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Abstract. This paper presents an extensive intercomparison
and validation for the ozone (O3) product measured by the
two Infrared Atmospheric Sounding Interferometers (IASIs)
launched on board the MetOp-A and MetOp-B satellites in
2006 and in 2012 respectively. IASI O3 total columns and
vertical profiles obtained from Fast Optimal Retrievals on
Layers for IASI (FORLI) v20140922 software (running up
until recently) are validated against independent observations
during the period 2008-2014 on a global scale. On average
for the period 2013-2014, IASI-A and IASI-B total ozone
columns (TOCs) retrieved using FORLI are consistent, with
IASI-B providing slightly lower values with a global dif-
ference of only 0.2 £ 0.8 %. The comparison between IASI-
A and IASI-B O3 vertical profiles shows differences within
=+ 2 % over the entire altitude range. Global validation results
for 7 years of IASI TOCs from FORLI against the Global

Ozone Monitoring Experiment-2 (GOME-2) launched on
board MetOp-A and Brewer—Dobson data show that, on av-
erage, IASI overestimates the ultraviolet (UV) data by 5-
6 % with the largest differences found in the southern high
latitudes. The comparison with UV-visible SAOZ (Systeme
d’Analyse par Observation Zénithale) measurements shows
a mean bias between IASI and SAOZ TOCs of 2-4 % in
the midlatitudes and tropics and 7% at the polar circle.
Part of the discrepancies found at high latitudes can be at-
tributed to the limited information content in the observa-
tions due to low brightness temperatures. The comparison
with ozonesonde vertical profiles (limited to 30 km) shows
that on average IASI with FORLI processing underestimates
O3 by ~5-15% in the troposphere while it overestimates
O3 by ~ 1040 % in the stratosphere, depending on the lat-
itude. The largest relative differences are found in the trop-
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ical tropopause region; this can be explained by the low O3
amounts leading to large relative errors. In this study, we also
evaluate an updated version of FORLI-O3 retrieval software
(v20151001), using look-up tables recalculated to cover a
larger spectral range using the latest HITRAN spectroscopic
database (HITRAN 2012) and implementing numerical cor-
rections. The assessment of the new O3z product with the
same set of observations as that used for the validation exer-
cise shows a correction of ~4 % for the TOC positive bias
when compared to the UV ground-based and satellite ob-
servations, bringing the overall global comparison to ~ 1—
2 % on average. This improvement is mainly associated with
a decrease in the retrieved O3 concentration in the middle
stratosphere (above 30 hPa/25 km) as shown by the compari-
son with ozonesonde data.

1 Introduction

Despite its small amount, ozone (O3) plays very significant
roles in the atmosphere. In the stratosphere, O3 protects the
biosphere and humans from harmful ultraviolet (UV) radi-
ation. In contrast, O3 in the troposphere is considered as
one of the main air pollutants impacting both human health
(Brunekreef and Holgate, 2002; Lim et al., 2012) and ecosys-
tems (Fowler et al., 2009). Tropospheric O3 originates ei-
ther from complex photochemical reactions involving nitro-
gen oxides (NO, ), carbon monoxide (CO), and hydrocarbons
(e.g., Chameides and Walker, 1973; Crutzen, 1973) or from
the stratosphere by downward transport to the troposphere
especially at middle and high latitudes (e.g., Holton et al.,
1995). Tropospheric O3 is the third most important anthro-
pogenic greenhouse gas after carbon dioxide and methane
(IPCC, 2013) and is referred to as a short-lived climate forc-
ing constituent (Shindell et al., 2012). In particular, upper
tropospheric O3 affects global outgoing long-wave radiation
(Worden et al., 2008) and its changes have a significant im-
pact on the surface temperature (IPCC, 2013). Enhanced up-
per tropospheric O3z can impact air quality when transported
to the boundary layer (Fiore et al., 2002). The lifetime of tro-
pospheric O3 varies with altitude and ranges from 1-2 days
in the boundary layer where dry deposition is the major sink
to several weeks in the free troposphere (e.g., Stevenson et
al., 2006), which is sufficiently long for O3 to be transported
intercontinentally (Monks et al., 2015). Thus O3 can influ-
ence air quality from urban scale to hemispheric scale (e.g.,
HTAP, 2010) and there is an obvious need to treat O3 across
this range of scales. To this end, new observational oppor-
tunities are offered by both satellites and small sensors that
bridge the scales (Monks et al., 2015).

Space observation in the nadir geometry is the most ef-
ficient way to obtain global information on horizontal dis-
tribution of O3, along with coarse information on the verti-
cal. However, retrievals of tropospheric O3 remain challeng-
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ing since most of the O3 is contained in the stratospheric
O3 layer, and the satellite signal integrates both contribu-
tions. The first distributions of tropospheric O3 were derived
from UV-visible (vis) measurements by subtracting an esti-
mate of the stratospheric component from the measured to-
tal column (e.g., Fishman and Larsen, 1987; Fishman et al.,
1990). More recently, several studies have developed alter-
native approaches to tropospheric O3 retrieval from nadir-
viewing satellite UV spectrometers to have sensitivity to tro-
pospheric O3 (e.g., Miles et al., 2015; Valks et al., 2014).

However, the recently developed thermal infrared (TIR)
nadir-viewing spectrometers offer more sensitivity in the tro-
posphere, as demonstrated by the Tropospheric Emission
Spectrometer (TES) on board EOS-AURA (e.g., Nassar et
al., 2008; Worden et al., 2007) and the Infrared Atmospheric
Sounding Interferometer (IASI) on board MetOp-A and B
(e.g., Boynard et al., 2009; Dufour et al., 2012). TES and
IASI have provided measurements of tropospheric O3 for a
large range of applications: atmospheric composition (Boy-
nard et al., 2009; Wespes et al., 2012, 2016), transport (Jones
et al., 2008), climate (Doniki et al., 2015; Worden et al.,
2008), and air quality (Dufour et al., 2010, 2015; Eremenko
et al., 2008; Safieddine et al., 2013, 2014; Verstraeten et al.,
2015). Recently, the ability of IASI to detect boundary layer
pollution in case of large negative thermal contrast combined
with high levels of pollution provided a first step towards the
use of TIR sounders to contribute to air quality monitoring,
evaluation, and management (Boynard et al., 2014).

Initial validation of TASI total and tropospheric O3 was
carried out by Boynard et al. (2009). The paper com-
pares a year of IASI-A measurements to both UV satellite
and ground-based observations along with ozonesonde data.
More recently, IASI O3 has been validated against indepen-
dent observations in a series of papers (Antén et al., 2011;
Dufour et al., 2012; Gazeaux et al., 2013; Pommier et al.,
2012; Oetjen et al., 2014; Safieddine et al., 2015; Scannell
et al., 2012; Toihir et al., 2015). These papers report that
the comparisons between IASI and UV instruments show a
positive bias from IASI for the total column ranging from
~ 3 % (Brewer-Dobson) to ~ 6 % (Global Ozone Monitor-
ing Experiment-2A - GOME-2A) on the global scale. For the
vertical profile, the bias is generally lower than 10 %, except
in the 10-25 km altitude range where a positive bias of 10—
15 % is reported (Dufour et al., 2012; Gazeaux et al., 2013).
However, these different studies focused on a particular re-
gion and/or a relatively short period of time.

The purpose of the present paper is to provide an update on
the O3 retrievals using the Fast Optimal Retrievals on Layers
for IASI (FORLI) software (Hurtmans et al., 2012) that al-
lows one to systematically retrieve global distributions of O3
vertical profiles in a near-real-time mode. The main aim of
this work is (1) to extend the IASI-A O3 validation to the
2008-2014 period and with a range of different instruments
such as satellite sensors, Brewer—Dobson spectrophotome-
ters, SAOZ (Systeme d’Analyse par Observation Zénithale)
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instruments, and ozonesondes and (2) to quantify the consis-
tency between the O3 retrieved by the second IASI instru-
ment (IASI-B) with that of IASI-A. The next section pro-
vides a description of the IASI O3 measurements including
the TASI instrument and the O3 profile retrieval processing.
Section 3 presents an intercomparison between O3 derived
from IASI-A and IASI-B. In Sects. 4 and 5 the results of the
validation of total O3 columns (TOCs) and vertical profiles
are presented respectively. Section 6 provides preliminary re-
sults on an updated version of the retrieval algorithm. Con-
clusions are given in Sect. 7.

2 IASI ozone retrievals
2.1 The IASI instrument

IASI was designed for operational meteorology and for mon-
itoring atmospheric chemistry and climate. It is a TIR Fourier
transform spectrometer (Clerbaux et al., 2009, 2015) on
board the MetOp-A and B satellites, which were launched in
October 2006 and September 2012 respectively. The launch
of the third and last satellite (MetOp-C) is scheduled for
2018. The role of MetOp-C is to ensure the continuity of ob-
servations from a polar orbit started at the beginning of the
MetOp mission. The IASI instruments will provide homoge-
neous long-term data sets of 15 years related to atmospheric
composition.

