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Abstract

Tropospheric ozone, O3, has two sources: transport from the stratosphere and photo-
chemical production in the troposphere. It plays important roles in atmospheric chem-
istry and climate change. In this manuscript we describe the retrieval of tropospheric
O3 columns from limb-nadir matching (LNM) observations of the SCanning Imaging5

Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) instrument,
which flies as part of the payload onboard the European Space Agency (ESA) satellite
Envisat. This retrieval technique is a residual approach that utilizes the subtraction of
the stratospheric O3 columns, derived from the limb observations, from the total O3
columns, derived from the nadir observations. The technique requires accurate knowl-10

edge of the stratospheric O3 columns, the total O3 columns, tropopause height, and
their associated errors. The stratospheric O3 columns were determined from the strato-
spheric O3 profile retrieved in the Hartley and Chappius bands, based on SCIAMACHY
limb scattering measurements. The total O3 columns were also derived from SCIA-
MACHY measurements, in the nadir viewing mode using the Weighting Function Dif-15

ferential Optical Absorption Spectroscopy (WFDOAS) technique in the Huggins band.
Comparisons of the tropospheric O3 columns from SCIAMACHY and collocated mea-
surements from ozonesondes, in both hemispheres between January 2003 and De-
cember 2011 show agreement to within 2–5 DU (1 DU=2.69×1016 molecules cm−2).
Comparison of tropospheric O3 from SCIAMACHY with the results from ozoneson-20

des, the Tropospheric Emission Spectrometer (TES), and the LNM method combining
Ozone Monitoring Instrument (OMI) and Microwave Limb Sounder (MLS) data (here-
inafter referred to as OMI/MLS), have been investigated. We find that all four retrieved
data sets show agreement within the error bars and exhibit strong seasonal varia-
tion, which differs in amplitude. The spatial distribution of tropospheric ozone observed25

shows pollution plumes related to the release of precursors at the different seasons in
both hemispheres.

7812

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/7811/2013/amtd-6-7811-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/7811/2013/amtd-6-7811-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 7811–7865, 2013

Tropospheric ozone
retrievals from
SCIAMACHY
observations

F. Ebojie 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

One important objective of SCIAMACHY, which flew as part of the payload of Envisat,
was to investigate globally the chemical composition of the Earth’s atmosphere (Bur-
rows et al., 1995; Bovensmann et al., 1999; Gottwald and Bovensmann, 2011). It led
to the development of the smaller nadir viewing GOME (Global Ozone Monitoring Ex-5

periment) (Burrows et al., 1999) and the first operational meteorological instrument
GOME-2 (Callies et al., 2000; Munro et al., 2006) on the Metop series of platforms.
These spectrometers fly in sun synchronous orbits in descending node and have equa-
tor crossing times between 09:30 and 10:30 LT in the morning. Retrieval of their ultra-
violet or visible observations, yields important trace constituents: O3, nitrogen dioxide10

(NO2), sulphur dioxide (SO2), water vapour (H2O), chlorine dioxide (ClO2), bromine
monoxide (BrO), iodine monoxide (IO), formaldehyde (HCHO), or glyoxal (CHO ·CHO)
on global scale (e.g., Burrows et al., 1999; Wagner et al., 2008).

SCIAMACHY employs three distinct viewing modes (nadir, limb, and occultation) dur-
ing each orbit cycle to measure the sunlight transmitted and scattered by the Earth’s15

atmosphere. The original concept of SCIAMACHY was based upon two spectrometers
both capable of measuring in limb or nadir, resulting in simultaneous measurements.
However, to reduce cost, the instrument was reduced to one spectrometer, which al-
ternately observed in limb and nadir during an orbit.

The sampling was then optimized such that the limb profile and nadir observations20

are matched to observe the same air mass, facilitating a form of tomography (Fig. 1).
This mode of observation was introduced to facilitate the separation of the tropospheric
abundance of absorbing constituents from that in the middle atmosphere. The separa-
tion of tropospheric columns from the middle atmospheric columns of important atmo-
spheric trace gases was one of the scientific goals for the SCIAMACHY project.25

The vertical resolution of the retrieved trace gas profiles in the limb viewing mode of
SCIAMACHY, when coupled with its nadir observations to yield the tropospheric col-
umn amount of a trace gas, provides added information as compared to the limited
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vertical resolution profiles retrieved from the observations of the nadir viewing ultra-
violet spectrometers and the limited horizontal coverage of occultation experiments
such as the HALogen Occultation Experiment (HALOE) (Russell III et al., 1993), Polar
Ozone and Aerosol Measurement (POAM) (Lucke et al., 1999), and the Stratospheric
Aerosols and Gas Experiment (SAGE) (McCormick et al., 1989).5

The limb-scatter technique for the retrieval of trace vertical profiles was first applied
by the UltraViolet Spectrometer (UVS) on the Solar Mesosphere Explorer (SME) satel-
lite to retrieve O3 in the mesosphere (Rusch et al., 1984) and stratospheric NO2 pro-
files (Mount et al., 1989). The Shuttle Ozone Limb Sounding Experiment/Limb Ozone
Retrieval Experiment (SOLSE/LORE) instrument demonstrated for the first time suc-10

cessfully the limb-scatter technique to derive stratospheric O3 profiles (McPeters et al.,
2000). The limb-scatter technique yields atmospheric information with enhanced sen-
sitivity to a selection of trace constituents, good global coverage and relatively high
vertical resolution (∼3 km). The data products from the current generation of sensors
suffer, dependent on the spatial resolution, from the high probability of cloud interfer-15

ence, horizontal resolution along the line of sight being large and complex viewing
geometry, which requires highly complex spherical and multiple scattering radiation
transfer modelling.

Satellite instruments utilizing nadir viewing geometry have a lower probability for
cloud interference, good horizontal spatial resolution and vertical profiles of strongly20

absorbing species such as O3 can be retrieved, but only with poor vertical resolution
(7–10 km) (Hoogen et al., 1998, 1999; Meijer et al., 2006).

Global retrievals of tropospheric O3 from satellite instruments are required to study its
global distributions due to its relatively short lifetime and consequent variability. Impor-
tant information on its spatial and temporal variability, sources and sinks, transport, and25

seasonal behavior can also be acquired from satellite instruments. However, the re-
trieval of tropospheric O3 from space observations of the upwelling radiation at the top
of the atmosphere requires accurate separation of stratospheric O3, which accounts
on average for approximately 90 % of the total O3 columns.
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A number of methods for retrieving tropospheric O3 from satellite observations have
been proposed, including methods using a residual approach, pioneered by Fishman
and Larsen (1987). In this method the tropospheric O3 columns were derived by sub-
tracting the stratospheric O3 columns from the total O3 columns using a combina-
tion of two different instruments. Different variants of this method have been devel-5

oped over the years (e.g., Fishman et al., 1990; Fishman and Balok, 1999; Ladstätter-
Weißenmayer et al., 2004; Thompson and Hudson, 1999; Ziemke et al., 1998, 2006,
2011; Schoeberl et al., 2007). Also, Kim et al. (2001) have used the scan angle geom-
etry technique to retrieve tropical tropospheric O3, a method that requires multi-angle
measurements.10

The direct retrieval of tropospheric O3 from solar backscattered UV nadir spectra
from satellite instruments such as GOME, OMI, SCIAMACHY etc., through the combi-
nation of forward model simulation, a priori knowledge and spectral fitting or using op-
timal estimation technique (Rodgers, 2000) has also been demonstrated (Munro et al.,
1998; Hoogen et al., 1998, 1999; Liu et al., 2006, 2010, and references therein). How-15

ever, the information content of the O3 absorption in the nadir observation of the up-
welling solar radiation is dominated by the stratospheric and mesospheric O3 columns.

