements at Lerwick, de Bilt, Churchill
B-MKIV.032, Goose Bay, Hong Kong Obs., Izafa.
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Figure 19. Influence of the scan angle dependent degradation on the total ozone column re-
trieval error (A,). Data are binned into six month intervals as well as east and west pixel bins,
separated between pixel numbers 12 and 13 (Fig. 2). The lighter colours indicate the western
pixels and the darker colours the eastern pixels. Furthermore, blue colours represent the data
not corrected for degradation and the orange-brown colours the degradation corrected data.
The underlying dataset is the same as in Fig. 18.
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