Both IASI-A and B instruments have been opera-
tionally sounding the atmosphere since October 2007 and
March 2013 respectively. The MetOp-A and B satellites are
on a polar, sun-synchronous orbit (about 817 km altitude)
with Equator crossing times of 09:30 (21:30) local mean so-
lar time for the descending (ascending) part of the orbit. IASI
is nadir viewing and measures the radiation emitted from the
Earth’s surface and absorbed and emitted by the atmosphere
in the TIR spectral range, between 645 and 2760 cm™! with
an apodized spectral resolution of 0.5 cm™! and radiometric
noise of 0.2 K (for a reference temperature of 280 K) in the
O3 spectral absorption region (near 9.6 um). Because of the
nadir geometry complemented by off-nadir measurements up
to 48.3° on both sides of the satellite track (swath of about
2200km), each IAST instrument covers the globe twice a day,
providing more than 1.3 million spectra each day. At nadir,
each TASI instantaneous field of view is composed of four
individual ground pixels of 12 km diameter each.

2.2 Ozone retrievals with FORLI

Retrievals of O3 global distributions have been systemati-
cally performed in a near-real-time mode using the FORLI-
03 v20140922 software (Hurtmans et al., 2012), which was
until a few weeks ago the reference FORLI version. In this
study we used the IASI-A and IASI-B O3 data retrieved from
January 2008 and from March 2013, respectively, until De-
cember 2014. FORLI-O3 is based on the optimal estimation
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method (OEM) (Rodgers, 2000) and relies on tabulated ab-
sorption cross sections at various pressures and temperatures
to speed up the radiative transfer calculation. The OEM uses
a priori information to constrain ill-posed problems such as
O3 concentration retrievals from nadir-viewing spaceborne
sounders. The OEM also provides an error budget associated
with the retrievals and diagnostic variables allowing accurate
comparisons with other data. In particular, the averaging ker-
nel matrix characterizing the sensitivity of the retrieved state
to the true state is provided for each retrieval. The position
of its peak gives the altitude of maximum sensitivity, while
its full width at half maximum is an estimation of the vertical
resolution of the retrieved state (Rodgers, 2000). The trace
of this matrix, called degrees of freedom for signal (DOFS),
represents the number of independent pieces of information
contained in the measurements, which gives an estimation of
the vertical sensitivity of the retrievals.

The O; retrieval spectral range is 1025-1075 cm ™!, which
is dominated by O3 lines with only few water vapor lines
and a weak absorption contribution of methanol (Hurtmans
et al., 2012). The a priori information consists of a covari-
ance matrix S, constructed from the McPeters/Labow/Logan
climatology of O3 profiles, which combines long-term satel-
lite limb observations and measurements from O3z sondes
(McPeters et al., 2007) and a global a priori profile x, that
is the mean of the ensemble. Therefore only one single
O3 a priori profile and variance—covariance matrix are used
in FORLI. The O3 product from FORLI is a vertical pro-
file retrieved on 40 layers between surface and 40 km, with
an extra layer from 40km to the top of the atmosphere. It
is provided along with averaging kernels and relative total
error profile, on the same vertical grid. In order to avoid
cloud contaminated scenes, retrievals are only performed for
clear or almost-clear scenes with a fractional cloud cover be-
low 13 %, identified using the cloud information from the
EUMETSAT operational processing (August et al., 2012).
A second filter is applied to keep only the more reliable
data by removing those corresponding to poor spectral fits
(root mean square of the spectral fit residual higher than
3.5x 108 Wem™2srem™!). For a full description of the
FORLI-O3 software and the OEM algorithm the reader is
referred to Hurtmans et al. (2012).

Figure 1 illustrates an example of averaging kernels for
one midlatitude IASI observation on 15 July 2014. The av-
eraging kernels present four maxima located around 2, 8, 15,
and 22 km, and the total DOFS is 4.2. As shown in previ-
ous studies, the TASI sensitivity to tropospheric O3 peaks
between 6 and 8 km, with some seasonal variability (e.g.,
Clerbaux et al., 2015). However, in case of significant ther-
mal contrast (i.e., the difference of temperature between the
ground and the atmospheric layer just above it), the sensitiv-
ity of IASI increases near the surface (Boynard et al., 2014).
For the example illustrated in Fig. 1, the measurement is per-
formed at a location associated with a large thermal contrast
(18 K) and hence the averaging kernels corresponding to the

Atmos. Meas. Tech., 9, 4327-4353, 2016
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Figure 1. Example of IASI-A averaging kernel functions cor-
responding to one daytime midlatitude measurement (31.3°N,
46.7° E) obtained on 15 July 2014 for each 1km retrieved layer
from the surface to 40 km altitude (color scale). The total DOFS
and thermal contrast are also indicated.

troposphere exhibit two maxima, allowing the separation of
the boundary layer and the free tropospheric O3 concentra-
tions.

In order to get a global view of IASI vertical sensitivity
and its relation with surface temperature, Fig. 2 illustrates the
spatial distribution of surface temperature along with total
DOFS for the period 2008-2014 for daytime measurements.
Data were averaged monthly over a 1° x 1° grid cell, then
the monthly data were averaged over the period 2008-2014.
The mean values of surface temperature and DOFS for the
O3 profiles for different seasons and latitude bands are given
in Table 1. As expected, surface temperature varies with lati-
tude and season, with the highest values found in the tropics
during summer (~ 300K on average) and the lowest values
in the high latitudes especially over Antarctica (245-255 K).
Same patterns are observed for the DOFS global distribution
with the lowest values at high latitude (~2) and the high-
est values in the tropics (>4), which indicates that IAST is
more sensitive in the tropics. There is no significant seasonal
change in either surface temperature or DOFS in the trop-
ics and southern midlatitudes. However, at high latitudes and
in the northern midlatitudes, surface temperature and DOFS
can differ by 10-30 K and 0.7, respectively, between winter
and summer.

The total error on the O3 profile retrievals is estimated sta-
tistically in FORLI, and different contributions to the total er-
ror can be isolated: from the limited vertical sensitivity, from
the measurement noise, and from uncertainties on fitted (wa-
ter vapor column) or fixed (e.g., surface emissivity, temper-
ature profile) parameters (Hurtmans et al., 2012). The errors
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introduced by the uncertainties on the temperature profile can
contribute up to 10 % of the total error (Boynard et al., 2009)
and, thus, can have an impact on the retrievals. The total er-
ror on the vertical O3 profile depends on the latitude and the
season, reflecting, amongst other, the influence of signal in-
tensity (Wespes et al., 2016). It generally varies between 10
and 30 % in the troposphere and in the upper troposphere and
lower stratosphere (UTLS) and 5 % in the stratosphere. How-
ever, larger relative errors are found in the tropics, which are
related with the low O3 amounts (Wespes et al., 2016) and
in the high latitudes often characterized by low brightness
temperatures as shown in Fig. 2.

3 Intercomparison between IASI-A and IASI-B ozone
content

Several intercomparison exercises between IASI-A and
TASI-B radiance spectra have been performed in the frame-
work of the Global Space Based Inter-Calibration System
(GSICS; http://gsics.wmo.int/). An excellent consistency be-
tween both sensors has been demonstrated, with radiometric
biases lower or equal to 0.1 K and spectral biases lower than
1 ppm, which is compliant with the specification of 0.5 K and
2 ppm, respectively, defined by the Centre National d’Etudes
Spatiales (CNES) (see IASI quarterly performance reports at
https://iasi.cnes.fr/fr/IASI/Fr/lien]_car_instr.htm).

The comparison between IASI-A and IASI-B O3 products
retrieved with FORLI is not straightforward since the pix-
els are not co-localized in time and space. The two MetOp
satellites are on the same orbit with a 180° shift; therefore
there are numerous common observations between two con-
secutive tracks. However, there is a ~ 50 min temporal shift
between both instruments (one satellite might be before or
after the other); thus the observations are never simultane-
ous. In addition, the geometry of the observations is different
and generally off-nadir with opposite angles, so the location
of the observation between the two instruments varies and
thus the pixels are not geographically co-localized. More-
over, each IASI O3 measurement is associated with a cloud
flag (see Sect. 2), so one observation seen at a certain loca-
tion with TASI-A might be contaminated by clouds and fil-
tered out in the retrieval processing, while it might not be
the case with IASI-B. To overcome these challenges and to
be able to compare the measurements over the same basis,
the intercomparison of IASI-A and IASI-B TOC retrievals
from FORLI is performed on monthly averaged data, over a
1° x 1° grid.

Figure 3 illustrates the monthly mean relative differences
(100 x (IASI-A —IASI-B) /IASI-A) of TOCs for the year
2014 as a function of month and latitude for daytime mea-
surements (left panel) and nighttime measurements (right
panel). TASI pixels are considered daytime and nighttime
data if the solar zenith angle (SZA) is <90° and >=90° re-
spectively. An excellent agreement between both IASI-A and

www.atmos-meas-tech.net/9/4327/2016/
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Figure 2. Global distribution averaged over 1° x 1° for the period 2008-2014 for daytime measurements: (left) IASI surface temperature

and (right) DOFS for the O3 profiles.