The approach of using penetration depth to provide vertical profiling was first pro-
posed in the 1950s (Singer and Wentworth, 1957) and used for BUV and SBUV ob-
servations to retrieve O3 vertical profile data products (Kramarova et al., 2013). The20

approach works well above the O3 maximum in the stratosphere but does not provide
much information about the vertical profile of O3 below the O3 maximum concentra-
tion in the stratosphere. Although the use in addition of knowledge of the topography,
cloud tops, and the weak temperature dependence of the O3 Huggins bands provides
additional information to help to separate tropospheric O3 information, the required25

precision of measurements of the back scattered UV radiation is high to retrieve tro-
pospheric O3. Making simultaneous measurements of the Hartley, Huggins, Chappuis,
and Wulf bands of O3 provides further information for use in the retrieval of O3 vertical
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profiles. This is because the scattering in the lower atmosphere back to space is wave-
length dependent in the ultraviolet-A (UV-A) and visible spectral regions.

However, the O3 absorption features are weaker in the Huggins, Chappuis and Wulf
bands. The signal to noise of the measurements of the upwelling radiance from the
top of the atmosphere, which is determined by the size of the instrument optics and5

detector noise, then becomes critical as to whether this information can be separated
from photon and detector noise and then be used, adding information or degrees of
freedom to the retrieval of tropospheric O3.

In addition chlorophyll, liquid water and surface absorption features need to be very
accurately accounted for in order to retrieve the total or tropospheric O3 columns. Tro-10

pospheric O3 has also been retrieved directly from nadir measurements of thermal
infrared (TIR) emission (Aumann et al., 2003). However, as the signal in the thermal
infrared depends on the thermal contrast, sensitivity is poor in the lower troposphere
and maximizes in the upper troposphere and lower stratosphere. Another approach to
retrieve information about tropospheric O3 is to use the simultaneous observation of15

multiple UV, visible and TIR features, as first proposed in the GeoTROPE studies (Bur-
rows et al., 2004). The TIR O3 signal is dependent on the temperature profile, the O3
profile and its amount. This technique has been implemented in the retrieval of vertical
profiles of trace gases through the combination of infrared (IR) and UV nadir measure-
ments as demonstrated by Bovensmann et al. (2004) and Cuesta et al. (2012) in the20

retrieval of tropospheric ozone using infrared radiance spectra recorded by the Infrared
Atmospheric Sounding Interferometer (IASI) and GOME-2 ultraviolet measurements.

The retrieval of atmospheric trace gases using the residual approach by combining
limb and nadir measurements from SCIAMACHY has been applied to O3 and NO2
(Sierk et al., 2006; Sioris et al., 2004; Beirle et al., 2010; Hilboll, 2013). The global25

retrieval of tropospheric O3 from SCIAMACHY using the LNM technique is of great
potential significance, as it is expected to characterize stratospheric inhomogeneity and
provide an improved understanding of the monitoring of global tropospheric ozone. This
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data is needed to assess our understanding of the processes controlling tropospheric
O3 abundances and for testing chemical transport and chemistry climate models.

This manuscript provides the description of the SCIAMACHY LNM tropospheric O3
retrieval, an error analysis, and describes a validation made by the comparison of tro-
pospheric O3 from SCIAMACHY with tropospheric O3, determined by using data from5

ozonesondes and the O3 data sets, retrieved from the measurements of other satellite
instruments.

The subsequent sections of this manuscript are as follows: Sect. 2.1 briefly de-
scribes the SCIAMACHY instrument on Envisat and its applications relevant to this
study, Sect. 3 summarizes the retrieval method used, Sect. 4 presents a sensitivity10

study, estimating both systematic and random errors from all relevant error sources.
Section 5, which compares SCIAMACHY, TES, OMI/MLS, and ozonesondes obser-
vations, provides first validation results of the tropospheric O3 columns retrieved from
the SCIAMACHY limb-nadir matching technique, and Sect. 6 summarizes our principal
findings and conclusions.15

2 Instrument description

2.1 SCIAMACHY

SCIAMACHY (Burrows et al., 1995; Bovensmann et al., 1999), is a passive spectrom-
eter, and part of the payload for ESA’s Environmental Satellite (Envisat), launched into
orbit on 28 February, 2002. Unfortunately, on 8 April, 2012 contact was lost with En-20

visat and thus far, ESA has failed to regain contact. Envisat orbited and will continue
to orbit the earth in a sun-synchronous, near-polar orbit at a mean altitude of typi-
cally about 795 km with an inclination relative to the equatorial plane of 98.5◦. It has
an orbital period of about 100 min, thus completing about 14.3 orbits per day. Its lo-
cal equator crossing time is 10:00 a.m. in descending node. SCIAMACHY measured25

the transmitted, reflected and scattered solar radiation in the ultraviolet (UV), visible,
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and near infrared (NIR) wavelength regions (214–2386 nm) with a spectral resolution
varying between 0.22 nm and 1.48 nm. This is achieved with the aid of scan mirrors,
which collect electromagnetic radiation and direct it to a telescope and then through the
slit of the double monochrometer. The latter uses a prism to produce an intermediate
spectrum, which is then separated into 8 channels, each comprising optics, a grating5

and diode array detector. The observations are contiguous from 214 to 1750 with two
channels 1940–2040 nm and 2265–2380 nm.

The scan mirror system results in three different viewing geometries: limb, nadir and
solar/lunar occultation observation geometries. In the nadir mode, the field of view of
the instrument is oriented to the line-of-sight. This geometry allows the instrument to10

scan the region underneath the spacecraft by detecting upwelling solar radiation that
has been scattered in the atmosphere and reflected by the Earth’s surface. Also in this
mode, the mirror scans across the satellite track and each full scan covers a ground
area of approximately 30 km along track by 960 km across track with the footprint of
a single observation being typically 30×60 km2. In the limb mode, the instrument line15

of sight is directed tangentially to the Earth surface. The instrument scans in the hori-
zontal and vertical direction with elevation steps of approximately 3.3 km at the tangent
point (Gottwald and Bovensmann, 2011). Due to the elevation steps performed by the
instrument, the tangent point of the line-of-sight moves slightly towards the spacecraft
as the satellite moves along the orbit. As the satellite moves around the Earth, the20

along-track extent of the limb pixels appear rather narrow (see for example the de-
scription in Gottwald and Bovensmann, 2011). The tangent height is raised in discrete
steps from the surface up to about 100 or 150 km, thus permitting the retrieval of ver-
tical absorber profiles by utilizing only scattered light. The instantaneous field of view
at the tangent point is about 110 km (horizontally) by about 2.6 km (vertically). The25

ground scene of a SCIAMACHY limb scan is defined by the geolocation of the line-of-
sight tangent point at the start and end of the state, which typically consists of about
31 horizontal scans with one complete limb scan taking about 60 s and for every limb
state, four different vertical profiles are recorded. The horizontal across track coverage
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is 960 km with a spatial resolution typically about 240 km depending on the channel.
The measurements of the stratospheric O3 profiles from the limb observations and total
ozone columns from the nadir observations are limited to the sunlit part of the earth.
SCIAMACHY alternates between nadir and limb viewing geometries (Fig. 1) in such a
way that a limb swath and subsequent nadir swath match spatially and are separated in5

time by 7 min. SCIAMACHY measurements require about six days to cover the entire
globe (Bovensmann et al., 1999). The SCIAMACHY instrument was in good working
condition, providing crucial earth observation data until contact was lost with Envisat
unexpectedly as a result of spacecraft failure on 8 April 2012.

