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Abstract

We present a new multispectral approach for observing lowermost tropospheric ozone
from space by synergism of atmospheric radiances in the thermal infrared (TIR) ob-
served by IASI and earth reflectances in the ultraviolet (UV) measured by GOME-2.
Both instruments are onboard the series of MetOp satellites (in orbit since 2006 and ex-5

pected until 2022) and their scanning capabilities offer global coverage every day, with a
relatively fine ground pixel resolution (12-km-diameter pixels spaced by 25 km for IASI
at nadir). Our technique uses altitude-dependent Tikhonov-Phillips-type constraints,
which optimize sensitivity to lower tropospheric ozone. It integrates the VLIDORT and
KOPRA radiative transfer codes for simulating UV reflectance and TIR radiance, re-10

spectively. We have used our method to analyse real observations over Europe during
an ozone pollution episode in the summer of 2009. The results show that the multispec-
tral synergism of IASI (TIR) and GOME-2 (UV) enables the observation of the spatial
distribution of ozone plumes in the lowermost troposphere (LMT, from the surface up
to 3 km a.s.l., above sea level), in good quantitative agreement with the CHIMERE re-15

gional chemistry-transport model. When high ozone concentrations extend vertically
above 3 km a.s.l., they are similarly observed over land by both the multispectral and
IASI retrievals. On the other hand, ozone plumes located below 3 km a.s.l. are only
clearly depicted by the multispectral retrieval (both over land and over ocean). This
is achieved by a clear enhancement of sensitivity to ozone in the lowest atmospheric20

layers. The multispectral sensitivity in the LMT peaks at 2 to 2.5 km a.s.l. over land,
while sensitivity for IASI or GOME-2 only peaks at 3 to 4 km a.s.l. at lowest (above the
LMT). The degrees of freedom for the multispectral retrieval increase by 40 % (21 %)
with respect to IASI only retrievals for atmospheric partial columns up to 3 km a.s.l.
(6 km a.s.l.). Validations with ozonesondes show that our synergetic approach for com-25

bining IASI (TIR) and GOME-2 (UV) measurements retrieves lowermost tropospheric
ozone with a mean bias of 2 % and a precision of 16 %, when smoothing by the retrieval
vertical sensitivity (1 % mean bias and 24 % precision for direct comparisons).

2957

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2955–2995, 2013

Lowermost
tropospheric ozone

by synergism of IASI
and GOME-2

J. Cuesta et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Tropospheric ozone is currently one of the air pollutants posing greatest threats to hu-
man health and ecosystems (e.g. EEA, 2011). Exposure to ground-level ozone may
irritate the respiratory system, aggravate asthmas and other lung diseases and even
lead to premature mortality (e.g. WHO, 2003). Air pollution’s most important damages5

on ecosystems are produced by ozone through eutrophication and acidification, leading
to yield losses and damages to agricultural crops and forests (e.g. EEA, 2011). Ozone
is a strong oxidising agent that plays a central role in atmospheric photochemical pro-
cesses (e.g. Seinfeld and Pandis, 1997). Tropospheric ozone is not directly emitted
into the atmosphere but either formed by a chain of photochemical reactions following10

emissions of precursor gases near the surface (nitrogen oxides, carbon monoxide and
volatile organic compounds) or transported from the stratosphere. Although emissions
of most anthropogenic ozone precursors decreased substantially in the last decade
in regions as Europe, this has not been reflected in observed annual average ozone
concentrations (EEA, 2011).15

Monitoring tropospheric ozone at the regional and global scale is a crucial societal
issue. Only spaceborne remote sensing is adapted for observing tropospheric ozone
at such scales. New satellite-based instruments (e.g. the Infrared Atmospheric Sound-
ing Interferometer, IASI, onboard MetOp satellites, Clerbaux et al., 2009) offer spatial-
temporal coverage particularly appropriate for monitoring air quality and for synergism20

with regional chemistry-transport models. For improving air quality forecasting, com-
prehensive pollution monitoring systems integrate satellite observations and models
for inter-validation (e.g. Zyryanov et al., 2012) or for full data assimilation (e.g. Coman
et al., 2012). Still, current spaceborne observations show limited sensitivity for ozone
in the lowermost troposphere (LMT, here defined from the surface up to 3 km of alti-25

tude), which is the major concern for air quality. State-of-the-art methods for observing
ozone mainly use spaceborne observations from only one spectral domain, either ul-
traviolet (UV) or thermal infrared (TIR). They are based on high spectral resolution
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measurements in the UV from spaceborne instruments as the Global Ozone Monitor-
ing Experiment-2 (GOME-2, see EUMETSAT, 2006) onboard MetOp-A satellite or from
the Ozone Monitoring Instrument (OMI, Levelt et al., 2006) onboard the Earth Observ-
ing System-Aura, EOS-Aura satellite (using approaches as e.g. Cai et al., 2012; Liu
et al., 2010) and in the TIR from IASI onboard MetOp-A, the Tropospheric Emission5

Spectrometer (TES, Worden et al., 2007a) onboard EOS-Aura or the Interferometric
Monitor for Greenhouse gases (IMG, Kobayashi et al., 1999) instrument on the plat-
form ADEOS (by methods like e.g. Turquety et al., 2004; Coheur et al., 2005; Kulawik
et al., 2006; Eremenko et al., 2008; Dufour et al., 2012). In some cases, these ap-
proaches are used for air quality studies (e.g. Dufour et al., 2010), although they are10

mainly sensitive to ozone in the free troposphere (at 3 to 4 km of altitude at lowest).
A great potential for better probing lowermost tropospheric ozone from space is of-

fered by combining the information provided by UV and TIR sounders aboard the same
satellite. This is shown by simulation studies for currently in-orbit satellites like EOS-
Aura (Worden et al., 2007b; Landgraf and Hasekamp, 2007) and future missions as the15

GEOstationary Coastal and Air Pollution Events (GEO-CAPE) satellite (Fishman et al.,
2012; Natraj et al., 2011). Only very recently, a multispectral retrieval method using UV
and TIR real observations of, respectively OMI and TES has shown agreement against
22 collocated ozonesonde measurements smoothed by the retrieval vertical sensitivity
(with 9.7 % mean bias and 26 % precision in the LMT, Fu et al., 2012). Due to the lim-20

ited spatial coverage of TES (no across-track scanning is performed), this method was
analysed in a profile-to-profile basis (Fu et al., 2012).