Table 1. Mean values of surface temperature (K) and DOFS for the O3 profiles for different seasons and latitude bands for the period
2008-2014 for daytime measurements. The standard deviation is also indicated.

Latitude range Dec—Jan—Feb ‘ Mar—Apr-May Jun—Jul-Aug Sep—Oct—Nov
Surface DOFS Surface DOFS Surface DOFS Surface DOFS
temperature temperature temperature temperature
60-90° N 250+3 2.31+£0.11 260+2 2.50+0.06 277+£2  2.98+0.05 265+2 2.72+0.08
30-60° N 273+4 2.91+£0.09 285+2 3.14+£0.06 295+2 3.41+£0.05 287+2 3.28+0.05
0-30°N 298+2 3.72+0.04 301+£2 3.73+£0.03 302+3  3.74£0.03 301+£2 3.79£0.03
0-30°S 299+2 3.76+0.03 299+1 3.76+0.03 296+1 3.67+£0.04 298+2  3.69+0.04
30-60° S 284+2 3.25+0.04 283+1 3.22+0.03 280+1 3.13£0.04 280+£2 3.12+£0.04
60-90° S 255+2 2.52+£0.07 247+2  2.15£0.06 246+2 2.65+0.12 245+2 2.70£0.08

IASI-B TOC:s is observed, with differences generally within
1 % for all latitudes, which could be due to both the temporal
gap and the different observation geometry leading to differ-
ent sampling of IASI-A and IASI-B. The larger differences
observed in March 2014 around 60° N are related to missing
IASI-B data during several days due to a temporary problem
related to the TASI-B instrument. In polar regions, a possi-
ble reason for the larger differences is the combination of the
overlap by consecutive orbits with different time and, thus,
different meteorological conditions. MetOp, with its polar
orbit, makes 14 revolutions per day and will therefore pass
by the poles on each revolution. This will lead to a larger
number of observations over the poles each day at different
times for the same grid cell. The variability in Os3 is there-
fore much larger, leading to both larger differences between
the measurements and larger standard deviation (not shown).
On average for the period 2013-2014, TASI-A and IASI-B
TOCs retrieved using FORLI are consistent, with IASI-B
providing slightly lower values with a global difference of
only 0.2+£0.8 %.

We investigated in more detail the differences between
IASI-A and TASI-B O3 by performing a comparison of the
FORLI O3 vertical profiles. Figure 4 shows the monthly
mean relative differences of O3 vertical profiles for the year

www.atmos-meas-tech.net/9/4327/2016/

2014 as a function of month and altitude for different latitude
bands. Overall the differences between IASI-A and IASI-
B O3 concentrations are within £2 % for the entire altitude
range. IASI-A tends to measure less O3 in the troposphere
and in the stratosphere above ~25-30km and more O3
in the lower/middle stratosphere (LMS) compared to IASI-
B. Locally, larger differences are also found, especially in
the Antarctic region (values<—10% in the 10—15km alti-
tude range for the January—July period) and in the northern
midlatitudes (differences up to —6 % in the spring season).
The lower differences are found above 20 km, where most
of O3 is located (differences < 0.5 %). The main differences
are found in the troposphere and near the surface: on aver-
age TASI-A measures 2.0 £ 0.2 % less tropospheric O3 than
IASI-B. As shown in Fig. 5, the standard deviation of the
relative differences between IASI-A and IASI-B O3 verti-
cal profiles ranges between 5 and 20 % for the entire altitude
range and is larger in the tropopause region, characterized by
low O3 concentrations, large natural variability, and a strong
dependency on the tropopause altitude. It is much larger in
the Antarctic region (> =20 %) for the January—August pe-
riod, and the causes are not yet fully explained.

Atmos. Meas. Tech., 9, 4327-4353, 2016
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are calculated as 100 x (IASI-A —IASI-B) / IASI-A.
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Figure 4. Contour representation of the relative difference (in percent) between IASI-A and IASI-B ozone concentrations as a function of
altitude and time for the year 2014 for daytime data. The relative differences are calculated as 100 x (IASI-A —IASI-B) / IASI-A. The white
area located in the southern high latitudes corresponds to differences ranging between —20 and —10 %.

4 Validation of total ozone column METSAT Ozone Monitoring and Atmospheric Composition

Satellite Application Facility (O3M SAF) with the GOME
Data Processor (GDP) operational algorithm, which is an it-
erative differential optical absorption spectroscopy (DOAS)
air-mass factor fitting algorithm and uses the ozone absorp-
tion features in Huggins band between 325 and 335 nm (Loy-
olaetal., 2011; Hao et al., 2014); and (2) GOME-2 TOC data
generated as part of the ESA Ozone Climate Change Initia-
tive (O3-CCI) with the GOME-type Direct Fitting (GODFIT)
algorithm (Van Roozendael et al., 2012; Lerot et al., 2014)
and publicly available at http://www.esa-ozone-cci.org. The
GOME-2 O3M SAF and CCI TOC products have been val-
idated using ground-based measurements (e.g Hao et al.,
2014; Koukouli et al., 2012, 2015; Loyola et al., 2011), which
has shown an overall agreement within 1 % in most situa-
tions. Note that in this section (and in Sect. 6) only the re-

4.1 Comparison with GOME-2 retrievals

The GOME-2 instrument, also on board the MetOp-A and
B platforms, is a UV-vis—NIR (near IR) nadir-viewing spec-
trometer covering the spectral range from 240 to 790 nm with
a spectral sampling of 0.11-0.22 nm and a spectral resolution
0f 0.24-0.53 nm (Munro et al., 2016). The maximum swath is
about 1920 km, providing almost global coverage of the sun-
lit part of the atmosphere within 1 day. The reader is kindly
referred to Munro et al. (2016) for a full description of the in-
strument design, calibration, and L1 processing and to Hassi-
nen et al. (2016) for a description of the full suite of GOME-
2 L2 operational products. In this study, two different TOC
products from GOME-2/MetOp-A (GOME-2A) were used
for the validation of IASI TOCs from FORLI: (1) GOME-
2 TOC data that have been generated as part of the EU-
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Figure 5. Contour representation of the standard deviation of the differences shown in Fig. 4 (in percent) as a function of altitude and time

for the year 2014 for daytime data.

sults related to the IASI and GOME-2A TOC data generated
within the EUMETSAT O3M SAF are presented.

The validation of IASI TOC retrievals from FORLI, IASI
and GOME-2A pixels is performed with monthly averaged
data over the period 2008-2014, over a constant 1° x 1°
grid. As the UV-vis instrument provides daytime observa-
tions, only the TASI daytime data (SZA <90°) are used in
this comparison. Figure 6 shows the global distributions of
TOCs obtained from the IASI-A and GOME-2A O3M SAF
retrievals along with the associated relative differences, cal-
culated as 100 x (IASI — GOME-2) / GOME-2, for different
seasons of the period 2008-2014. Although, when compared
to GOME-2A, TASI-A overestimates O3, similar spatial and
seasonal patterns are observed by both instruments. The spa-
tial distribution of total O3 varies strongly with latitude, the
largest values occurring at middle and high latitudes during
all seasons. This is due to the production rates of O3 from so-
lar UV radiation that are generally highest in the tropics and
the large-scale air circulation in the stratosphere that trans-
ports O3 from the tropics toward the poles (Dessler, 2000).
This results in O3 accumulation at middle and high latitudes,
increasing the O3 layer thickness and thus total O3. In con-
trast, the lowest values of total O3 are located in the trop-
ics for all seasons (except for the Antarctic O3 hole season
in September—October—November) because the O3 layer is
smaller there (Dessler, 2000). Little seasonal change in total
O3 is found in the tropics compared to the polar regions. This
is due to the smaller seasonal changes in both sunlight and
O3 transport in the tropics than in polar regions. Although
the largest differences between the two instruments are ob-
served over Antarctica, the annual Antarctic O3 depletion
in the austral spring season (September—October—November)

www.atmos-meas-tech.net/9/4327/2016/

is well observed by both instruments. It is worth mention-
ing that in contrast to UV-vis instruments (e.g., GOME-2
and OMI), IASI can measure the ozone distribution over the
whole South Pole region during the austral winter. Scannell
et al. (2012) demonstrated IAST’s ability to capture the sea-
sonal characteristics of the ozone hole, in particular during
polar winters, despite the low surface temperature and there-
fore the lower IASI sensitivity.