2.2 OMI/MLS and TES10

OMI/MLS and TES are satellite instruments aboard the Aura spacecraft which was
launched into a sun-synchronous polar orbit in July 2004 at an inclination angle of
98.2◦ and an altitude of 705 km. The spacecraft has an equatorial crossing time of
approximately 01:45 p.m. in ascending node and takes about 98.8 min to cover an orbit
thereby completing about 14.6 orbits per day.15

TES is a Fourier transform IR spectrometer covering the spectral range of 650–
3050 cm−1 (3.3–15.4 µm) at a spectral resolution of 0.1 cm−1 in the nadir viewing mode
or 0.025 cm−1 in the limb viewing mode (Beer, 2006). TES covers the globe in 16
days in the cross-track mode and in 3 days in the limb mode. For our analysis we
used TES V003 ozone data downloaded from http://eosweb.larc.nasa.gov/, which were20

retrieved using optimal estimation technique (Rodgers, 2000) as described by Bowman
et al. (2006). These data set have been validated with ozonesondes and aircraft data
showing a bias of 3–10 ppbv (Boxe et al., 2009).

OMI is a UV-visible nadir viewing spectrometer detecting backscattered solar radia-
tion over the 270–500 nm wavelength range with a spectral resolution of 0.42–0.63 nm25

(Levelt et al., 2006). It has a spatial resolution of 13×24 km2 and covers the globe in
one day, thus providing daily information on the total O3 columns. Measurements of
ozone from OMI were determined using the OMI-TOMS retrieval algorithms version
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8.5 described in http://eospso.gsfc.nasa.gov/sites/default/files/atbd/ATBD-OMI-02.pdf
(Ziemke et al., 2011).

The MLS instrument is a microwave limb sounder that measures vertical profiles
of O3, providing information on the stratospheric O3 column. Information on the MLS
version 3.3 ozone measurements as well as data quality description document are5

available at http://disc.sci.gsfc.nasa.gov/gesNews/. An analysis of stratospheric ozone
columns derived from MLS version 3.3 and an earlier version 2.2, which has been vali-
dated by Froidevaux et al. (2008), show a systematic offset of about 2.5 DU (Ziemke et
al., 2011). The MLS measurements are made about 7 minutes before OMI views the
same location during ascending (daytime) orbital tracks. The tropospheric O3 columns10

are derived by subtracting the vertically integrated MLS O3 profiles from the OMI total
column O3. For our analysis we used OMI/MLS tropospheric ozone column down-
loaded from http://acdb-ext.gsfc.nasa.gov/.

2.3 Ozonesondes

An ozonesonde is a lightweight ozone measuring instrument carried aloft a small bal-15

loon. It comprises an electrochemical cell filled with a Potassium Iodide (KI) solution
and a meteorological radiosonde (Komhyr, 1967). When ambient air is pumped through
the cell, O3 present in the air undergoes redox reactions with the KI solution (Eq. 1 and
2) and generates an electric current, which is considered to be proportional to the
concentration of ozone in the sampled air after correcting for background effects.20

2KI+O3 +H2O → I2 +O2 +2KOH (1)

I2 +2e → 2I− (2)

The radiosonde also measures the ambient air temperature, pressure, relative hu-
midity and transmits all the acquired information back to a ground receiving station dur-25

ing the balloon ascent before bursting at an altitude typically of around 35 km depending
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on the state of the atmosphere. The types of ozonesonde used in our validation include
the electrochemical concentration cell (ECC) (Komhyr, 1969, 1971), Brewer-Mast (BM)
(Brewer and Milford, 1960), and the carbon iodine cell (KC96) (Kobayashi and Toyama,
1966).

These different types of ozonesondes operate on the same principle, as discussed5

above, but differ in instrumental layout and design (Smit, 2002). The ozonesondes
data used in our analysis were obtained from http://www.woudc.org/ and http://croc.
gsfc.nasa.gov/shadoz/ (Thompson et al., 2003). From these datasets, we first deter-
mined the tropopause heights from the temperature profile measurements by using
the thermal tropopause definition before deriving the tropospheric O3 column (TOC) by10

integrating the concentration (ci ) from the surface to the tropopause as given by the
expression,

TOC =
1
2

imax−1∑
i=1

[(ci+1 + ci )(hi+1 −hi )] (3)

and ci is given by

ci =
NAPi

RTi
, (4)15

where i represents the level index, h is the height, NA is Avogadro’s number, R is
the ideal gas constant, and T and P are the temperature and O3 partial pressure,
respectively. The ozonesondes provide ozone partial pressure on a vertical scale of
atmospheric pressure with a vertical resolution of ∼150 m at an accuracy of 5–10 % in
the troposphere (WMO, 1999; Smit et al., 2007)20
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3 Method and Data analysis from SCIAMACHY

3.1 Stratospheric ozone profile retrievals from SCIAMACHY
limb measurements

Stratospheric O3 profiles are retrieved from SCIAMACHY limb-viewing measurements.
The method employed for the retrieval of version 2.9 used in this analysis is an up-5

date of version 2.1 described in Sonkaew et al. (2009), which involves employing the
surface albedo database by Matthews (1984) in the forward radiative transfer calcu-
lations, and using the empirical aerosol extinction profile model ECSTRA originally
developed by Fussen and Bingen (1999). Briefly, the retrieval of stratospheric O3 pro-
files utilizes the combination of three wavelengths (525, 600 and 675 nm) in the O310

Chappius band (Flittner et al., 2000; von Savigny et al., 2003) and several wavelengths
in the UV Hartley-Huggins band (264, 267.5, 273.5, 283, 286, 288, 290 and 305 nm)
to cover the altitude range form 10 to 80 km. In the selection of the wavelengths in
the Hartley-Huggins bands, care is taken to avoid contamination of the limb scatter-
ing measurements by airglow emissions and strong Fraunhofer lines (Rohen, 2006).15

The inversion of the measurement vector is performed using a non-linear Optimal Es-
timation iteration scheme together with the SCIATRAN radiative transfer model (RTM)
(Rozanov et al., 2005). As in satellite measurements, there exist errors in the retrieval
of the stratospheric ozone profiles, which were potentially found to arise from clouds,
tangent height registration, effective albedo, and aerosol extinction. External stray light,20

which is referred to as the contamination from outside the field of view of the instru-
ment, e.g. from clouds and the earth brightness, is another source of error. To reduce
the effect of clouds and albedo on the retrieval, the radiance profiles are normalized by
the limb radiance at upper tangent heights which vary depending on wavelength.
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3.2 Total ozone column retrievals from SCIAMACHY nadir measurements

The Weighting Function Differential Optical Absorption Spectroscopy (WFDOAS) algo-
rithm (Coldewey-Egbers et al., 2005; Weber et al., 2005) is used to retrieve total O3
columns from the SCIAMACHY nadir-viewing measurements. This technique fits the
vertically integrated O3 weighting function instead of the O3 cross-section like in the5

standard DOAS retrieval to the sun-normalized radiances in order to directly retrieve
the vertical column amounts. The fitting window of 326.6–334.5 nm is used for the to-
tal O3 column retrieval. To obtain the weighting function for the change in the total
O3 column, the weighting function calculated at each altitude using the GOMETRAN
radiation transfer code (Rozanov et al., 1998) are integrated vertically. This approach10

suits well the retrievals of strong absorbers like O3 in the UV. The WFDOAS technique
accounts for the effect of rotational Raman scattering (Ring effect) by using a precal-
culated data base of Raman reference spectra which is tabulated as a function of O3
column density, solar zenith angle, surface albedo, and altitude (Coldewey-Egbers et
al., 2005). The validation of the total O3 column with ground based measurements from15

the WOUDC (World Ozone and UV Radiation Data Centre) shows good agreement to
within ±2 % with small seasonal differences (Bracher et al., 2005; Weber et al., 2007).
In the polar regions, and at very high solar zenith angles, biases can be larger (Weber
et al., 2005).