In this paper, we present a new multispectral approach to observe lowermost tropo-
spheric ozone using the synergy of TIR atmospheric radiances observed by IASI and
UV earth reflectances measured by GOME-2. Both instruments are onboard the MetOp25

satellite series (in orbit since 2006 and expected until 2022 with MetOp-C) and they are
both well suited for monitoring air quality at regional and global scales provided their ex-
cellent scanning capabilities. They offer global coverage every day with a relatively fine
ground resolution (12-km-diameter pixels spaced by 25 km for IASI and ground pixels of
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80×40km2 for GOME-2, at nadir). This paper presents the capabilities of our new multi-
spectral approach, so-called “IASI+GOME-2”, to probe lowermost tropospheric ozone
(to the authors’ knowledge, the first validated method using real IASI and GOME-2
observations) and its first application for ozone pollution studies. The methodology im-
plemented in the multispectral scheme of IASI+GOME-2 is described in Sect. 2. The5

performance of IASI+GOME-2 is described in Sect. 3 in terms of (i) spectral fitting,
(ii) sensitivity enhancement of the IASI+GOME-2 with respect to single-spectral-band
methods and (iii) a validation against ozonesondes. Section 4 presents an analysis of
IASI+GOME-2 real observations for describing an ozone pollution outbreak over Eu-
rope in the summer of 2009. A comparison with CHIMERE regional chemistry-transport10

model outputs (Sect. 4.2) confirms the capability of IASI+GOME-2 to describe the spa-
tial distribution of lowermost tropospheric ozone plumes at the regional scale.

2 Multispectral scheme of IASI+GOME-2

The IASI+GOME-2 multispectral scheme is constructed by adapting and merging to-
gether two state-of-the-art and thoroughly validated methods to retrieve ozone profiles15

using either only IASI observations in the spectral TIR region (described by Eremenko
et al., 2008, hereafter referred as “IASI” method) or only GOME-2 measurements in the
UV (based on Cai et al., 2012 for forward calculations, but here with a 1/8 finer pixel
resolution and a Tikhonov-Phillips-type regularization, called in the following “GOME-2”
retrieval). In the next sub-sections, we describe how these two methods are joined to-20

gether into the IASI+GOME-2 algorithm (Sect. 2.1) and the specific developments nec-
essary for building this multispectral inversion approach (i.e. regularization constraints
and adequate fitting variables, Sects. 2.2 and 2.3).
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2.1 Spectral measurements and forward simulations

For the IASI+GOME-2 approach, a so-called measurement vector yUV+TIR is built up
by merging together IASI TIR atmospheric radiances yTIR with GOME-2 UV earth re-
flectances yUV, i.e. yUV+TIR = [yT

UV y
T
TIR]T (with T for transpose). For yTIR, we use

calibrated level 1C data (from e.g. http://www.pole-ether.fr/) and for yUV the ratio be-5

tween backscattered radiance and solar irradiance calibrated level 1B spectra (from
e.g. http://www.class.ncdc.noaa.gov/). The spectral resolutions of yTIR and yUV are,
respectively 0.5 cm−1 and ∼ 0.24nm after convolution by the instrument response func-
tion and the sampling intervals are 0.25 cm−1 and ∼ 0.12nm. The criterion for combin-
ing IASI and GOME-2 spectra is based on the assumption that most sensitivity to ozone10

variability in the lowest atmospheric layers is likely provided by IASI measurements (as
shown for single-band retrievals in Sects. 3.2 and 4). Thus, each IASI spectrum (12-
km-diameter pixels) is matched with the co-located GOME-2 spectrum (for 80×40km2

pixels) without any averaging. Typically, the same yUV is used 6 times with different
yTIR. Tropospheric ozone retrievals of IASI+GOME-2 are then calculated at the IASI15

ground resolution. For each IASI pixel, multispectral retrievals are processed indepen-
dently (in a sequential mode).

For simulating yUV+TIR, we use two radiative transfer models: the line-by-line Karl-
sruhe Optimized and Precise Radiative transfer Algorithm (KOPRA, Stiller et al., 2000;
2002) for yTIR and the Vector Linearized Discrete Ordinate Radiative Transfer (VLI-20

DORT, Spurr, 2006) code run in the full-polarization mode for yUV. Following the IASI
only approach, yTIR include 7 spectral micro-windows between 980 and 1070 cm−1.
For yUV, we consider 2 micro-windows between 290 and 345 nm accounting for the
Hartley and Huggins bands (from, respectively channels 1 and 2 of GOME-2, following
Cai et al., 2012). The Jacobian matrix KUV+TIR is set up by putting together the Jaco-25

bians calculated by each code, i.e. KUV+TIR = [KT
UV KT

TIR]T. Analytical calculations are
performed for geophysical variables (atmospheric profiles and surface properties) and
finite differences for instrumental parameters (shifts and corrections, see Sect. 2.2).
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The radiometric error matrix Sε
UV+TIR contains estimations of the radiometric noise vari-

ances for each element of yUV+TIR. For the TIR, the noise standard deviation is taken as
20 nW/(cm2 cm−1 sr) (Eremenko et al., 2008). For the UV, noise is estimated for each
wavelength using Müller matrix radiance response elements (Nowlan et al., 2011; Cai
et al., 2012). Signal-to-noise ratios for GOME-2 are approximately a factor 1/

√
8 lower5

than for coarser pixels considered in (Cai et al., 2012).
Ozone spectroscopic parameters used by IASI+GOME-2 are TIR atmospheric ab-

sorption line parameters taken from HITRAN 2004 (HIgh-resolution TRANsmission
molecular absorption database, Rothman et al., 2005) and UV temperature-dependent
cross-sections from Brion et al. (1993, hereafter BRION1993). These spectroscopic10

parameters are used by validated single-band approaches (Eremenko et al., 2008; Cai
et al., 2012) and also in (Fu et al., 2012). Among several tests with different spec-
troscopic databases (see Sect. 3.3), only when using HITRAN 2004 and BRION1993
we obtain good agreement between IASI+GOME-2 retrievals in the troposphere and
ozonesondes. Forward calculations consider as well the spectral signatures of H2O and15

CO2 (SO2 and NO2) for the TIR (UV). Except for H2O (see Sect. 2.3), climatological
profiles are taken for the other trace gases.