Figure 7 shows the time series of the monthly mean rel-
ative difference between IASI-A in blue and TASI-B in red
against GOME-2A O3M SAF gridded TOCs along with the
standard deviation for different latitudinal bands. The three
main features that arise from this figure are (i) the excellent
agreement between the IASI-A and the IASI-B comparisons,
(ii) the systematic overestimation of IASI with FORLI pro-
cessing, and (iii) the pronounced seasonality in the difference
between IASI and GOME-2A TOC:s, the lowest differences
being found in summer and the largest differences in win-
ter. The lowest differences are found in the middle latitudes
(2—4 %) and the tropics (~4-6 %) while the highest differ-
ences are found at high latitudes, especially over Antarctica
(up to 30 % during the austral summer season). It is worth
noting that in the tropics there is a small drift visible in the
last 2 years (2013-2014), which is not apparent in the com-
parisons between IASI and ground-based TOCs (see Figs. 11
and 12). This may be related to the instrumental degradation
of GOME-2A in recent years (Munro et al., 2016).

Table 2 gives some statistics related to the differences be-
tween IASI-A with FORLI processing and GOME-2A O3M
SAF TOC:s separately for each season, at global scale and for
six different latitude zones. The monthly data were averaged
seasonally as performed in Fig. 6 and then correlations were

Atmos. Meas. Tech., 9, 4327-4353, 2016
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compared to (middle) GOME-2A O3M SAF retrieved total ozone columns for daytime observations. The relative differences (in percent)
calculated as (IASI-GOME2) / GOME2 x 100 are displayed on the right panels.

calculated spatially across grid locations within a latitude
band. Globally, IASI-A and GOME-2A are in good agree-
ment, with coefficients of correlation ranging from 0.93 to
0.98 and a positive bias from IASI-A of 5.5 to 7.1 % depend-
ing on the season. On average, over the period 2008-2014,
the bias value is around 6.2 & 7.5 %, which is of the same or-
der as the bias reported in Antén et al. (2011). The detailed
analysis undertaken for different latitude bands shows that
the highest correlation coefficients are found in the midlati-
tude regions, with values higher than 0.93. Poor correlation is
found between IASI-A and GOME-2A in the high latitudes
of the Southern Hemisphere (SH) during austral summer and

Atmos. Meas. Tech., 9, 4327-4353, 2016

fall. However, during the O3 hole season, high correlation of
0.96 is found in the southern polar region, with IASI-A TOCs
being positively biased (~ 11.6 %). This suggests that IASI
underestimates the extent of O3 depletion (i.e., the TOCs in
the ozone hole) with respect to GOME-2A.

Although further investigation is needed to understand the
reasons of the local discrepancies (e.g., Antarctica, moun-
tains region, desert), the global difference could be attributed
to the following:

1. The different observation modes: (i) the ground foot-
print is different for both instruments (12 km diameter at
nadir for IASI vs. 40 x 80 km for GOME-2), leading to

www.atmos-meas-tech.net/9/4327/2016/
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Figure 7. Time series of the monthly relative differences (in percent) between IASI-A (blue) and IASI-B (red) against GOME-2A O3M SAF

total ozone columns for different latitudinal bands. The associated standard deviation is also displayed.

Table 2. Summary of the correlation (R), the bias, and the standard deviation of IASI-A total ozone column retrieved from FORLI-O3
v20140922 relative to the O3M SAF GOME-2A retrievals, for each season of the period 2008-2014. The bias and the standard deviation are
given in percent. The correlation coefficients higher than 0.85 are indicated in bold.

Latitude range Dec—Jan—Feb ‘ Mar-Apr-May ‘ Jun—Jul-Aug ‘ Sep—Oct—Nov
R Bias (%) | R Bias (%) | R Bias (%) | R  Bias (%)
90° S-90° N 0.93 7.1£7.1 | 0.95 7.0+76.8 | 0.95 55+42 | 098 64+48
60-90° N 0.75 43+7.0 | 042 54+42 | 0.61 47£22 ] 092 68+27
30-60° N 0.98 44+£25 | 097 6.0£23 | 095 49+18 | 096 4.0+£1.9
0-30°N 0.88 6.1+£2.0 | 093 6.7+12.1 | 0.87 6.6+23 | 0.79 59+1.7
0-30°S 0.91 64+14 | 0.78 6.7+1.6 | 091 59+16 | 096 59+15
30-60° S 0.99 52+£0.8 | 097 4.0+1.0 | 0.93 2619 | 099 42+12
60-90° S 026 156+£123 | 025 135+140 | 0.88 123£10.0 | 096 11.6+9.0

different cloud contamination; (ii) the atmospheric light
paths of the IASI and GOME-2 observations are dif-
ferent (i.e., GOME-2 measures the solar reflected radia-
tion), which implies that different air masses are probed.

2. The ~ 4 % disagreement between the ozone absorption
coefficients in the IR and UV spectral regions (Picquet-
Varrault et al., 2005; Gratien et al., 2010).

3. The different weighting functions and vertical sensitiv-
ities: GOME-2 has a maximum sensitivity in the strato-

www.atmos-meas-tech.net/9/4327/2016/

sphere, while IASI presents a maximum sensitivity in

the free troposphere (Boynard et al., 2009).

Possible reasons for the larger discrepancies observed at high
latitudes are (i) the limited information content in the IASI
observations in these regions due to low brightness temper-
atures (c.f. Fig. 2 and Table 1), (ii) a misrepresentation of
the emissivity above ice surfaces, (iii) the temperature pro-
files used in FORLI that are less reliable at high latitudes and
over elevated terrain as shown in August et al. (2012), and
(iv) the errors associated with TOC retrievals in the UV-vis

Atmos. Meas. Tech., 9, 4327-4353, 2016
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Figure 8. IASI-A total ozone column distribution above Antarctica
retrieved using FORLI. Data are averaged over a 1° x 1° grid and
over 1 month from 12 September to 12 October during the period
2008-2015.

spectral range increasing at high solar zenith angles in these
regions, mostly because of the larger sensitivity of the re-
trieval to the a priori O3 profile shape (Lerot et al., 2014). In
the tropics, the largest differences are observed above regions
characterized by sharp emissivity features, which are misrep-
resented in FORLI processing. Figure 8 provides an exam-
ple of O3 monitoring with IASI-A. It illustrates the evolution
of O3 hole over 2008-2015, with the distribution of TOCs
obtained above Antarctica averaged over 1 month between
12 September and 12 October for each year. This figure high-
lights the good capability of IASI to capture the spatial and
temporal variability of TOCs in the Antarctic region (as al-
ready shown in Fig. 6). It is worth noting that the O3 hole size
is larger in 2015 than in the previous years (integrated over
the same time period) as shown by Fig. 8. According to the
World Meteorological Organization (WMO), this larger O3
hole in 2015 is due to unusually cold temperature and weak
dynamics in the Antarctic stratosphere. One has to be consid-
erate of the fact that although IASI is able to reproduce the
spatiotemporal variability of TOCs, it remains difficult to ac-
curately estimate the Antarctic ozone loss and the size of the
ozone hole from IASI data because of large retrieval biases
in the region.

Atmos. Meas. Tech., 9, 4327-4353, 2016

4.2 Comparison with ground-based spectrophotometer
data

Complementary to space observations, total O3 is routinely
measured at ground stations by the Brewer and Dobson in-
struments (Fioletov et al., 2008). These ground-based obser-
vations considered as the “ground-truth” standard for TOC
measurements are publicly available at the World Ozone and
Ultraviolet Radiation Data Centre (WOUDC, http://woudc.
org). The total O3 measurement of the Brewer and Dobson
instruments relies on the method of differential absorption
in the Huggins band where O3 exhibits strong absorption
features in the UV part of the solar spectrum. Compared to
the Dobson instrument, the Brewer spectrophotometer has an
improved optical design and is fully automated. The TOC
abundance is determined from a combination of four wave-
lengths between 306 and 320 nm with a resolution of 0.6 nm
overcoming the spectral interference of sulfur dioxide with
O3 (Kerr et al., 1984; Kerr, 2002). The Dobson and Brewer
stations considered in this paper and the criteria used for the
selection of the stations have been extensively used in a se-
ries of validation papers of satellite total O3 measurements
(e.g., Weber et al., 2005; Balis et al., 2007a, b; Koukouli et
al., 2012, 2015).

For the comparisons with IASI TOCs from FORLI, only
direct sun observations are used as those are the most reli-
able for both the Dobson and the Brewer spectrophotome-
ters, the latter offering an accuracy of about 1% at mod-
erate solar zenith angles (e.g., Kerr, 2002). All data avail-
able for the period 2008-2014 have been extracted. The data
format currently used consists of daily total O3 values ex-
pressed in Dobson units (DU). We set the coincidence criteria
to a 50 km search radius between the satellite center of pixel
and the geocolocation of the ground-based station as well
as to the same day of observations. All IASI TOCs meet-
ing the above criteria were then averaged for each ground-
based measurement. In total 47 Brewer and 53 Dobson sta-
tions were considered for the comparison. As shown in Fig. 9
illustrating the locations of the stations, a wide geograph-
ical region is covered by the network of ground-based in-
struments, with fair sampling of all latitudes. More specifi-
cally, apart from three Antarctic stations, the Brewer network
mostly represents the Northern Hemisphere (NH), whereas
the Dobson network is more balanced in terms of latitude
coverage. Also note that the most represented latitudinal re-
gion is that of the northern middle latitudes for both types of
instrument. Both IASI-A and IASI-B were compared to the
ground-based observations. In order to ensure consistency in
the product validation and intercomparison of the different
products, the ground-based data set was reduced to contain
only the common co-locations between the two space-borne
instruments and the respective ground-based one during the
period March 2013-December 2014.