3.3 Combination of SCIAMACHY limb and nadir measurements20

The SCIAMACHY LNM observations have the objective of yielding accurate retrievals
of the tropospheric amount of trace species, which have significant stratospheric ab-
sorption. The SCIAMACHY instrument is designed such that it alternates between limb
and nadir geometries so that the region probed during the limb scan can be observed
7 min later during the nadir scan. This technique yields the vertical stratospheric con-25

centration profiles of the trace gas directly over the region of the nadir measurements
of total columns. Integrating the coincident stratospheric profiles from the tropopause
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upwards determines the stratospheric vertical column density above the target area
(see Eq. 5). The subtraction of the resulting stratospheric column amount from the to-
tal column measured in nadir yields the tropospheric column amounts. Combining limb
and nadir measurements from the same instrument like in the case of SCIAMACHY
(Sierk et al., 2006; Beirle et al., 2010) assumes that the column of O3 above the nadir5

state is proportional to the tropospheric O3 column. This in a way should be associated
with lower uncertainties than those approaches that require different instruments that
do not allow exact matches of air masses in space and time.

To implement the LNM technique, we computed the tropopause heights from the
operational meteorological model data provided by the European Center for Medium10

Range Weather Forecasts (ECMWF). These data comprise three-dimensional fields
of pressure, temperature, and wind vectors on a latitude/longitude grid of 1.5◦ reso-
lution with 91 levels and 4 analysis times daily. From these data, the location of the
tropopause is obtained by applying the dynamical (potential vorticity) and the thermal
(lapse rate) definitions of the tropopause. The thermal tropopause, which assumes15

that the stratosphere is more stably stratified than the troposphere, is defined as the
lowest level at which the lapse rate is 2 K km−1 or less, provided also that the average
lapse rate between this level and all higher levels within 2 km does not exceed 2 K km−1

(WMO, 1957). To determine the tropopause height using both criteria we followed an
approach similar to that discussed in Hoinka (1998). The combination of the dynami-20

cal and thermal criteria enabled a clear definition of the boundary between the tropo-
sphere and the stratosphere at all latitudes. For the tropics (i.e. ±20◦ latitude from the
equator) we applied the thermal criterion and from the mid-latitudes to the poles (lati-
tudes higher than 30◦ in both hemispheres) we applied the dynamical criterion. In the
transition region between the two regimes (20◦–30◦ in both hemispheres) both criteria25

were used and weighted with the distance from the regime boundaries. The ECMWF
analysis data are produced every six hours and the value closest in time to the SCIA-
MACHY observation is used. The tropopause heights determined show variation on
a daily basis (Fig. 2) and have been validated with tropopause heights determined
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from radiosondes flying along with ozonesondes. The comparisons of the tropopause
heights generated from ozonesondes and ECMWF show good agreement with a mean
difference of less than 500 m for the stations considered in both hemispheres. The tro-
pospheric O3 columns from SCIAMACHY were derived by first integrating the strato-
spheric and mesospheric O3 profiles from the height of the tropopause to about 80 km5

and the resulting stratospheric and mesospheric O3 columns (see Eq. 5) were sub-
tracted from the total O3 columns.

C =
i=80∑
itph

(N(zi−1)+N(zi )

2

)(
zi − zi−1

)
, (5)

where C is the integrated stratospheric ozone profile above the tropopause height (tph),
which is referred to as the stratospheric ozone column, N(z) is the stratospheric ozone10

profile in number density, z is the altitude and i is the index. At the higher latitudes
where the tropopause is below 10 km, the stratospheric O3 profiles below the retrieval
grid were constructed from an ozonesonde climatological profiles (2003–2011) scaled
to match the lower part of the retrieved SCIAMACHY profile. Since the air mass cov-
ered by a single limb measurement is about 400 km (along track) ×240 km (across15

track) and correspondingly averaged nadir state covers 30 km (across track) ×60 km
(along track), in a clear sky condition and under the assumption of the homogeneity
of stratospheric ozone, a single tropospheric column is estimated to cover a ground
area of about 60 km×240 km. As the limb observations are greatly affected by clouds
we only used cloud free pixels and for nadir observations, pixels with cloud fraction of20

less than 0.1 were considered in the retrievals (see Sect. 4). Furthermore, to minimize
uncertainties in our retrieved tropospheric O3, we considered measurements from the
descending part of the orbit with solar zenith angles less than 80◦, because of the
decrease in tropospheric sensitivity to O3 at higher solar zenith angles.

7825

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/7811/2013/amtd-6-7811-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/7811/2013/amtd-6-7811-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 7811–7865, 2013

Tropospheric ozone
retrievals from
SCIAMACHY
observations

F. Ebojie 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
|

4 Error analysis

This section presents a summary of the contribution of the various error sources to the
overall error in the retrieved tropospheric O3 columns as well as the derived global error
budget. Table 1 gives an overview of the error sources in the tropospheric O3 retrieval
using the SCIAMACHY limb-nadir-matching technique. Clouds play an important role5

in reflection, absorption and transmission of solar radiation, thus affecting trace gas
retrievals. In the nadir measurements for example, clouds have three major effects on
the O3 retrievals. These comprise the albedo effect, the increase in-cloud absorption,
and a shielding effect (Koelemeijer and Stammes, 1999; Newchurch et al., 2001). The
albedo and shielding effect lead to apparent increase of the depth of absorption bands10

of O3 and thus an underestimation of the total O3 columns. Also, the shielding effect
leads to the underestimation of the vertical O3 column densities.

In our analysis we employed two different cloud algorithms, one based on nadir ob-
servations and the other based on limb observations. For the case of the total O3
columns we used the SemiAnalytical CloUd Retrieval Algorithm (SACURA), which de-15

termines the cloud fraction, cloud-top-height, and other cloud parameters from the
oxygen A-band (760 nm) (Kokhanovsky and Rozanov, 2004). SACURA accounts for
the penetration of radiation in the clouds using analytical expressions. In the total O3
columns retrieval using the WFDOAS techniques, clouds are treated as Lambertian
reflecting surfaces (Coldewey-Egbers et al., 2005; Weber et al., 2005). Clouds are also20

detected in the limb viewing mode and are accounted for by using the SCIAMACHY
Cloud Detection Algorithm (SCODA) for limb radiance measurements (Eichmann et al.,
2009).

SCODA uses the colour index ratios in the vertical radiance profiles at different wave-
length pairs in the visible and near infrared to determine cloud top height and cloud25

thermodynamic phase. As mentioned above, since tropospheric O3 columns consti-
tute only about 10 % of the total O3 columns, small errors associated with clouds
might significantly affect the derived tropospheric O3 columns. Therefore, for proper
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retrieval of tropospheric O3 columns, limb scenes that are contaminated with clouds
were screened out while total O3 columns data that have a cloud fraction of less than
0.1 were used. A sensitivity analysis showed that an increase in cloud fraction thresh-
old by 10 % on average reduces SCIAMACHY tropospheric ozone by about 1 DU.

The other potential sources of errors are from the stratospheric O3 columns, total5

O3 columns, and the computation of the tropopause height. Among these other error
sources, the stratospheric O3 columns contribute most to the total errors (see Table 1).
The error contribution from the stratospheric O3 columns (soc) which originated from
the retrieval of stratospheric O3 profiles (see Sect. 3.1) was computed from errors
resulting from uncertainties in the assumed surface albedo (ab), aerosol extinction10

profile (ae), ozone absorption cross section (ac), pressure profile (pr), tangent height
information (th), temperature profiles (temp) and the signal-to-noise ratio (snr) of the
radiance measurements (see Tables 2 and 3).