For all profiles, the vertical grid is set between the surface and 60 km of altitude
above sea level (a.s.l.), with steps of 1 km up to 40 km and 2 km above. For each
pixel, we use surface temperatures and atmospheric temperature profiles previously20

retrieved with KOPRA using IASI radiances (using as first guess meteorological analy-
sis from the European Centre Medium-Range Weather Forecast, ECMWF). Following
the Eremenko et al. (2008) approach, we use surface emissivity equal to unity and
observations from the TIR atmospheric window (830–950 cm−1) for retrieving surface
temperature and the CO2 band (700–750 cm−1) for the temperature profile.25

In the UV spectra calculations, we treat pixels with partial cloud cover as a mixture
of clear sky and cloudy scenes (assumed as Lambertian surfaces with a reflectivity
of 80 %) according to the Independent Pixel Approximation (e.g. Cai et al., 2012) and
using cloud fractions and cloud top heights (as initial values) retrieved by the FRESCO
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algorithm (Koelemeijer et al., 2001) using GOME-2 spectra of the O2 A band at 762 nm.
As a first guess for surface albedo in the UV, we extract the OMI climatology obtained
by Kleipool et al., (2008) at 347 nm. We use a single scattering rotational Raman scat-
tering model (Sioris and Evans, 2000) for simulating the ring spectrum (filling in of
solar Fraunhofer lines and telluric absorption structures by inelastic rotational Raman5

scattering). Using daily solar irradiance spectra observed by GOME-2, the instrument
response is estimated as an asymmetric Gaussian slit function with width, shifts and
asymmetric parameters adjusted for each wavelength (Cai et al., 2012) by comparison
with a reference solar spectrum (Chance and Kurucz, 2010). Moreover, a “soft” recali-
bration is applied to each UV spectrum, which is derived on the basis of daily compar-10

isons between measured and simulated reflectance as a function of wavelength and
cross-track position (Cai et al., 2012). Aerosols are not modelled directly within VLI-
DORT, but their effects are partially taken into account by adjusting effective surface
albedos and cloud fractions for each spectrum (Liu et al., 2010).

2.2 Retrieved variables15

For each pixel, the IASI+GOME-2 retrieval scheme jointly retrieves the following state
vector xUV+TIR,

xUV+TIR =
[
x

T
O3

x
T
H2O x

T
offsetTIR x

T
shiftUV x

T
ringUV x

T
albedoUV x

T
cloud

]T
(1)

Thus we obtain the ozone profile xO3
(volume mixing ratios) by inverting yUV+TIR and20

jointly adjusting the water vapour profiles xH2O, offsets xoffsetTIR for each TIR micro-
window, wavelength shifts xshiftUV for the UV radiance and irradiance spectra (1 per
UV channel), multiplicative factors of the ring spectrum xringUV (1 per UV channel),
surface albedo multiplicative factors xalbedoUV (a constant for channel 1 of GOME-2 and
3 parameters of a 2nd degree polynomial function of wavelength for channel 2), and25

a factor for cloud fraction xcloud used in the UV forward calculations. The multiplicative
factors xringUV account for the multiple scattering contributions to the UV ring spectrum
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(e.g. Liu et al., 2010; Cai et al., 2012). Offsets for each TIR micro-window are meant
to compensate potential effects of partial cloud cover and aerosols in the IASI spectra
(Eremenko et al., 2008; Dufour et al., 2010).

First guess and a priori values for xO3
are taken from the climatology of McPeters

et al., (2007). We extract one climatological xO3
for mid-latitudes (averaged over 30–5

60◦ N) and one for the tropics (20–30◦ N). They are used alternatively for pixels with
tropopause heights below 14 km a.s.l. (proxy for mid-latitudes airmasses) or above (for
tropical airmasses, as done by Sellitto et al., 2012a). Tropopause heights are derived
from atmospheric temperature profiles retrieved from IASI spectra. For each pixel, we
interpolate ECMWF analysis for obtaining first guess profiles for xH2O. Initial values for10

xoffsetTIR and xshiftUV are set to 0 and all multiplicative factors to 1.

2.3 Inversion and constraints

To invert yUV+TIR, we implement a constrained least squares fit method using
a Tikhonov-Phillips-type (Tikhonov, 1963; Kulawik et al., 2006) altitude-dependent reg-
ularization that optimizes sensitivity to lower troposphere ozone (as done for the TIR by15

Eremenko et al., 2008). It is numerically implemented using KOPRAFIT (the inversion
module of KOPRA), adapted for the multispectral approach. The regularization matrix

R
O3

UV+TIR constrains the zero, first and second order finite differences of the retrieved
ozone profile, in adequacy with the information provided by yUV+TIR. The strengths of
the altitude-dependent constraints are a polynomial function of altitude (of 4th order),20

whose coefficients are derived by minimizing the following figure of merit

F = k1

stot
LMT

(DOFLMT)N
+k2

stot
LT

(DOFLT)N
+k3

stot
TOTAL

(DOFTOTAL)N
. (2)

When minimizing F , we maximize the degrees of freedom while minimizing the a poste-
riori total error (as done by Kulawik et al., 2006; Eremenko et al., 2008), simultaneously
for several atmospheric columns. We consider the lowermost troposphere (LMT, below25
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3 km a.s.l.), the lower troposphere (below 6 km a.s.l., indicated LT in the following) and
the total column (up to 60 km a.s.l., called here TOTAL). Degrees of freedom DOFcol

and estimates of a posteriori total errors stot
col are calculated for each atmospheric col-

umn (indicated generally by the subscript col). We choose the values of the coefficients
k1,2,3 and N for approximately matching stot

col of IASI+GOME-2 with that for IASI only5

(detailed as LISA product in Dufour et al., 2012).
Following Rodgers’ (2000) formalism, we estimate the a posteriori total error ma-

trix Stot as the sum of the errors due to smoothing Ssmooth, measurement noise Smes,
cross-state uncertainties in water vapour Scross

H2O and other fitting variables Scross
param (both

calculated following Worden et al., 2007a) and systematic errors in carbon dioxide Ssyst
CO2

10

and atmospheric temperature Ssyst
T profiles used in the retrieval (other systematic er-

rors are assumed negligible). As for TIR or UV only, Ssmooth and Smes are the principal
contributions to Stot. For a partial atmospheric column col, we obtain stot

col as the root
sum of the diagonal elements of Stot (as done by e.g. Steck, 2002; Liu et al., 2010).
We use DOFcol to describe the sensitivity of the ozone retrieval (see Sect. 3.2), as it is15

the number of independent pieces of information available at each atmospheric column
col from the measurements. Following Rodgers (2000), it is calculated as the trace of
the so-called averaging kernel matrix A (also called AVK) over the range of col. The
AVK matrix represents the sensitivity of the retrieval to the true atmospheric state and
it is calculated by a classical expression (e.g. Steck and von Clarmann, 2000; Steck,20

2002), here given for matrices of the multispectral approach,

A =
[
KT

UV+TIR

(
Sε

UV+TIR

)−1 KUV+TIR +RUV+TIR

]−1
KT

UV+TIR

(
Sε

UV+TIR

)−1 KUV+TIR.