Figure 10 shows the relative differences between IASI-
A in blue and IASI-B in red and the ground-based

www.atmos-meas-tech.net/9/4327/2016/
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Figure 10. Latitudinal variability of the relative differences (in percent) between IASI-A (blue) and IASI-B (red) against co-located Dob-
son (a) and Brewer (b) given in bins of 10°. For the period March 2013 onwards, only the common co-locations between the two satellites
are shown. The associated standard deviation of the relative differences is also displayed.

TOCs averaged over 10° latitude bands for the period
2008-2014 and 2013-2014 respectively. For each daily
ground-based measurement a relative difference is calculated
as 100 x (IASI — GROUND-BASED) / GROUND-BASED.
All those relative differences are then separated into latitu-
dinal bins and the mean of those is calculated. Very similar
features between the IASI-A and IASI-B comparisons can be
seen, with the Antarctic being largely overestimated (up to
20 % and beyond) and the northern middle latitudes driving
the mean comparisons around the 4 % to 6 % level. Larger
differences are also seen in the southern midlatitudes (up to
8 %) and in the northern high latitudes (up to 9 %), which
is consistent with the results found for the IASI/GOME-2A
comparison (c.f. Figs. 6 and 7). Figure 11 shows the time se-
ries of monthly mean differences between IASI-A and IASI-
B against Dobson and Brewer TOCs for the period 2008—
2014 for the NH. For each ground-based measurement, a
daily relative difference is calculated. All those relative dif-
ferences are then monthly averaged. IASI with FORLI pro-
cessing overestimates total O3 abundance compared to the
Dobson and Brewer instruments. The mean difference be-
tween IASI and Dobson measurement is ~ 5+ 1% for the
NH, whereas it is slightly larger (~6+1%) for the SH.
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A similar picture is revealed by the Brewer network com-
parisons, with a mean difference between IASI and Brewer
TOCs of ~4+1 %. Similar results are found for the com-
parison between IASI and Dobson in the SH (not shown
here). As for the IASI/GOME-2A TOC comparison, an ob-
vious seasonal variability in the difference between IASI
and ground-based TOCs is visible with the lowest differ-
ence in summer and the largest differences in winter. These
results are consistent with those found for the comparison
with GOME-2 measurements. The possible reasons of the
discrepancies are detailed in Sect. 4.1.

4.3 Comparison with ground-based SAOZ data

The SAOZ is a zenith-sky UV-vis spectrometer developed
by Pommereau and Goutail (1988) following the discovery
of the O3 hole in Antarctica by Farman et al. (1985). Since
the late 1980s, about 20 instruments distributed in latitude
have been deployed within the Network for the Detection
of Atmospheric Composition Change (NDACC). The SAOZ
TOC measurements are performed in the visible Chappuis
bands between 450 and 550 nm with a spectral resolution of
1.0 nm, twice a day, at sunrise and sunset at solar zenith angle
between 86 and 91°. The retrieval makes use of the DOAS

Atmos. Meas. Tech., 9, 4327-4353, 2016
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Figure 11. Monthly mean differences (in percent) between IASI-A (blue) and IASI-B (red) TOCs against co-located Dobson (a) and
Brewer (b) spectrophotometer TOCs for the Northern Hemisphere. For the period March 2013 onwards, only the common co-locations
between the two satellites are shown. The associated standard deviation of the monthly mean relative differences is also displayed.

Table 3. List of the eight SAOZ stations used for the IASI total
ozone column validation.

Stations Latitude (°) Longitude (°)  Altitude (m)
Scoresby Sound 70.5 —22.0 67
Sodankyla 67.4 26.6 170
OHP 439 5.7 683
Reunion —-20.9 55.5 110
Bauru —22.3 —49.0 640
Kerguelen —49.4 70.3 36
Rio Gallegos —-51.6 —69.3 15
Dumont d’Urville —66.7 140.0 45

procedure (Platt, 1994). SAOZ performances have been con-
tinuously evaluated by regular comparisons with UV—vis in-
dependent observations (e.g., Hofmann et al., 1995; Roscoe
et al., 1999; Hendrick et al., 2011). The SAOZ precision is
4.7 %, while the SAOZ total accuracy is 5.9 % (Hendrick et
al., 2011).

In this study, eight SAOZ stations deployed at all latitudes
from the Arctic to the Antarctic (see Table 3 for their loca-
tions) have been used for IASI TOC validation. Sunrise (sun-
set) SAOZ measurements are compared to co-located day-
time (nighttime) IASI daily data averaged in a 300 km diam-
eter semicircular area located to the east (west) of the ground-
based station. Note that similar results are found for day-
and nighttime measurements, so only the results related to
daytime data are shown here. In order to ensure consistency
in the product validation and intercomparison of the differ-
ent products, the SAOZ data set was reduced to contain only
the common co-locations between the two IASI instruments
and the respective SAOZ one during the period March 2013—
December 2014.

Figure 12 shows the temporal variation of the monthly
mean relative differences between IASI-A in blue and
IASI-B in red against SAOZ daytime TOCs for the eight
SAOZ stations for the period 2008-2014. For each daily
SAOZ measurement, a relative difference is calculated as
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Table 4. Mean relative differences and standard deviation (in per-
cent) between IASI-A and SAOZ total ozone for different latitude
zones and daytime measurements.

Latitude band  Bias (%)

60-70° N 6.8 £2.8
30-60° N 38 £14
0-30°S 4.1 +1.2
30-60° S 1.6 £1.0
60-70° S 7.6 £3.6

100 x (IASI — SAOZ) / SAOZ. All those relative differences
are then monthly averaged. Here we again clearly see the
systematic overestimation of IASI TOCs from FORLI and
the seasonality in the differences, both of increasing am-
plitude with latitude. Compared to SAOZ, the IASI TOCs
are biased by 2-4 % (1-2 % monthly mean averaged stan-
dard deviation) in the tropics and midlatitudes, and this value
is increasing to about 7 &= 3 % at the polar circle and to 15—
20+ 15% at higher latitude (not shown). Table 4 gives a
summary of the statistic by latitude zones. The results are
consistent with those found for the comparison with GOME-
2 along with Brewer and Dobson measurements. In addi-
tion to the possible reasons of the discrepancies discussed in
Sect. 4.1, the mean biases, which vary also with the station,
are attributed to the longitudinal variation of the O3 profile
ignored in SAOZ retrievals. In particular, the 4 % bias drop
between Reunion and Bauru stations located at the same lat-
itude (see Fig. 12) is attributed to the larger O3 concentration
in the upper troposphere above the South American continent
in contrast to the Indian Ocean (Pastel et al., 2014).

5 Validation of IASI ozone vertical profiles

In situ measurements of vertical O3 profiles are routinely per-
formed from balloon sondes launched at different stations
around the world. The sondes provide measurements of O3,
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for eight stations from north to south. For the period March 2013 onwards, only the common co-locations between the two satellites are
shown. The error bars display the associated monthly mean standard deviation. The 7-year mean relative difference and standard deviation
(in percent) are indicated on each panel. The relative difference (in percent) is calculated as (100 x (IASI — SAOZ) / SAOZ).

temperature, pressure, and humidity up to 30-35km with a
vertical resolution of ~ 150 m. For the validation of IASI O3
vertical profiles, global profiles measured from 2008 to 2014
and archived at the WOUDC were extracted. Only sonde
measurements based on electrochemical concentration cells
(ECCs), which measure the oxidation of a potassium iodine
(KI) solution by Oz (Komhyr et al., 1995), are used in this
study. Their accuracy is generally sufficient (£5 %) (Deshler
etal., 2008; Smit et al., 2007) and they have been widely used
before for the validation of satellite O3 profiles (e.g., Nassar
et al., 2008; Boynard et al., 2009; Keim et al., 2009; Kroon
et al., 2011; Dufour et al., 2012; Verstraten et al., 2013).

www.atmos-meas-tech.net/9/4327/2016/

We set the coincidence criteria between IASI and the son-
des to a 50 km search radius between the satellite center of
pixel and the geocolocation of the ground-based station as
well as to a temporal coincidence of 10h. We chose these
two co-location criteria in order to obtain a sufficient num-
ber of data pairs in the tropics and the southern midlatitudes
for statistical comparison. Fifty-five ozonesonde stations in
midlatitude, polar, and tropical regions were considered for
the comparison. Figure 13 (left panel) presents a map of the
ozonesonde stations used in the validation exercise, show-
ing that most of sonde stations used in this study are located
in the northern midlatitudes. Figure 13 (right panel) shows
the distribution of the amount of IASI-ozonesonde coinci-
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Figure 13. Left: location of the worldwide ozonesonde profiles of WOUDC used in this analysis. The colors indicate different latitude
bands: 60-90° N (blue), 30-60° N (red), 0-30° N (green), 0-30° S (cyan), 30-60° S (magenta), and 60-90° S (black). Right: distribution of
the amount of IASI-A-ozonesonde coincidences available for this study as a function of latitude. The dashed grey lines indicate the latitude
boundaries used in this study to evaluate the TASI biases in more detail: the northern high latitude region is at 60-90° N, the northern middle
latitude region is at 30-60° N, the northern tropics is at 0-30° N, and the same symmetrically opposite for the Southern Hemisphere.

dences available for this study as a function of latitude. More
than 6600 sonde measurements and 68 000 coincident clear-
sky IASI observations during a period extending from Jan-
uary 2008 to December 2014 were found with more than half
of them located in the northern midlatitudes.