The contributions from each of the different parameter errors on the retrieved O3
profiles were computed using the SCIATRAN retrieval model on stratospheric ozone15

profiles in both hemispheres at different solar zenith angles. To achieve this, the simu-
lated O3 profiles for a given reference parameter were compared with the ozone profiles
based on an altered value of the same parameter that lies within the range of the error.
For example, to compute the impact of albedo on the retrieved O3 profile, the ozone
profile with constant albedo value of 0.3 was taken as a reference and compared the20

ozone profiles retrieved from different forward model simulations.
In other words, to account for instance, for an albedo error of ±0.1, O3 profiles with

albedo values of 0.2 and 0.4 were compared with O3 profiles with albedo value of 0.3.
A similar approach was carried out for the other error parameters and the deviation of
the O3 profile for a given parameter value from the reference value is defined as the25

parameter error (Rahpoe et al., 2013). The most influential errors among the differ-
ent parameters used in the stratospheric O3 profile retrieval are aerosol and tangent
height registration (Tables 2 and 3). To quantify the effects of these parameter errors
on stratospheric O3 profile retrievals, we combined the different parameter errors using
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Gaussian error propagation in a simplified form as shown in Eq. (6).

σ2
sco ≈ σ2

ab

(
∂(sco)

∂(ab)

)2

+σ2
ae

(
∂(sco)

∂(ae)

)2

+σ2
ac

(
∂(sco)

∂(ac)

)2

+σ2
pr

(
∂(sco)

∂(pr)

)2

+σ2
snr

(
∂(sco)

∂(snr)

2
)

+σ2
th

(
∂(sco)

∂(th)

)2

+σ2
temp

(
∂(sco)

∂(temp)

)2

(6)

Similarly, the errors from the different error sources in the retrieval of total O3 columns
(Coldewey-Egbers et al., 2005) were combined using Gaussian error propagation. In
the case of the total O3 column retrieval, the largest contribution to the error sources5

is identified to come from the a-priori errors associated with the O3 climatology and
assumptions in the derived effective parameters (Coldewey-Egbers et al., 2005). The
extensive validation carried out by Weber et al. (2005), shows that the monthly mean
error in the total column ozone is about 1 %. The error in tropospheric O3 columns
associated with errors in the tropopause height was accounted for by integrating the10

shift in altitude using trapezoidal rule. Figures 3 and 4 show the monthly averaged tro-
pospheric O3 column errors together with the error contributions from the stratospheric
O3 columns, the total O3 columns as well as the errors in the tropopause height for
January and July 2003, respectively. January 2003 shows a bump in the error contri-
bution from the stratospheric O3 columns between 40◦ N and 50◦ N with a maximum15

value of ∼5.5 DU near 50◦ N. In the Southern Hemisphere the error contribution from
the stratospheric O3 columns increase from about 3.5 DU at 30◦ S to 7.5 DU at 65◦ S
where it remains constant up to about 85◦ S. A similar bump, although with a lower am-
plitude is also observed in the Northern Hemisphere from the total O3 columns for the
same month. The effect of the tropopause heights is also seen to exhibit some zonal20

variability as a result of the variation in tropospheric ozone. These features, which
could be due to changes in stratospheric temperature are clearly observable in the tro-
pospheric O3 column errors, where a mean error contribution of 5.5 DU, which is about
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20 % error in the mean tropospheric ozone columns is recorded in January 2003. In
July 2003, there is no observable sharp increase of errors in the Northern Hemisphere
as observed in January 2003, but similar features as in January 2003 are depicted in
the Southern Hemisphere (Fig. 4). The effects of tropopause height in both months are
low, accounting for less than 0.1 DU of the error in tropospheric ozone retrieval.5

In general, there is not much variation in the monthly average error contribution from
the different error sources as shown in Table 1. The annual average error contribution
from the stratospheric O3 columns is about 4.6 DU, accounting for ∼1.8 % error in
mean stratospheric ozone columns. The mean error in the total column for 2003 is less
than 3 DU, which is 1 % of the error in mean total ozone columns. The ozone error10

caused by tropopause height error in 2003 is less than 0.1 DU, accountng for ∼1 % of
the error in mean tropospheric O3 column as a result of the effect of the height of the
tropopause. The effect of these different error sources become larger in the retrieved
tropospheric ozone columns accounting for a mean error of about 5.6 DU, which results
to about 18 % error in the annual mean of the tropospheric O3 columns.15

5 Validation and intercomparisons of SCIAMACHY tropospheric ozone

5.1 Intercomparison of Tropospheric ozone columns from SCIAMACHY, TES,
OMI/MLS and ozonesondes

The error of our retrieved tropospheric O3 from SCIAMACHY was investigated by
comparing the tropospheric O3 columns from SCIAMACHY with the tropospheric O320

columns measured by balloon-borne ozonesondes, and those retrieved from TES and
the combined OMI/MLS data products (Table 4). Time series plots of ozonesondes and
collocated, SCIAMACHY, TES and OMI/MLS measurements were produced so as to
compare tropospheric O3 values from SCIAMACHY with both in-situ measurements
and those of other satellite instruments. Comparisons with ozonesondes pose some25

challenges as their measurements correspond to advected measurements along tra-
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jectory paths which are different from satellite measurements that provide averages
over extended air masses. However, comparing satellite tropospheric O3 columns
with ozonesondes measurements provide a higher confidence than comparing with
other satellite instruments because the determination of tropospheric O3 columns from
ozonesondes does not depend on a-priori information typically used in satellite re-5

trievals.
SCIAMACHY tropospheric O3 columns were validated using ozonesonde data from

the Southern Hemisphere ADditional OZonseondes (SHADOZ) and WOUDC with the
stations listed in Table 4. Monthly means of SCIAMACHY tropospheric O3 columns
were compared with collocated monthly means of tropospheric O3 columns from10

ozonesondes, TES, and OMI/MLS using the collocation criteria of ±5◦ in latitude and
±10◦ in longitude. The ozonesonde data sets available for our comparisons extend from
2003 to 2011 overlapping in time with the SCIAMACHY observation period but due to
nonavailability of measurements from TES and OMI/MLS before September, 2004, the
comparison plots were limited to the period for which all measurements were available.15

The climatological characteristics exhibited by the ozonesondes may differ due to
their location, thus making it difficult to ascertain the instruments that provide the
most accurate result, hence the comparison of the tropospheric ozone retrieved from
SCIAMACHY with both in-situ and other satellite measurements is very necessary.
For instance the mid and high latitude northern oceanic stations are characterized by20

oceanic climate. This can cause these stations to be subjected to advections of both
mid-latitude and polar air masses (Mariotti et al., 1997), thus making them to behave
as either a polar or mid-latitude stations depending on the location of the font. Similar
behaviour have also been found in mid and higher latitude southern oceanic ozoneson-
des stations. For most of the stations in both hemispheres (Fig. 5), the monthly mean25

tropospheric O3 over the entire time series from the four instruments agree in magni-
tude and annual variation with some mean differences, which is within the error bars
as shown in Table 4. For example, for the period considered over Tsukuba (Fig. 6),
which is located at latitude 36.10◦ N and longitude 140.10◦ E, the comparison plots
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from the four instruments, SCIAMACHY (black), ozonesonde (red), TES (violet), and
OMI/MLS (green) show pronounced seasonal cycle with maximum values during spring
and summer at slightly different amplitudes. The mean values and standard deviation
of 41.69±7.33 DU, 41.47±9.30 DU, 45.08±3.64 DU, 33.87±6.22 DU, for SCIAMACHY,
ozonesonde, TES and OMI/MLS, respectively, were recorded over the entire time se-5

ries in this region. The average peak ozone values of about 52 DU observed by SCIA-
MACHY through the period considered over Tsukuba is closer to the observed values
from ozonesonde instrument. Over this region, the seasonal amplitudes of the tropo-
spheric ozone column from TES is lower than that of ozonesonde and SCIAMACHY
instruments. The observed tropospheric ozone values from OMI/MLS over Tsukuba are10

lower than the values recorded by the other three instruments. These low values are
clearly observed during the winter months. The seasonal variation depicted by SCIA-
MACHY is similar to that observed by ozonesonde throughout the time series. The high
ozone value of about 68 DU observed by ozonesonde in June 2006 is not captured by
any of the satellite instruments.15