(3)

We also characterize the height of maximum sensitivity to ozone Hmax
col for the partial

column col as the height of the maximum of the corresponding AVK (the sum of rows
of A for col). The constraints for the elements of xUV+TIR (except for xO3

and xH2O) are25

2965

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2955–2995, 2013

Lowermost
tropospheric ozone

by synergism of IASI
and GOME-2

J. Cuesta et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

taken as 1 over the variance of each parameter. The adjustment of xH2O is included in
the IASI+GOME-2 scheme in order to avoid aberrant retrievals of xO3

at the LT, which
are obtained when the variability of H2O is not properly considered. For xH2O, we use
zero and first order constraints proportional to 1 over the variance of water vapour at
each altitude (calculated from a 5 yr climatology of radiosoundings at Paris).5

In the following sections, all ozone retrievals use Tikhonov-Phillips-type regulariza-

tion adapted for each spectral domain: R
O3

UV+TIR for IASI+GOME-2, R
O3

UV for GOME-2
only (also obtained by minimizing Eq. (2) but with yUV, KUV, Sε

UV and xUV in Eqs. 1

and 3) and R
O3

TIR for IASI only (used by Eremenko et al., 2008; Dufour et al., 2012).

For the 3 cases, a posteriori error estimates Stot are kept approximately similar. This10

leads to weaker multispectral ozone constraints in R
O3

UV+TIR than for single-band re-
trievals and it provides with a greater number of degrees of freedom than when using

R
O3

UV or R
O3

TIR. Note that IASI+GOME-2 also gains sensitivity when using the same reg-

ularization matrix as for single-band retrievals (but less than with R
O3

UV+TIR) through the
complementarity of UV and TIR measurements to describe the vertical distribution of15

ozone.

3 Performance of IASI+GOME-2

3.1 Multiple spectral fitting

As mentioned in Sect. 2, the IASI+GOME-2 measurement vector yUV+TIR integrates
coincident GOME-2 reflectances and IASI radiances (see an example in Fig. 1a). Dif-20

ferent orders of magnitude in the intensities of the spectra and the measurement noise
are present for shorter (channel 1) and longer (channel 2) UV wavelengths and TIR
wavenumbers (Fig. 1 plots the successive elements in yUV+TIR and vertical dashed
lines separate the 3 spectral regions). The IASI+GOME-2 approach simultaneously
fits the whole yUV+TIR within the uncertainties of each element, after 4 iterations. For25
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pixels with low cloud fraction (< 30 %), typical root-mean-square (RMS) spectral resid-
uals between observed and fitted spectra are ∼ 6.5 % and ∼ 0.20 % for, respectively
the shorter and longer UV wavelengths and ∼ 0.35 % for TIR wavenumbers. Residu-
als are mostly random (see examples in Fig. 1b) and systematic features (only slightly
apparent for longer UV wavelengths) remain within the order of magnitude of the ra-5

diometric noise. These levels of fitting residuals are reached for all pixels shown in
Sect. 3.3 (i.e. a validation against ozonesondes) and Section 4 (i.e. regional analy-
ses of IASI+GOME-2 retrievals). Moreover, the horizontal distribution of fitting residu-
als is mostly homogeneous for clear-sky pixels, without any particularities for yUV+TIR
constructed with different yTIR and the same yUV (neither seen for IASI+GOME-2 re-10

trievals, see Sect. 4).

3.2 Sensitivity enhancement to lowermost tropospheric ozone

The combination of the UV and TIR measurements in the IASI+GOME-2 approach
allows a significant enhancement of sensitivity to ozone over the whole atmospheric
column (see Table 1). The total column DOFTOTAL for IASI+GOME-2 is typically ∼ 5.215

(in average over land), thus ∼ 50 % higher than for IASI or GOME-2 only retrievals.
For the lowest atmospheric layers, a remarkable sensitivity gain is as well observed for
IASI+GOME-2 with respect to single-band retrievals. Both over land and over ocean,
the mean DOFLMT for IASI+GOME-2 is higher by at least 40 % than for IASI only (a fac-
tor 3 higher than for GOME-2 only, see Table 1). This is illustrated in Figure 2, which20

shows a comparison between typical AVKs up to 12 km a.s.l. for IASI+GOME-2 (red),
IASI (green) and GOME-2 (blue) over land (top) and ocean (bottom). For the multi-
spectral retrieval, a clear increase and shift of sensitivity (higher AVK values) towards
the lowest layers of the troposphere is clearly depicted (particularly for the LMT over
land, see Fig. 2a). In the example over land, IASI+GOME-2 AVKs for the lowest layers25

peak around 2 km a.s.l. (Fig. 2a), thus 1 km below those for IASI (Fig. 2b) and 2 km
below the ones for GOME-2 (Fig. 2c). Both over land and over ocean, we may no-
tice 2 semi-independent partial columns (two relative peaks, one up to 6 km a.s.l. and
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a second one from 6 to 12 km a.s.l.) for IASI+GOME-2 (Fig. 2a and d). Except for IASI
over land (Fig. 2b), the AVKs of the other single-band cases show a single large peak
in the troposphere (see Fig. 2c, e and f).

Figures 3 quantify these features in terms of DOFcol and Hmax
col for all partial columns

from the surface up to each vertical level within the LT (from 1 up to 6 km a.s.l., in5

average of land and ocean pixels over Europe for 19–20 August 2009). The relative
gain of degrees of freedom is significantly higher for vertical levels closer to the surface.
Over land, the DOFcol for IASI+GOME-2 are 77 %, 40 % and 21 % higher than for IASI
(and higher than a factor 3 with respect to GOME-2, Fig. 3a) for, respectively the partial
columns up to 1 km a.s.l., 3 km a.s.l. (LMT) and 6 km a.s.l. (LT). The mean DOFLMT for10

IASI+GOME-2 is ∼ 0.34 (Table 1), thus in the same order of magnitude as for the joint
retrieval with TES and OMI (∼ 0.37 up to 700 hPa which is at 3 km a.s.l. in a standard
atmosphere, Fu et al., 2012).

For all partial columns in the LT, the height of maximum sensitivity Hmax
col of

IASI+GOME-2 is 800–900 m below that for IASI both over land and over ocean (and15

1.3 km below that for GOME-2 over land, see Fig. 3b, d). Sensitivity maxima for
IASI and GOME-2 are at lowest at 3.0 and 3.7 km above ground level (a.g.l.). In
this case, averaging kernels for all levels within the LMT peak above the LMT top
height. For IASI+GOME-2, sensitivity peak height Hmax

LMT over land is located in aver-
age at ∼ 2.2 km a.g.l. (Table 1), thus within the LMT partial column itself. Over ocean,20

IASI+GOME-2 sensitivity within the LT peaks at similar heights as for GOME-2 (3.4 to
3.8 km a.s.l., Fig. 3d) but with DOFLT a factor 2.6 higher.