To allow for a meaningful comparison with the high ver-
tical resolution profiles measured by ozonesondes, the dif-
ference in vertical resolution and sensitivity between the two
data sets has to be accounted for. The ozonesonde vertical
profiles were smoothed according to the IASI averaging ker-
nel and a priori constraints leading to a vertical profile repre-
senting what IASI would measure for the same sonde sam-
pled atmospheric air mass. According to Rodgers (2000) the
smoothing of the true state can be characterized as follows:

X5 = X3+ A(Xsonde — Xa), ()

where x; is the smoothed ozonesonde profile, xgonde is the
measured ozonesonde profile, x, is the a priori profile, and A
the averaging kernel matrix. For each daily raw ozonesonde
measurements, all collocated IASI and smoothed sonde pro-
files are averaged.

Figure 14 shows the comparison between the mean
retrieved IASI-A profile with the smoothed and raw
ozonesonde profiles for different latitude bands, taking into
account all TASI-A-sonde coincidences within the 7-year
(2008-2014) period. Looking at the ozone vertical profiles
(left panels), we clearly see that IASI is able to capture the
main features of the ozonesonde vertical distribution except
in the southern high latitudes. Those are (i) the ozone peaks
around 20-30km depending on the latitude, (ii) a decrease
in the ozone maximum altitude increasing with latitude, and
(iii) sharp ozone gradients between the troposphere and the
vertically stratified lower stratosphere. Another feature that
we can see is the northern high and middle ozonesonde pro-
files exhibiting a small filament, which is also observed by
IASI. Although IASI overestimates the ozone peak, it is able
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to represent the ozone peak altitude and the changes in verti-
cal gradients, which is one of the important characteristics of
the successful ozone profile retrieval.

The relative difference (100 x (IASI — sonde) / sonde)
between the mean retrieved profile and the smoothed
ozonesonde profile is also displayed (right panels). The main
features are that IASI generally underestimates O3 in the tro-
posphere (up to 15 % in the midlatitudes) and overestimates
O3 in the stratosphere (up to ~ 35 % in the tropical middle
stratosphere). We can notice that for all latitude bands except
for the midlatitudes, the bias is larger in the UTLS region,
especially in the tropics (up to £50 %), which can be partly
explained by the low O3 amounts leading to larger relative
errors (Wespes et al., 2016). Other possible reasons for the
larger bias in the UTLS are the limited IASI vertical resolu-
tion, spectroscopic uncertainties on ozone line, or the use of
inadequate a priori information. In particular the impact of
using a priori constraints varying with latitude and/or month
has to be tested yet.

Because of the small number of independent pieces of in-
formation retrieved from the profile, which vary between 2 at
high latitudes and 4.5 in the tropics (c.f. Fig. 2), in the follow-
ing we assess ozone partial columns instead of the vertical
profile. We divide the altitude range to four vertical layers:
surface—300 hPa (troposphere), 300-150 hPa (UTLS), 150-
25hPa (LMS), and 25-3 hPa (MS for middle stratosphere),
based on the Wespes et al. (2016) study showing that these
columns contain around one piece of information with a
maximum sensitivity approximately in the middle of each of
the layers and reproduce the well-known cycles related to
chemical and dynamical processes characterizing these lay-
ers. In the following, as ozonesonde profiles are generally
available up to 30 km, the MS column is limited to 10 hPa.

Figures 15 and 16 show the time series of the monthly
mean relative difference between IASI-A and ozonesonde
partial columns for the period 2008-2014 for different zonal

www.atmos-meas-tech.net/9/4327/2016/
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Figure 14. Left panels: mean ozone vertical profiles retrieved by IASI-A (red), observed by the ozonesondes (green), and observed by the
ozonesondes after application of the IASI averaging kernels (blue) for 30° latitude bands. The black line indicates the a priori O3 profiles as
used in the IASI retrieval with FORLI. Right panels: vertical profiles of the relative difference (in percent) between the IASI retrieved mean

profile and the smoothed ozonesonde mean profile.

bands in the NH and SH respectively. The differences be-
tween IASI-B and ozonesonde are not included since the
number of available ozonesonde measurements is limited
in 2014. A main feature that arises from this figure is the
pronounced seasonality in the differences between IASI and
sonde O3 partial columns at high latitudes (except for the
surface-300 hPa column), with the lowest differences found
in summer and the largest differences found in winter. This
is due to the large difference in surface temperature (c.f. Ta-
ble 1) between winter and summer at these latitudes com-
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pared to the midlatitudes and tropics. We also can see a small
but apparent seasonality in the differences for the northern
midlatitudes, especially for the 150-25hPa column. In the
high latitudes, the IASI surface-300 hPa column generally
appears little biased with respect to the sondes, compared to
the other partial columns. Actually this reflects the low sensi-
tivity of IASI associated with low brightness temperature in
the troposphere. As shown in Eq. (1), in such situations, the
TASI retrieval mostly provides the a priori information. At
high latitudes for both hemispheres, the bias and standard de-
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Figure 16. Same as Fig. 15 for the Southern Hemisphere.

viation are larger for the 300—150 hPa column during winter.
This may be attributed to the strong variability in O3 in those
regions because of stratosphere—troposphere exchange. No
seasonal dependency is apparent in the southern midlatitudes
and the tropics, which is due to the little seasonal change in
surface temperature (c.f. Table 1). The large standard devia-
tions found in the tropics and the southern midlatitudes are
due to the limited ozonesonde data (c.f. Fig. 13).

A detailed statistical comparison between IASI and sonde
03 was performed for the four partial columns considered in
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this study (see Table 5). Globally, IASI is in good agreement
with sonde O3 partial columns with correlation coefficients
of 0.74-0.89 and bias ranging from —10 % in the troposphere
to ~ 14 % in the MS. The best agreement between IASI and
sonde O3 is found for the 150-25hPa partial column with
correlation coefficients ranging from 0.76 to 0.88 (except for
the tropics). This is due to the fact that there the maximum
of O3 is located in this part of the atmosphere. Note that the
low bias found in the UTLS region in the middle latitudes
and tropics should be treated with caution since IASI is neg-
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Table 5. Overview of the correlation (R), mean relative bias, and associated standard deviation (in percent) between IASI and sonde O3 for

the period 2008-2014 for different latitude bands and partial columns.

Latitude range ~ Surface-300hPa |~ 300-150hPa |  150-25hPa |  25-10hPa

R Bias (%) | R Bias (%) | R  Bias(%) | R  Bias(%)
90°S-90°N 074  —98+135 | 089  55+23.1 | 087 11.7+17.1 | 0.80 14.5+152
60-90° N 077 —49+12.1 | 081 1954226 | 0.73 100+£17.0 | 047 55+17.8
30-60°N 067 —132+123 | 087 —18%16.1 | 088 49485 | 0.65 156+105
0-30°N 077 —142+126 | 067  6.6+39.8 | 060 11.7+148 | 042 293498
0-30°S 081 —122+128 | 070  3.74+402 | 067 117118 | 044 275478
30-60°S 055 —120+129 | 088  0.6+166 | 089 13.0+£10.8 | 0.84  12.0+9.7
60-90° S 0.48 20+133 | 076 2354251 | 0.89 4454280 | 0.68  8.8+238

atively biased in the upper troposphere and positively biased
in the lower stratosphere as shown in Fig. 14. In the LMS
and MS, IASI systematically overestimates ozone, with val-
ues generally ranging from 5 to 40 %. This suggests that the
positive bias found for the TOC (c.f. Sect. 4) could be related
to biases in the MS where most of O3 is located.