The tropospheric ozone derived from all instruments over Naha (26.20◦ N, 127.70◦ E)
(Fig. 7), delineate similar features between SCIAMACHY and TES values, which are
in closer agreement with ozonesonde, although ozonesonde’s tropospheric ozone val-
ues are higher in some summer months and similar high ozone values observed by
ozonesonde over Tsukuba in June 2006 is also observed over Naha but in boreal20

spring months of 2007. Measurements of tropospheric ozone over DeBilt, which is lo-
cated at (52.10◦ N, 5.18◦ E) (Fig. 8), show good seasonal variation as observed by all
four instruments, although there are variations in their amplitudes. The relatively high
tropospheric O3 value of about 60 DU during spring and summer months in 2005 as ob-
served by SCIAMACHY over DeBilt were not fully captured by the other instruments.25

Also observed over this station is the low values of tropospheric O3 from OMI/MLS
over the time series, which is lower than the tropospheric O3 value from the other
instruments. SCIAMACHY tropospheric ozone values over Hilo (19.43◦ N, 155.00◦ W)
(Fig. 9), depicts good seasonal variation with an averaged peak value of less than
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45 DU over the entire time series. Over this station, TES and ozonesonde records an
averaged peak value of above 40 DU during the northern summer months.

The intercomparisons plots of SCIAMACHY tropospheric ozone values with other
three satellite measurements over ozonesonde stations in the Southern Hemi-
sphere, including Java (7.50◦ S, 112.60◦ E) (Fig. 10), and Samoa (14.23◦ S, 170.56◦ W)5

(Fig. 11), Broadmeadows (37.68◦ S, 144.95◦ E) (Fig. 12), and Macquarie Island
(54.50◦ S, 158.95◦ E) (Fig. 13), also show good agreement in their seasonal variations.
For instance, over JAVA, the tropospheric ozone values from all the instruments fol-
low a similar pattern but there exist some peak ozone values observed by ozoneson-
des which are not captured by the satellite instruments. The seasonal behaviour of10

the tropospheric ozone retrieved from SCIAMACHY over Samoa, Broadmeadows and
Macquarie Island follows a similar pattern with the values derived from the other instru-
ments, though SCIAMACHY values appear shifted to the right over Macquarie Island.
The relative difference for all stations considered shows that SCIAMACHY tropospheric
ozone values over the entire data sets has good agreement with ozonesondes with a15

value of 0.06, while the relative difference of TES and OMI/MLS to ozonesondes are
0.11 and −0.10, respectively. In summary, all the instruments show a similar pattern
over the ozonesonde stations reflecting the effect of the transport of precursors on
tropospheric ozone production. SCIAMACHY, TES and OMI/MLS 0.06, 0.11, −0.10.

5.2 Global distribution and comparison of Tropospheric ozone columns from20

SCIAMACHY, TES and OMI/MLS

Global measurements of tropospheric O3 are needed to test our understanding of its
sources and sinks. They provides continuous temporal and spatial observation, which
are useful for the identification of sources, seasonal variations, and long-range trans-
port of air pollutants (Creilson et al., 2003, 2005). They also provide observations,25

which allow for the generation of temporally extended records that are vital for the
investigation of long term trend (Kim and Newchurch, 1996; Fishman et al., 2005;
Valks et al., 2008). Tropospheric O3 is a strongly seasonal pollutant exhibiting usually
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higher concentrations in the warm summer months. The tropospheric O3 seasonality
is caused by variation in tropospheric background O3, temporal variation of precursor
emissions (NOx, VOCs, CO, CO2, CH4), systematic seasonal shifts of transport meteo-
rology as well as by the seasonality of photochemical oxidation and removal processes.
For example, Fig. 14 shows the global distributions of tropospheric O3 for four sea-5

sons, winter (December-January-February (DJF)), summer (June-July-August (JJA))
spring (March-April-May (MAM)) and autumn (September-October-November (SON))
in 2003. Significant differences between the northern and Southern Hemispheres as
well as differences between the seasons are well represented in the plots. The sea-
sonal distribution of tropospheric O3 in both hemispheres shows good correlation with10

its precursors (Logan and Kirchhoff, 1986; Liu et al., 2008). For instance, in the South-
ern Hemisphere there is good correlation with the seasonal variation of biomass burn-
ing in Africa and South America during the northern winter months, which is mostly
pronounced in northern autumn (Kim and Newchurch , 1998). Also observed is the
correlation with photochemical production of O3, resulting from anthropogenic effects15

due to NOx and hydrocarbon emission in the northern summer (Lawrence and Crutzen,
1999; Ran et al., 2012). During northern spring, the low O3 values over the tropical
eastern pacific, which is attributed to the increase in HOx concentration (Liu et al.,
2005), is captured by SCIAMACHY.

To further investigate the tropospheric O3 columns retrieved from SCIAMACHY, we20

compared our results with those from TES and OMI/MLS, which were overlaid with tro-
pospheric O3 values from ozonesondes (filled circles). In the seasonal plots shown in
Fig. 15, similar features as well as variability in regional patterns can be observed for
all satellite datasets. These variations could result from the differences in operation of
the instruments and algorithms used in the retrieval. All three instruments have differ-25

ent vertical resolutions and overpass times, the cloud detection and removal algorithm
may also be different for the different instruments. For example, in the JJA panel of
Fig. 15, OMI/MLS, TES and SCIAMACHY captured plumes of high tropospheric O3
columns of about 35–50 DU over eastern region of United States, regions of eastern
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Asia, Northern Atlantic and Northern Pacific, although the tropospheric ozone values
from TES is slightly higher than that of SCIAMACHY and OMI/ MLS. These high tropo-
spheric ozone values from TES are slightly more pronounced over the Mediterranean
and Southern Europe, reaching a value of above 55 DU, as compared to the tropo-
spheric ozone values from the other satellite instruments. The tropospheric ozone val-5

ues from the ozonesonde instruments in these region also show corresponding high
values as observed by TES, although slightly lower. Also during the JJA season, the
distributions of tropospheric ozone from SCIAMACHY and OMI/MLS have a similar pat-
tern over the region of Africa and in the Southern Hemisphere. Pollution plumes, which
appear to be emanating from the coast of West Africa and traveling towards the South-10

ern Atlantic, Madagascar, and across the Indian ocean and Australia are observed by
all three instruments, although the values observed by SCIAMACHY and OMI/MLS are
lower than those of ozonesondes and TES. Low tropospheric O3 is found in the tropi-
cal regions of Western Pacific, Thailand, Cambodia, Indian Ocean, and East Africa by
SCIAMACHY and OMI/MLS instruments during the boreal summer.15