Figure 4 presents the geographical distribution of DOFLT and Hmax
LT over Europe for

19 August 2009. The gain of sensitivity of IASI+GOME-2, both for DOFLT and Hmax
LT ,

is consistently observed over the whole continent (Fig. 4). Sensitivity dependence be-25

tween land and ocean is apparent for IASI only and also for IASI+GOME-2 retrievals,
due to different thermal contrasts (differences between the temperature of the surface
and the lowest atmospheric layer). Over ocean, where IASI only LT sensitivity peaks
around 6 km a.g.l., IASI+GOME-2 performance is similar that for IASI over land (both
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for DOFLT and Hmax
LT , see also Table 1). For GOME-2 only (Fig. 4e), sensitivity changes

less between land and ocean, but with regional enhancements of DOFLT likely depend-
ing on the ozone vertical distribution (e.g. around 45–50◦ N 20◦ E and 38–45◦ N 8◦ W
in Figs. 4e and 7e). Higher spatial variability is observed for Hmax

LT (Fig. 4, right pan-
els) than for DOFLT (Fig. 4, left panels), depending on the atmospheric and surface5

conditions. For southern (western) European regions over land as Spain (France), rel-
atively high (moderate) surface temperatures and thermal contrasts of 11.5 K (2.4 K) in-
duce Hmax

LT of ∼ 1.9 km a.g.l. (∼ 2.8 km a.g.l.) for IASI+GOME-2 whereas ∼ 2.4 km a.g.l.
(∼ 3.8 km a.g.l.) for IASI only.

For the LMT partial column (see Fig. 5), the sensitivity enhancement of IASI+GOME-10

2 with respect to IASI is more marked than for the LT over the whole continent. For
IASI+GOME-2, Hmax

LMT is located in average at 2.2 km a.g.l., 400 m below Hmax
LT and in all

cases over land within the LMT. In Spain (France), Hmax
LMT for IASI+GOME-2 reaches ∼

1.6 km a.g.l. (∼ 2.6 km a.g.l.). For the single-band approaches, the heights of maximum
sensitivity for the LMT and LT partial columns are practically the same and above the15

LMT upper boundary at 3 km a.s.l. (Fig. 4d, and 5d).
Note that all calculations of the AVK matrices account for all variables in the state

vector (including all instrumental parameters, see Eq. 1). Indeed, if we had neglected
the uncertainties of the parameters different from ozone (as sometimes done in sen-
sitivity studies), we would have obtained a significant overestimation of the degrees of20

freedom (e.g. 37 % in the LMT) and underestimations of the sensitivity height (e.g. by
500 m for the LMT).

3.3 Validation against ozonesondes

In this sub-section, we analyse the quality of the IASI+GOME-2 ozone retrieval by
comparison with reference ozonesonde measurements. We consider all ozoneson-25

des provided by the World Ozone and Ultraviolet radiation Data Centre (WOUDC,
http://www.woudc.org) for the summer 2009 from 10 different launching sites (spread
from 40◦ N to 60◦ N): Ankara (Turkey), De Bilt (Holland), Hohenpeissenberg (Germany),
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Legionowo (Poland), Lerwik (Scotland), Lindenberg (Germany), Madrid (Spain), Pay-
erne (Switzerland), Uccle (Holland) and Valentia (Ireland). The accuracy of the ozone
concentration measurement is expected to reach ±5 % (Deshler et al., 2008), as most
ozonesondes use the electrochemical concentration cell technique (except for Hohen-
peissenberg with Brewer Mast sondes). Ozonesonde profiles have a vertical resolution5

of about ∼ 150 m and typically extend from the surface up to 30 km a.s.l. For the com-
parison, we follow the methodology used for validating several IASI scientific ozone
products (Keim et al., 2009; Dufour et al., 2012). Coincidence criteria are spatial co-
localization within ±110 km and a time frame of 7 h from the MetOp-A morning over-
pass (at 09:30 LT). We only use IASI+GOME-2 pixels with low cloud fraction (< 30 %)10

that pass a series of quality checks (for discarding unphysical and aberrant retrievals).
The comparison is made for each ozonesonde with the average of collocated satellite
retrievals.

The IASI+GOME-2 validation results are summarized in Tables 2 and 3. The num-
ber of days with coincident IASI and GOME-2 pixels with ozonesondes is 57 and the15

number of ozonesondes after screening cloudy scenes is 119. Tables 2 and 3 con-
sider, respectively ozonesonde profiles vertically smoothed by convolution with each
IASI+GOME-2 AVK matrix and “raw” ozonesonde measurements. Both comparisons
show good agreement between IASI+GOME-2 retrievals and ozonesondes, with very
similar results as for the IASI only retrieval for mid-latitudes (see LISA product in Du-20

four et al., 2012). Accounting for the retrieval sensitivity (Table 2), the mean bias of
the multispectral retrievals in the LT is −4 %, the RMS difference is below 18 % and
the correlation coefficient R is 0.7 (see scatter plot in Fig. 6a). Integrated ozone up to
30 km a.s.l. (named UPTO30) agrees with ozonesondes with a mean bias of −1.8 %,
RMS below 6 % and 0.93 of correlation. Only a slightly higher mean bias (−7.5 %) is25

observed for the TROPO (up to 12 km a.s.l.). For the LMT, the IASI+GOME-2 retrievals
show a good performance with a relatively high linear correlation (0.87), a low bias
(−2.1 %) and similar RMS (17 %) with respect to smoothed ozonesondes (see Table 2
and Fig. 6b). Direct comparisons with raw ozonesondes (Table 3) show that the mean
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biases of IASI+GOME-2 retrievals also remain very low without smoothing by the re-
trieval sensitivity (below 1 % in the LMT and below 4 % in the LT, see Table 3 and
Figs. 6c, d). As expected by the influence of the smoothing error, linear correlations
(0.75 in the LMT and 0.58 in the LT) and RMS (24 % in the LMT and 20 % in the LT) are
slightly degraded (with respect to Table 2). Table 3 shows that RMS differences with5

raw ozonesondes are generally greater than a posteriori error estimates stot
col, as they

also include errors in the ozonesondes (∼ 5 %) and ozone variability within the spatial-
temporal coincidence criteria (or due to eventual underestimations of stot

col). For the LMT
and LT, RMS differences for direct comparisons (Table 3) are consistent with the sum
of the smoothing error ssmooth

col and the RMS differences with smoothed ozonesondes10

(see Tables 2 and 3, the root sum of variances is 2.4 DU and 4.4 DU for, respectively
the LMT and the LT). Subtracting the variance from ozonesonde errors, we estimate
a precision of the IASI+GOME-2 retrievals in the LMT of 23.7 % for direct comparisons
and 15.7 % when smoothing by the retrieval sensitivity. Moreover, a posteriori total er-
rors stot

col remain as low as the ones for IASI only (see Dufour et al., 2012), as expected15

from the design of the multispectral retrieval constraints (Sect. 2.3).
Table 4 presents additional tests on the potential effects on the multispectral ozone

retrieval due to inconsistencies in the UV/TIR spectroscopic parameters. According to
laboratory studies, spectral discrepancies between UV cross-sections databases and
TIR line intensities (e.g. HITRAN 2004) may reach 4 to 5 % (Picquet-Varrault et al.,20