6 Towards a decrease in the bias

In order to compute new products related to radiative forcing
studies (Doniki et al., 2015), new developments were made
in the FORLI-O3 retrieval software. Look-up tables (LUTs)
were recalculated to cover a larger spectral range (960-
1105 cm™") using the HITRAN 2012 spectroscopic database
(Rothman et al., 2013) instead of the HITRAN 2004 database
(Rothman et al., 2005) and correcting numerical implemen-
tation, especially with regard to the LUTs at higher altitude.
Here we assess the new FORLI-O3 retrievals performed for
12 days (the 15th of each month) in 2011. In the following,
the updated version of FORLI-O3 is called v20151001, and
the relative difference between both versions of FORLI-O3 is
calculated as 100 x (v20140922 —v20151001) / v20151001
(%). Only common pixels of IASI-A are used for the com-
parison between the two versions of FORLI-O3.

The current version of the HITRAN database between 960
and 1105cm™! includes 52970 O3 entries of five isotopo-
logues. The line lists of the two databases HITRAN 2012 and
HITRAN 2004 differ by 15 transitions of the very weak hot
band vi +2v; +v3 —2v; —v3 in the mentioned above spectral
range, where v1, vy, and v3 are the three vibrational modes of
ozone. The line positions and line intensities of all other tran-
sitions are identical in both lists. The difference between the
two data sets is in the broadening parameters (y,ir and Yselr)
and in temperature-dependent exponent coefficient n for yy;;.
The actual values of the yair, Vself, and n parameters in the
HITRAN 2012 database are based on the results of Wagner
et al. (2002).

Figure 17 shows the global relative differences of TOC
obtained between FORLI-O3 v20140922 and v20151001 for
the 15th of each month of 2011 for daytime and nighttime

www.atmos-meas-tech.net/9/4327/2016/
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Figure 17. Global daily mean relative differences (in per-
cent) between FORLI v20140922 and FORLI v20151001 to-
tal ozone columns for daytime (blue) and nighttime (red)
IASI measurements for 12 days in 2011 (on the 15th
of each month). The relative difference is calculated as
100 x (v20140922 —v20151001) / v20151001.

measurements separately. The data were averaged over a
1° x 1° grid. The relative differences between both versions
of FORLI-O3 range between 3 and 6 % depending on month
and observation time. With FORLI-O3 v20151001, there is
evidence that retrieved total O3 columns are lower by 3-6 %
and that this will lead to a marked improvement of the com-
parison with UV-vis measurements.

In order to investigate the altitude/pressure range impacted
by the changes in FORLI-O3, Fig. 18 shows the vertical pro-
files of relative difference between FORLI-O3 v20140922
and FORLI-O3 v20151001 along with the standard deviation
averaged over the 12 days of 2011 for different latitude bands
and daytime measurements. FORLI-O3 v20151001 gives
lower concentrations of O3 in the MS (above 30 hPa/25 km)
but higher concentrations in UTLS region. In the MS, the
differences vary as a function of latitude: the largest dif-
ferences are found at high latitudes (up to 20 %) and the
lowest differences are found in the tropics (less than 10 %).
In the lower troposphere the differences between both ver-
sions of FORLI-O3 are smaller (<5 %). This suggests that
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Figure 18. Mean relative differences (in percent) between FORLI
v20140922 and FORLI v20151001 averaged over six 30° lat-
itude bands for daytime measurements. The standard deviation
profiles are overlaid. The relative difference is calculated as
100 x (v20140922 — v20151001) / v20151001.

the changes made in FORLI v20151001 will impact more
the MS where most of O3 is located than the UTLS charac-
terized by lower amount of O3. Similar results are found for
nighttime measurements (not shown here).

TOCs obtained from FORLI-O3 v20151001 were com-
pared to GOME-2A data for the 12 days of 2011. Data
(daytime only) were averaged over a 1° x 1° grid. Fig-
ure 19 shows the global distribution of the relative differ-
ence of TOCs between FORLI-O3 v20140922 (left panel)
and v20151001 (right panel) against GOME-2A data. Over-
all, a much better agreement between IASI-A and GOME-2A
is found when FORLI-O3 v20151001 is used although lo-
cal differences still remain especially in the Antarctic region.
The global mean bias found between FORLI-O3 v20140922
and FORLI-I3 v20151001 against and GOME-2A TOCs de-
creases from 6.5+ 7.3t02.1+9.0%.

We also compared both versions of FORLI-O3 to Brewer
and Dobson ground-based measurements. The co-location
criteria are the same as that described in Sect. 4.2. Fig-
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ure 20 shows the latitudinal comparisons between FORLI-
03 v20140922 in blue and FORLI-O3 v20151001 in ma-
genta against Brewer, on the right, and Dobson, on the left,
TOCs for the 12 days of 2011. The Brewer vs. FORLI-
03 v20151001 comparisons revolve around the 0 % differ-
ence line for all northern latitudes. The Dobson FORLI-O3
v20151001 comparisons show a peak-to-peak variability be-
tween 0 and 4 %, except in the Antarctic region. However,
the Antarctic comparisons have also improved in v20151001
with a decrease of the bias from ~ 18 % to around ~ 13 %.
The seasonal dependency and the daily time series (not
shown here) also result in a uniform decrease of the dif-
ferences between IASI and ground-based TOCs. For the
850 Brewer co-locations (located mainly in the NH) mean
differences decrease from 4.0 & 6.5 to 0.1 &= 6.6 % while for
the 340 common Dobson daily values an improvement from
6.9 £ 8.6 to 3.0 £ 8.5 % is found. The standard deviations re-
main unchanged between the two versions.

In order to check for improvement in stratosphere re-
trievals, we finally compared FORLI-O3 v20140922 and
v20151001 to ozonesonde vertical profiles smoothed with
the IASI averaging kernels. The co-location criterion is the
same as that described in Sect. 5; it unfortunately leads to no
co-location in the southern midlatitudes. A total of 29 sonde
measurements and 449 coincident clear-sky IASI-A obser-
vations for the 12 days of 2011 were found in the NH. Fig-
ure 21 presents the vertical profiles of the relative differences
between FORLI-O3 v20140922 (in blue) and v20151001 (in
magenta) against ozonesonde measurements averaged over
the 12 days of 2011 for different latitude bands. For all lati-
tudes except the northern high latitudes, we can see an im-
provement in the MS (above 30hPa/25km) with FORLI-
03 v20151001 (the bias decreases by ~ 5-10 % depending
on the latitudes). In the UTLS region, the differences be-
tween FORLI-O3 v20151001 and sonde O3 concentrations
are larger for all latitudes. However, the O3 amount being
much lower in the UTLS than in the MS, this does not af-
fect the retrieved total O3 column. No significant changes
are found in the troposphere.

These preliminary results show that the improvement in
the retrieved IASI TOCs from FORLI v20151001 is mostly
related to the improvement in retrieved O3 in the MS above
30 hPa/25 km. This is mainly due to the use of updated LUTs
calculated over an extended spectral range, with corrections
of numerical implementation, especially with regard to the
LUTs at higher altitude.

7 Summary and conclusions

IASI-A and TASI-B O3 (total and vertical profiles) data re-
trieved with the FORLI v20140922 software were validated
against independent observations during the period 2008-
2014, on a global scale. For the validation of TOCs, a direct
comparison of IASI data with GOME-2, Brewer and Dob-
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The relative difference is calculated as 100 x (FORLI-O3 — ground) / ground.

son spectrophotometers, and SAOZ spectrometer data was
performed. For the validation of O3 vertical profiles against
ozonesonde measurements, the ozonesonde vertical profiles
were smoothed according to the IASI averaging kernel and a
priori constraints, which leads to a vertical profile represent-
ing what TASI would measure for the same sonde sampled
atmospheric air mass. The main findings of this validation
exercise can be summarized as follows:

1. The consistency between IASI-A and IASI-B TOCs
(day- and nighttime) has been investigated for the pe-
riod 2013-2014, and both products are consistent with
differences generally less than 1 % irrespective the lati-
tude. A global difference of only 0.2 & 0.8 % was found,
with IASI-B providing slightly lower values. The com-
parison between IASI-A and IASI-B Os vertical profiles
showed differences within 2 % for the entire altitude
range for all latitudes. IASI-A tends to measure more
O3 in the stratosphere and less O3 in the troposphere
compared to IASI-B. Both instruments agree best above
20km, where most of O3 is located (differences less
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than 0.5 %). In the troposphere, the mean difference be-
tween IASI-A and IASI-B Og is larger (2.0£0.2 %).
Possible reasons for the differences found are the tem-
poral gap and the different observation geometry (gen-
erally off-nadir with opposite angles) leading to differ-
ent sampling of IASI-A and IASI-B. Larger differences
between both IASI sensors are observed over Antarctica
with biases more than —10 % for some seasons in the
lower stratosphere. It is likely due to the lower bright-
ness temperature in this region.