In the northern hemisphere autumn, SCIAMACHY and TES show similar pollution
plumes in both hemispheres, which are close in agreement with the values recorded
by the ozonesonde instruments. But the tropospheric ozone values from OMI/MLS are
low in both hemisphere. For example, the broad ozone maximum observed over the
Southern Atlantic, the coast of South Africa and Madagascar, transport along the Indian20

ocean towards Australia and plumes emanating from eastern Australia (Fishman et al.,
2003) are captured by all three instruments with OMI/MLS tropospheric O3 columns
being lower than TES and SCIAMACHY values. Higher values of O3 are also seen by all
three satellite instruments downwind of the United States, North Atlantic, Europe and
Asia. SCIAMACHY values over Southern Europe and the middle east are similar to the25

values observed by TES and ozonesondes. Also, observed from all three instruments
during the SON season is the plume over the Pacific, although OMI/MLS tropospheric
O3 values are lower than SCIAMACHY, ozonesondes, and TES tropospheric O3 values
over these regions. Another interesting feature are the low tropospheric O3 columns
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over the Sahara Desert (Fishman et al., 2003) and South America at the location of
the Andes Mountains, which are depicted in the seasonal plots from SCIAMACHY and
OMI/MLS. This feature is highly pronounced during boreal spring and summer.

In the northern spring, the distribution of tropospheric ozone from SCIAMACHY in
the Northern Hemisphere follows a similar pattern with that of the distribution from TES.5

These similar features are well observed in the enhanced pollution features downwind
of south east Asia and towards the Northern Pacific with the tropospheric ozone val-
ues from the two satellite instruments in close agreement with the regional values from
the ozonesonde instruments. The low ozone values over the inland region of South
America and South Africa as depicted by both SCIAMACHY and OMI/MLS are not well10

captured by TES. The ozonesonde tropospheric ozone values over the inland region
of South America agree better than the values recorded by the other satellite instru-
ments. TES tropospheric ozone values agree better with the values from ozonesonde
instruments over South Africa and towards Australia than the values from SCIAMACHY
and OMI/MLS. Although some similar features can be observed from the tropospheric15

ozone distribution from SCIAMACHY, TES and OMI/MLS, the values of OMI/MLS are
lower as observed over the Northern Pacific, Eastern region of America, and Europe.
A plume of elevated O3 observed by the three satellite instruments across the North-
ern Atlantic, the Eastern region of America, Europe, central China, the Mediterranean,
North Africa, Eastern Asia and over west central Africa could be due to biomass burn-20

ing. Also, during northern spring SCIAMACHY tropospheric O3 column over South
America and along the southern Atlantic, Indian ocean, and over Australia is closer to
the tropospheric O3 values from OMI/MLS than TES. The very low values over the An-
des and tropical Western Pacific as observed by SCIAMACHY and OMI/MLS are well
defined during this season.25

During northern winter months, tropospheric O3 values of about 32–36 DU observed
over the North Pacific, the coast of the United States and Atlantic are captured by SCIA-
MACHY and TES but OMI/MLS values are lower, about 18–25 DU in these regions.
Unfortunately, there are no ozonesonde station in the Northern Pacific to compare
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with. The higher pollution plumes over India and Eastern Asia, as observed by TES
and SCIAMACHY, are not well captured by OMI/MLS. The pollution features over the
Mediterranean observed by SCIAMACHY and TES are similar but SCIAMACHY tropo-
spheric O3 over Southern Europe during the DJF season is slightly higher than TES.
All three instruments also observed downwind pollution plume over Southern Atlantic5

and toward Australia during northern winter months.

6 Summary and conclusions

We have presented the the derivation of a new data product for tropospheric O3
columns retrieved using limb-nadir matching observations made by SCIAMACHY from
2003 to 2011. The spatial resolution of the tropospheric O3 data product, which was10

determined by the collocated limb and nadir resolution is taken to be 60 km (along
track) ×240 m (across track) and the monthly mean values have errors estimated to be
less than 6 DU which corresponds to about 17 % of the tropospheric ozone columns.

The study provides a comprehensive error budget, comprising the different error
contributions to the retrieved tropospheric O3 columns. The most important contribut-15

ing factor to the error budget is the error on the stratospheric O3 columns, which is
estimated to be less than 5DU or 1.8 % globally. The other error sources are uncer-
tainties in the total columns and the effect of the tropopause height on the tropospheric
O3 columns. Cloud interference which is supposed to be the major error source was
accounted for by considering only limb O3 profiles that are completely free of cloud20

contamination. In nadir geometry, we applied a cloud fraction threshold of 10 %. This
is another source of bias to the retrieved tropospheric O3 columns. The data set has
been validated by comparison with the tropospheric ozone column determined from
ozonesondes. Time series plots with other satellite instruments were also generated.
In the global plots for different seasons in 2003, SCIAMACHY tropospheric O3 columns25

provide detailed information from which we were able to identify enhanced pollution
events and transport. Comparison with tropospheric O3 columns retrieved from TES
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and OMI/MLS for the year 2006, shows similar global morphology and seasonal varia-
tions in certain regions but with differences in some regions. In summary, the retrieval
of tropospheric O3 using SCIAMACHY limb-nadir matching observations has proved to
be a reliable and powerful tool for studying tropospheric O3 distributions, sources and
sinks based on the comparisons conducted.5
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Table 1. Monthly average and errors in tropospheric ozone columns, stratospheric ozone
columns, total ozone columns and the effect of the tropopause height in 2003.

Ozone error
Mean Resulting error Mean Error of Mean Error of caused by

Tropospheric in Tropospheric Stratospheric Stratospheric Total Total Column Mean Tropopause
Column Column Ozone Column Column Ozone Column Ozone Tropopause Height error

Month Ozone DU % Ozone DU % Ozone DU % Height DU %

Jan 26.87 5.5 20.4 258.44 4.6 1.8 285.78 2.9 1.0 12.34 0.1 0.8
Feb 26.30 5.6 21.4 265.23 4.7 1.8 293.26 2.9 1.0 12.30 0.1 0.9
Mar 27.07 5.8 21.5 275.49 4.9 1.8 303.82 3.0 1.0 12.12 0.1 0.6
Apr 28.57 6.0 21.0 282.82 5.1 1.8 312.83 3.1 1.0 12.04 0.1 0.8
May 31.38 5.8 18.5 275.86 4.8 1.8 309.38 3.1 1.0 12.00 0.1 0.5
Jun 32.58 5.7 17.3 263.68 4.7 1.8 298.20 3.0 1.0 12.35 0.1 0.4
Jul 31.69 5.7 17.9 261.83 4.8 1.8 295.12 3.0 1.0 12.29 0.1 0.4
Aug 34.50 5.8 16.8 260.57 4.9 1.9 296.09 3.0 1.0 12.30 0.1 0.3
Sep 33.76 5.6 16.5 255.29 4.7 1.8 291.04 2.9 1.0 12.29 0.1 0.3
Oct 33.15 5.5 16.7 256.15 4.6 1.8 293.95 2.9 1.0 12.10 0.1 0.4
Nov 31.98 5.3 16.6 252.29 4.4 1.7 286.95 2.9 1.0 12.13 0.1 0.4
Dec 32.90 5.4 16.5 253.86 4.5 1.8 288.76 2.9 1.0 12.19 0.1 0.6
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Table 2. RMS error in [%] from stratospheric ozone profile retrieval parameters at northern
mid-latitudes: [35◦–45◦ N].