2005; Gratien et al., 2010). The consequences of such incompatibilities are not straight-
forward, since several fitting parameters modify the absolute calibration of the spectra
(i.e. TIR spectral offsets, fitting effective UV surface albedos and UV soft recalibration).
Thus, we verify the overall effects by comparing ozonesonde measurements (119 son-
des) with the multispectral ozone retrieval either using HITRAN 2000 (with TIR line25

intensities approximately +4 % higher than HITRAN 2004) or changing the UV cross-
sections by −5 %. The results in Table 4 indicate that these changes in the spectro-
scopic databases induce negative (−2.5% for HITRAN 2000) and positive (1.5 % with
−5 % UV cross-sections) corrections for the UPTO30 partial column (partially including
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the stratospheric ozone layer). However, aberrant retrievals are obtained in the tro-
posphere for both corrections. Table 4 shows strong negative biases in the LMT, LT
and TROPO (between −10 % and −19 %), higher RMS and much lower linear correla-
tions. Among the tested databases, only HITRAN 2004 and BRION1993 enable a good
match between the IASI+GOME-2 approach and ozonesondes (shown in Tables 2 and5

3).

4 Lowermost tropospheric ozone observed by IASI+GOME-2

In this section, we illustrate the capacities of the IASI+GOME-2 multispectral approach
to characterize ozone pollution events at the regional scale. We analyse LT and LMT
ozone observations for a typical ozone pollution outbreak over Europe during sum-10

mer. It is a moderate ozone event, mainly occurring on 19 and 20 August 2009 (also
analysed by Sellitto et al., 2012a). Surface ozone concentrations occasionally reached
90 ppb (the ozone information threshold, e.g. EEA, 2011). It occurs during typical sum-
mer anticyclonic conditions and relatively high surface temperatures over Western Eu-
rope (Foret et al., personal communication, 2013).15

First, we describe the ozone pollution event as seen by different satellite observa-
tions (Sect. 4.1). Then, we compare IASI+GOME-2 observations with the state-of-the-
art regional chemistry-transport model CHIMERE (Schmidt et al., 2001; Bond et al.,
2007) in Sect. 4.2. This comparison verifies the inter-consistency of IASI+GOME-2
and CHIMERE for describing the spatial distribution of ozone plumes and it illustrates20

the potential of IASI+GOME-2 for evaluating air quality models or for data assimilation
(e.g. Zyryanov et al., 2012; Coman et al., 2012). CHIMERE runs with a horizontal reso-
lution of 0.25◦×0.25◦ and 17 vertical levels from the surface up to 200 hPa. It is driven by
ECMWF meteorological analysis and it uses boundary conditions every 3 h, supplied by
the global model MOZART (Model for Ozone and Related chemical Tracers, Horowitz25

et al., 2003; Emmons et al., 2010). CHIMERE outputs for 19–20 August 2009 have
been exhaustively validated against surface and ozonesonde measurements, showing
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very similar agreement as obtained for previous studies (Zyryanov et al, 2012). For the
comparison, we use CHIMERE outputs at 10:00 UTC.

4.1 Satellite retrieval of LT ozone

Figure 7 shows LT ozone retrievals by IASI+GOME-2 (top), IASI (middle) and GOME-2
(bottom) for the 2 days of the ozone pollution event. The main ozone pollution plume5

over Western Europe is consistently observed over land by both IASI and IASI+GOME-
2. On 19 August, it is located over Spain (centred at 38◦ N 5◦ W) and France (44–50◦ N
0–5◦ E). The day after, it is observed over Germany and Denmark (49–55◦ N 10◦ E) fol-
lowing an eastward travelling meteorological front originating from the Atlantic (see the
white cloudy band over UK, 55◦ N 2◦ W). This ozone plume is not clearly made evident10

by GOME-2 only retrievals, as may be expected due to its small sensitivity in the LT
(see Table 1). IASI+GOME-2 observations show slightly higher (3–10 %) ozone con-
centrations within the plume than detected by IASI. Note that both observations are not
directly comparable due to differences in the AVKs. The larger values for IASI+GOME-2
are consistent with the sensitivity gain in the lowest layers, which enables the observa-15

tion of higher ozone concentrations produced near the surface.
The multispectral retrieval IASI+GOME-2 (Figs. 7a, b) shows additional LT ozone

plumes both over land and over ocean, which are not clearly depicted by the single-
band approaches (Figs. 7c–f). Over ocean, this is the case over the Mediterranean
(Fig. 7a particularly north-east of Italy, 42◦ N 3◦ E), over the Atlantic (45◦ N 3◦ W), over20

the North Sea (55◦ N 3◦ E) and over the Black Sea (45◦ N 30◦ E). This retrieval also
enables the observation of a continuous structure of high ozone concentration zones
between ocean and land (e.g. on 19 August over the Atlantic, the North Sea and the
Black Sea). Over land, only IASI+GOME-2 clearly depicts an ozone plume over East-
ern Europe (e.g. Fig. 7a over Poland and Hungry, 45–52◦ N 20◦ E). It is consistently25

seen on both days (moving eastwards) and for 2 successive MetOp-A overpasses on
each day. In this region (47◦ N 22◦ E), IASI retrievals show a weak concentration in-
crease within the background variability and less marked than the western plume over
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Spain and France (Fig. 7c, d). GOME-2 retrievals suggest high ozone concentrations
for the Northeastern part of the plume (50◦ N 20–35◦ E, Fig. 7e, f).