Globally, TAST with FORLI processing overestimates
GOME-2 TOCs by ~6.2+7.5%, with a clear latitu-
dinal and seasonal dependence. The lowest differences
are found in the middle latitudes and the tropics (4—
6 %) while the largest differences are found at high lat-
itudes, especially over Antarctica (11-15 % depending
on the season). The comparison with Brewer and Dob-
son spectrophotometer TOCs shows that a near-constant
IASI overestimation of around 5 % is found for all lat-
itudes and for both types of ground-based observations

Atmos. Meas. Tech., 9, 4327-4353, 2016



4346

60° N-90° N
10 10

100

Pressure [hPa]
=
o
o

8
=

1000 1000 Lt
-80-60-40-20 0 20 40 60 80

-80-60-40-20 0 20 40 60 80
30° N-60° N

10

FORLI-O3 v20140922
FORLI-O3 v20151001

Pressure [hPa]
=
o
o

1000

-80-60-40-20 0 20 40 60 80
0° N-30° N 0°S-30° S

10 10

100

Pressure [hPa]
.
o
o

100

-80-60-40-20 0 20 40 60 80
Relative difference [%]

1000

-80-60-40-20 0 20 40 60 80
Relative difference [%)]

Figure 21. Mean relative differences in percent between FORLI-
03 v20140922 (blue) and FORLI-O3 v20151001 (magenta) against
sonde ozone vertical profiles for six 30° latitude bands. The stan-
dard deviation profiles are also shown. The relative difference is
calculated as 100 x (FORLI-O3 — ozonesonde) / ozonesonde.

with the exception of the high latitudes where the dif-
ference to both the Dobson and Brewer TOCs rises
to 9 and 20 % in the Arctic and Antarctic region re-
spectively. The comparison with SAOZ measurements
shows a mean bias between IASI and SAOZ TOCs of
2—4 % in the middle latitudes and tropics and 7 % at the
polar circle (60-70° N).

3. The comparison with ozonesonde vertical profiles
shows that the relative differences vary as a func-
tion of the altitude. In the troposphere, IASI gener-
ally underestimates O3 by up to 15 % except over the
Antarctic region. In the LMS, TASI overestimates O3
and the largest differences are found in the tropical
tropopause region (~ 16km), which can be explained
by the low O3 amounts leading to larger relative error.
A statistical analysis performed for four different partial
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columns characterizing the troposphere, UTLS, LMS,
and MS shows globally a good agreement between IASI
and sonde O3 partial columns with correlation coeffi-
cients of 0.74-0.89 and IASI being negatively biased
by —10 % in the troposphere and positively biased by
~ 14 % in the MS. A clear positive bias is found for the
25-10hPa partial column, demonstrating that the sys-
tematic positive bias found for the TOCs is related to
the bias in the MS, where most of O3 is located.

4. The larger differences found at high latitudes are at-
tributed to reduced IASI sensitivity associated with high
latitudes (low brightness temperature) and the temper-
ature profiles used in FORLI that are less reliable in
Antarctica. The larger bias found in the UTLS, also
found with other TIR sounders (e.g., Nassar et al., 2008;
Worden et al., 2007), is not fully understood but some
possible explanations are the limited IASI vertical reso-
lution, spectroscopic uncertainties on ozone line, or the
use of inadequate a priori information. Further inves-
tigations on the retrievals processing need to be per-
formed.

5. The FORLI retrieval software has been updated with
LUTs recalculated to cover a larger spectral range
(960-1105cm™") using HITRAN 2012 spectroscopy
database instead of HITRAN 2004 and correcting nu-
merical implementation, especially with regard to the
LUTs at higher altitude. The assessment of the updated
version of FORLI-O3 (v20151001) shows a decrease
in the IASI TOC bias by ~4 %, bringing the overall
global discrepancy to ~ 1-2 % on average. The compar-
ison between IASI and sonde O3 vertical profiles con-
firms that the improvement is mainly located in the MS,
above 20 km. No significant improvement is found in
the UTLS and the troposphere.

The operational IASI O3 products (total and vertical pro-
files) starting in October 2007 are generated by the LATMOS
and ULB in a near-real-time mode. FORLI-O3 v20140922
products are already part of the EUMETSAT’s O3M SAF
Official Validation Monitoring found at http://lap3.physics.
auth.gr/eumetsat/ as part of the operational EUMETSAT ser-
vices. As FORLI-O3 v20151001 is shown to give a more
accurate O3 product than FORLI-O3 v20140922, the data
record is currently being back and forward processed for the
entire period of IASI (2007—present). The updated FORLI
v20151001 will also be implemented into the EUMETSAT
processing environment and the new products should be dis-
tributed by EUMETCast in 2016.
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8 Data availability

The Aeris data infrastructure (http://www.aeris-data.fr;
Aeris, 2016) provides the IASI L1C data and L2 tempera-
ture data along with the IASI O3 products processed with
FORLI-03 v20151001. The O3M SAF and O3-CCI GOME-
2 data are available at http://o3msaf.fmi.fi (O3M SAF, 2016)
and www.esa-ozone-cci.org (O3-CCI, 2016), respectively.
The Brewer, Dobson, and ozonesonde data are available at
the WOUDC (http://www.woudc.org; WOUDC, 2016). The
SAQZ data are available at http://saoz.obs.uvsq.fr (SAOZ,
2016). The HITRAN spectroscopic database is available at
http://hitran.org (HITRAN, 2016).
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Appendix A

Table Al. List of the 47 Brewer and 53 Dobson quality-assured stations that contribute to the entire validation time period from 2008 to
2014 inclusive.

Brewer station name ~ Latitude (°)  Longitude (°) Dobson station name  Latitude (°)  Longitude (°)
Eureka 79.89 —85.93 Barrow 71.32 —156.60
Resolute 74.72 —94.98 Fairbanks 64.80 —147.89
Sodankyld 67.37 26.65 Vindeln 64.25 19.77
Sondrestrom 67.00 —50.98 Reykjavik 64.13 —21.90
Vindeln 64.25 19.77 Lerwick 60.15 —1.15
Churchill 58.75 —-94.07 Belsk 51.83 20.78
Norrkoping 58.58 16.12 Uccle 50.80 4.35
Tomsk 56.48 84.97 Hradec Kralové 50.18 15.83
Edmonton 53.57 —113.52 Hohenpeissenberg 47.80 11.02
Manchester 53.45 —-2.26 Caribou 46.87 —68.02
Goose 53.32 —60.38 Arosa 46.77 —100.75
Lindenberg 52.22 14.12 Bismarck 46.77 9.67
Debilt 52.00 5.18 Haute Provence 43.92 5.75
Valentia 51.93 —10.25 Sapporo 43.05 141.33
Reading 5142 —0.96 Boulder 40.02 —105.25
Uccle 50.80 4.35 Shiangher 39.77 117.00
Hradec Kralové 50.18 15.83 Athens 38.00 23.70
Poprad—Génovce 49.03 20.32 Wallops Island 37.87 —75.52
Saturna 48.78 —123.13 Seoul 37.57 126.95
Hohenpeissenberg 47.80 11.02 El Arenosillo 37.10 —6.73
Budapest 47.43 19.18 Hanford 36.32 —119.63
Arosa 46.77 9.67 Nashville 36.25 —86.57
Aosta 45.71 7.33 Tateno 36.05 140.13
Longfenshan 44.75 127.60 Quetta 30.18 66.95
Toronto 43.78 —79.47 Cairo 30.08 31.28
Kislovodsk 43.73 42.66 Hurghada 27.25 33.72
University of Toronto 43.63 —79.43 Naha 26.20 127.67
La Coruna 43.33 —8.50 Kunming 25.02 102.68
Rome University 41.90 12.52 Aswan 23.97 3245
Zaragoza 41.66 —0.94 Havana 23.17 —82.33
Thessaloniki 40.52 22.97 Tamanrasset 22.80 5.52
Madrid 40.45 —3.55 Mauna Loa 19.53 —155.58
Ankara 39.95 32.88 Bangkok 13.73 100.57
Goddard 38.99 —76.83 Singapore 1.33 103.88
Murcia 38.00 —-1.17 Nairobi —-1.27 36.80
El Arenosillo 37.10 —6.73 Darwin —12.47 130.83
Mt. Waliguan 36.17 100.53 Samoa —14.25 —170.57
Pohang 36.03 129.38 Irene —25.25 28.22
Marsa Matruh 31.33 27.22 Brisbane —27.47 153.03
New Delhi 28.63 77.22 Springbok —29.67 17.90
Santa Cruz 28.35 —16.29 Salto —31.58 —57.95
Cape D’ Aguilar 22.18 114.23 Perth —31.95 115.85
Paramaribo 5.78 —55.20 Buenos Aires —34.58 —58.48
Petaling Jaya 3.10 101.65 Melbourne —37.48 144.58
San Martin —68.13 —67.10 Lauder —45.03 169.68
Zhongshan —69.40 76.35 Comodoro Rivadavia —45.78 —67.50
Amundsen—Scott —89.98 —24.80 Macquarie Island —54.48 158.97

Ushuaia —54.85 —68.31

Vernadsk—Faraday —65.25 —64.27

Syowa —69.00 39.58

Halley Bay —75.52 —26.73

Arrival Heights —77.83 166.40

Amundsen—Scott —89.98 —24.80
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