4.2 Comparison of IASI+GOME-2 with simulated LMT ozone

Figures 8 and 9 present a comparison of IASI+GOME-2 (Figs. 8a and 9a) ozone par-
tial columns in the LMT (up to 3 km a.s.l.) and the corresponding CHIMERE outputs5

(smoothed by the IASI+GOME-2 AVKs in Figs. 8b and 9b). A remarkable overall agree-
ment in the ozone plume structures is observed for the 2 days of the pollution event.
The Western (over France and Spain on 19 August) and Eastern (over Poland and Hun-
gry on 19 August) ozone plumes over land are both depicted with very similar structures
in the observed and simulated LMT ozone columns. A particularly good agreement is10

seen for the shape of the ozone plumes on the west and southwest of France and west
of Spain (Figs. 8a–c). According to CHIMERE outputs without smoothing, the Eastern
plume over Hungry (47◦ N 22◦ E) is located below 3 km a.s.l. (in the LMT, see Figs. 8c
and 9c). This is consistent with the fact that this plume is clearly made evident only by
IASI+GOME-2 (on both days). On 20 August, ozone plumes shift eastwards (Fig. 9).15

Both CHIMERE simulations and IASI+GOME-2 observations show higher ozone con-
centrations below 3 km a.s.l. at the centre of the ozone plume over Northern Germany
and Denmark (50–55◦ N 6◦ E in Fig. 9a–c).

Over sea surfaces, the ozone plumes only seen by IASI+GOME-2 are simulated
by CHIMERE, over the Mediterranean, the Atlantic, the Black Sea and the North Sea20

(see Fig. 8c). Particularly, high concentrations observed by IASI+GOME-2 over the
Mediterranean are also indicated by CHIMERE in the LMT (see CHIMERE RAW Sur-
face – 3 km a.s.l., Figs. 8c and 9c). The ocean-land continuity of the plumes over the
Atlantic and the Black Sea (Fig. 8) is clearly identified by CHIMERE and IASI+GOME-
2. Interestingly, also large sea-land gradients between the Adriatic Sea and Italy as25

well as Western Mediterranean and Spain appear both in IASI+GOME-2 LMT obser-
vations and in smoothed CHIMERE simulations. Theses differences are both due to
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larger LMT ozone concentrations over the sea and to larger sensitivities over land than
over sea.

In terms of absolute ozone concentrations, IASI+GOME-2 (Figs. 8a and 9a) and
CHIMERE outputs smoothed by IASI+GOME-2 sensitivity (Figs. 8b and 9b) show
a general good agreement (mean bias below 1 % over the whole region). Some dif-5

ferences in the background concentrations (around 1 to 2 DU) are observed locally, as
expected by the uncertainties in both data. In general, IASI+GOME-2 ozone columns
show more horizontal variability, which could be linked to retrieval noise (stot

LMT is ∼ 2 DU)
or also possibly to smoothed model outputs.

According to CHIMERE raw outputs (Figs. 8d and 9d), the ozone plumes reaching al-10

titudes between 3 and 6 km a.s.l. correspond to the ones clearly observed over land by
both IASI and IASI+GOME-2 (i.e. the Western ozone plume in Fig. 7). Since DOFLMT
for IASI+GOME-2 is lower than 1, multispectral outputs in the LMT (Figs. 8a and 9a)
are expected to depend as well on ozone concentrations up to 5 or 6 km a.s.l. (see
AVKs over land of Fig. 2). Thus, IASI+GOME-2 retrievals alone cannot tell whether15

the ozone plumes are located in the LMT or between 3 and 6 km a.s.l. However, one
may identify ozone plumes located below 3 km a.s.l. as they are clearly depicted by
IASI+GOME-2, but not by IASI.

5 Summary and perspectives

We have presented a new multispectral approach IASI+GOME-2 to observe ozone20

in the lowermost troposphere, by combining the information provided by IASI (TIR)
and GOME-2 (UV) spaceborne observations. The information content enhancement
for IASI+GOME-2 enables an increase of sensitivity to ozone in the whole atmospheric
column and especially below 3 km a.s.l. (LMT), which is particularly valuable for ozone
pollution studies. Sensitivity in the LMT shows a striking enhancement of at least 40 %25

(in terms of DOFLMT), with a relative maximum peaking on average at 2.2 km a.g.l.
over land (thus at least 800 m below than the single-band methods). Validation against
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ozonesondes shows low biases (2 % and 4 %) and relatively good linear correlations
(0.87 and 0.70) for the tropospheric columns up to 3 and 6 km a.s.l. (LMT and LT).
Ozone plumes reaching altitudes above 3 km a.s.l. (according to CHIMERE model sim-
ulations) are consistently depicted over land by both IASI+GOME-2 and IASI only. The
unique capacity of IASI+GOME-2 is the observation of ozone plumes located below5

3 km a.s.l. (LMT) both over land and over ocean. This is a major step-forward in space-
borne remote sensing of lowermost tropospheric ozone and its application for air quality
studies.

A further improvement for detection of near-surface ozone is expected by including
the information provided by the Chappuis band in the visible (VIS) spectrum (Chance10

et al., 1997). The advantages of a combined UV+VIS retrieval of ozone have been
experimentally confirmed with real satellite observations by a neural network approach
(Sellitto et al., 2012b,c). Future works for further improvement of the IASI+GOME-2
approach will focus on a three-band multispectral retrieval UV+VIS+TIR.
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Table 1. Sensitivity of the multispectral ozone retrieval IASI+GOME-2 (UV+TIR) and compar-
ison with IASI (TIR) and GOME-2 (UV) only retrievals. Degrees of freedom for signal and the
height of maximum sensitivity (km a.g.l.) are given for different atmospheric partial columns
(LMT, LT, TROPO and TOTAL are respectively from the surface up to 3, 6, 12 and 60 km a.s.l.).
Statistics are given in mean values and standard deviations (with respect to the average, in
parenthesis) for all pixels over land and over ocean on 19–20 August 2009 for the region shown
in Fig. 4. In order to compare partial columns of similar depths, we consider only land pixels with
ground altitudes below 300 m a.s.l. For these pixels, the average thermal contrast is 4.4±2.4 K
over land and 0.9±1.5 K over ocean.

Atmospheric IASI+GOME-2 IASI GOME-2
column Land Ocean Land Ocean Land Ocean

Degrees of LMT 0.34 (±0.04) 0.23 (±0.04) 0.24 (±0.03) 0.16 (±0.04) 0.08 (±0.01) 0.08 (±0.02)
freedom for LT 0.75 (±0.05) 0.64 (±0.05) 0.62 (±0.03) 0.52 (±0.04) 0.25 (±0.03) 0.24 (±0.04)
signal DOFcol TROPO 1.72 (±0.07) 1.51 (±0.12) 1.52 (±0.06) 1.34 (±0.09) 0.67 (±0.04) 0.65 (±0.05)

TOTAL 5.20 (±0.12) 4.92 (±0.19) 3.43 (±0.10) 3.20 (±0.10) 3.41 (±0.10) 3.32 (±0.12)

Height of maximum LMT 2.20 (±0.50) 3.48 (±0.56) 3.02 (±0.67) 4.26 (±0.51) 3.68 (±0.50) 3.64 (±0.65)
sensitivity Hmax

col LT 2.45 (±0.55) 3.83 (±0.57) 3.21 (±0.70) 4.36 (±0.53) 3.72 (±0.46) 3.66 (±0.64)
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Table 2. Validation of IASI+GOME-2 ozone retrievals against ozonesonde measurements
smoothed by IASI+GOME-2 averaging kernels. We consider 119 ozonesondes launched be-
tween June and August 2009 from 10 stations over Europe. Cloudy pixels and aberrant satellite
retrievals are screened out. The comparison is expressed in Dobson Units (DU) and in per-
centage (in parenthesis) in terms of mean bias, root mean square differences (RMS) and linear
correlation coefficients R.

Validation of IASI+GOME-2 ozone retrieval
vs. ozonesondes smoothed by the retrieval AVK

Atmospheric Bias RMS R
column

LMT −0.21 1.7 0.87
(−2.1 %) (16.5 %)

LT −0.9 3.8 0.70
(−4.1 %) (17.2 %)

TROPO −3.5 7.0 0.89
(−7.5 %) (15.2 %)

UPTO30 −4.6 14.8 0.93
(−1.8 %) (5.7 %)
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Table 3. Direct comparison of IASI+GOME-2 ozone retrievals against raw ozonesonde mea-
surements. The same as Table 2 but without smoothing ozonesonde profiles with IASI+GOME-
2 averaging kernels. We also provide estimations of the a posteriori total and smoothing errors,
stot

col and ssmooth
col , for the IASI+GOME-2 retrievals used in the comparison.

Direct comparison of IASI+GOME-2 ozone retrieval
vs. raw ozonesondes

Atmospheric Bias RMS R stot
col ssmooth

col
column

LMT −0.1 2.4 0.75 2.0 1.8
(−0.7 %) (24.2 %) (20.2 %) (18.0 %)

LT −0.7 4.4 0.58 2.6 2.2
(−3.2 %) (20.4 %) (12.2 %) (10.3 %)

TROPO −2.0 6.9 0.86 3.8 3.3
(−4.5 %) (15.6 %) (9.0 %) (7.7 %)

UPTO30 −4.7 15.4 0.92 7.4 6.2
(−1.8 %) (5.7 %) (2.9 %) (2.5 %)
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Table 4. Evaluation of potential effects of spectroscopic incoherencies between the UV and
TIR datasets on the multispectral ozone retrieval. The same comparison (119 ozonesondes
smoothed by the retrieval AVKs) as in Table 2 is performed, but for 2 test cases: (left) either us-
ing TIR spectroscopic parameters from HITRAN 2000 or (right) decreasing UV cross-sections
by −5 % with respect to BRION1993.

IASI+GOME-2 with HITRAN 2000/with −5 % UV cross sections
vs. ozonesondes smoothed by the retrieval AVK

Atmospheric Bias RMS R
column

LMT −1.6/−1.2 2.7/2.4 0.69/0.78
(−14.7 %/−12.0 %) (24.9 %/22.8 %)

LT −4.3/−2.9 6.2/5.1 0.40/0.54
(−18.5 %/−13.0 %) (26.8 %/22.9 %)

TROPO −5.4/−4.4 8.7/7.7 0.85/0.88
(−10.9 %/−9.6 %) (17.4 %/16.4 %)

UPTO30 −6.6/4.0 16.6/14.8 0.91/0.93
(−2.5 %/1.5 %) (6.2 %/5.7 %)
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Fig. 1. Typical examples of co-localized radiance and reflectance spectra observed, respec-
tively by IASI and GOME-2 instruments and fitted by the IASI+GOME-2 approach. (a) Ob-
served (red) and calculated (blue) elements in the IASI+GOME-2 measurement vector yUV+TIR
including UV reflectances in the Hartley (left, multiplied by 10) and Huggins (middle) bands and
TIR radiances (right, divided by 105). (b) Fitting residuals of 200 typical spectra in the same
units as (a).
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Fig. 2. Typical examples of averaging kernels (AVK) between the surface and 12 km a.s.l. for
(a and d) IASI+GOME-2, (b and e) IASI only and (c and f) GOME-2 only ozone retrieval
methods, over land (top) and over ocean (bottom). Lighter colours are given for AVK’s rows at
higher altitudes.
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Fig. 3. Sensitivity comparison in terms of (a,c) degrees of freedom DOFcol and (b,d) heights of
maximum AVK (km a.g.l.) Hmax

col for partial columns from the surface up to the altitude indicated
in abscissa (from 1 to 6 km a.s.l.) for IASI+GOME-2 (red), IASI only (green) and GOME-2 (blue)
ozone retrievals for an average of pixels over land (top) and over ocean (bottom) over Europe
on 19–20 August 2009.
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Fig. 4. Degrees of freedom DOFLT (left) and heights of maximum AVK (km a.g.l.) Hmax
LT (right)

in the lower troposphere (LT, from the surface up to 6 km a.s.l.) for (a,b) IASI+GOME-2, (c,d)
IASI only and (e,f) GOME-2 only ozone retrievals over Europe on 19 August 2009.
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Fig. 5. Same as Fig. 4, but for the lowermost troposphere (LMT, from the surface up to
3 km a.s.l.).
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Fig. 6. Validation of IASI+GOME-2 ozone retrievals in the (a and c) lower troposphere (LT, up
to 6 km a.s.l.) and (b and d) lowermost troposphere (LMT, up to 3 km a.s.l.) against ozonesonde
measurements over Europe during the summer of 2009 (119 sondes launched from 10 stations
during 57 different days). In upper panels (a,b), ozonesonde are smoothed by IASI+GOME-2
AVKs and in lower panels (c,d), raw ozonesonde measurements are considered. Dashed lines
are straight lines crossing zero with slope equal to one.
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Fig. 7. Ozone observations (DU) in the lower troposphere partial column (LT, up to 6 km a.s.l.)
over Europe on 19 (left) and 20 (right) August 2009 from (a,b) IASI+GOME-2, (c,d) IASI only
and (e,f) GOME-2 only approaches.
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Fig. 8. (a) Ozone observations (DU) in the lowermost troposphere (LMT, up to 3 km a.s.l.) from
IASI+GOME-2 multispectral approach over Europe on 19 August 2009. (b) CHIMERE model
outputs in the LMT (up to 3 km a.s.l.) smoothed by IASI+GOME-2 AVKs. (c) CHIMERE raw
outputs in the LMT. (d) CHIMERE raw outputs integrated between 3 and 6 km a.s.l.

2994

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2955/2013/acpd-13-2955-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2955–2995, 2013

Lowermost
tropospheric ozone

by synergism of IASI
and GOME-2

J. Cuesta et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 9. Same as Fig. 8, but for 20 August 2009.
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