Parameter Bias 10 km 15 km 20 km 25 km 30 km 35 km 40 km

Albedo 0.1 3.21 1.42 0.87 0.58 0.45 0.30 0.03
Aerosol 40 % 4.38 4.91 0.84 2.42 0.38 0.41 0.02
Pressure 2 % 1.97 1.37 1.66 1.82 1.87 1.91 2.05
Temperature 2 K 0.87 0.75 0.88 0.86 0.74 0.75 0.71
Tangent Height 200 m 4.00 3.40 0.76 1.53 1.63 2.12 3.39
Cross Section 2 % (p,T) 0.11 0.25 0.24 0.02 0.16 0.17 0.29
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Table 3. RMS error in [%] from stratospheric ozone profile retrieval parameters at northern high
latitudes: [65◦ - 75◦ N].

Parameter Bias 10 km 15 km 20 km 25 km 30 km 35 km 40 km

Albedo 0.1 2.02 0.81 0.38 0.23 0.21 0.11 0.02
Aerosol 40 % 15.56 2.64 3.69 1.07 0.19 0.33 0.12
Pressure 2 % 2.57 1.59 1.89 2.13 2.17 2.22 2.41
Temperature 2 K 1.14 0.88 1.01 1.01 0.87 0.87 0.81
Tangent Height 200 m 4.52 3.83 0.10 3.15 2.31 2.69 3.95
Cross Section 2 % (p,T) 0.11 0.30 0.28 0.02 0.18 0.19 0.35
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Table 4. Comparisons of tropospheric ozone columns from SCIAMACHY, ozonesondes, TES
and OMI/MLS for some selected sondes stations over the entire time series (2004–2011).

Mean value of Mean value of Mean value of
trop. O3from Mean value of Mean value of trop. O3from trop. O3rel. Mean value of Mean value of

Collocated SCIAMACHY trop. O3from trop. O3from OMI/MLS diff. trop. O3rel. trop. O3rel.
Station name points Latitude Longitude (DU) sondes (DU) TES (DU) (DU) (SCIAMACHY) diff. (TES) diff. (OMI/MLS)

1. Lerwick 62 60.13 358.82 40.61±6.82 33.36±4.70 38.21±2.64 30.05±4.11 0.22 0.15 −0.10
2. Churchill 57 58.75 265.93 34.79±7.55 31.23±4.55 35.44±2.38 30.20±4.53 0.11 0.13 −0.03
3. Edmonton 62 53.55 245.90 34.43±5.45 28.29±3.85 34.43±2.37 25.94±3.26 0.22 0.22 −0.08
4. Goose Bay 59 53.32 299.70 34.75±6.75 32.06±5.22 37.99±2.82 30.72±3.16 0.08 0.18 −0.04
5. Legionowo 71 52.40 20.97 38.18±4.92 36.11±6.97 41.14±4.86 28.98±4.48 0.06 0.14 −0.20
6. DeBilt 75 52.10 5.18 41.34±6.90 35.37±5.48 41.19±4.15 29.69±4.06 0.17 0.16 −0.16
7. Valentia 48 51.93 349.75 34.87±3.62 37.35±5.06 40.83±3.12 31.45±4.22 −0.07 0.09 −0.16
8. Uccle 78 50.80 4.35 41.35±6.77 35.69±6.17 41.29±4.34 29.77±4.02 0.16 0.16 −0.17
9. Bratts Lake 78 50.20 255.30 33.89±4.25 32.69±5.19 37.79±4.09 26.94±3.10 0.04 0.16 −0.18
10. Praha 26 50.02 14.45 38.75±6.73 34.36±4.75 38.30±3.01 27.00±3.84 0.13 0.11 −0.21
11. Kelowna 77 49.93 240.60 33.34±5.07 32.94±5.19 36.18±2.82 26.15±3.85 0.01 0.10 −0.21
12. Payerne 82 46.49 6.57 43.93±6.40 33.61±6.17 41.67±5.21 29.53±4.58 0.31 0.24 −0.12
13. Egbert 74 44.23 280.22 37.82±4.88 37.37±7.23 42.85±5.42 30.81±5.03 0.01 0.15 −0.18
14. Yarmouth 63 43.87 293.89 40.45±6.44 38.94±7.75 43.06±5.46 32.45±5.73 0.04 0.11 −0.17
15. Sapporo 82 43.10 141.30 40.39±8.87 35.29±8.70 42.58±6.29 34.26±6.51 0.14 0.21 −0.03
16. Madrid 81 40.45 356.28 40.29±5.82 34.76±6.37 42.11±5.07 31.08±6.34 0.16 0.21 −0.11
17. Ankara 78 39.95 32.88 39.35±5.63 35.64±9.92 44.59±9.16 33.18±8.50 0.10 0.25 −0.07
18. Wallops Island 79 37.93 284.52 43.26±6.03 41.47±8.09 45.46±5.52 33.10±6.70 0.04 0.10 −0.20
19. Tsukuba 82 36.10 140.10 41.69±7.33 41.47±9.30 45.08±3.64 33.87±6.22 0.01 0.09 −0.18
20. Huntsville 38 34.72 273.36 40.11±5.29 40.29±8.42 44.96±4.86 32.39±7.16 −0.00 0.12 −0.20
21. Isfahan 50 32.51 51.70 32.96±4.65 37.31±9.11 41.80±4.94 31.03±6.56 −0.12 0.12 −0.17
22. Naha 82 26.20 127.70 39.88±6.58 38.91±7.74 39.42±4.80 32.56±4.84 0.02 0.01 −0.16
23. Hong Kong 81 22.31 114.17 38.58±6.31 38.89±6.27 39.11±3.95 32.59±4.38 −0.01 0.01 −0.16
24. Hanoi 47 21.01 105.80 34.81±4.32 36.83±5.87 38.08±3.76 30.09±4.24 −0.05 0.03 −0.18
25. Hilo 77 19.43 204.96 33.75±4.74 33.59±6.19 36.42±4.68 29.09±4.72 0.00 0.08 −0.13
26. Costarica 67 9.98 275.79 25.30±4.38 25.26±3.55 29.17±1.69 25.08±2.24 0.00 0.15 −0.01
27. Paramaribo 69 5.81 304.79 26.15±5.12 26.25±6.54 29.92±2.56 25.11±2.60 −0.00 0.14 −0.04
28. Sepang Airport 62 2.73 101.70 25.49±5.25 24.80±3.88 24.56±2.28 20.90±3.13 0.03 −0.01 −0.16
29. Sancristobal 31 −0.92 270.38 27.36±4.97 25.80±5.69 29.06±3.72 25.22±3.79 0.06 0.13 −0.02
30. Nairobi 69 −1.27 36.80 26.99±3.40 28.16±3.63 33.54±3.33 27.32±2.85 −0.04 0.19 −0.03
31. Natal 72 −5.49 324.74 29.06±5.27 34.43±8.30 36.79±7.23 31.04±5.73 −0.16 0.07 −0.10
32. Java 67 −7.50 112.60 23.92±3.86 23.72±6.54 25.12±4.14 21.65±4.06 0.01 0.06 −0.09
33. Watukosek 52 −7.57 112.65 24.99±4.37 23.40±6.45 25.06±4.25 22.02±4.26 0.07 0.07 −0.06
34. Ascension Island 63 −7.98 345.58 32.42±8.56 38.22±7.67 40.45±6.39 34.64±5.35 −0.15 0.06 −0.09
35. Samoa 71 −14.23 189.44 24.97±4.89 22.21±5.66 23.86±4.15 19.60±3.97 0.12 0.07 −0.12
36. Fiji 43 −18.13 178.40 29.97±5.38 23.89±7.43 27.76±4.97 22.98±4.20 0.25 0.16 −0.04
37. LaReunion Island 72 −21.06 55.48 35.38±6.05 41.12±8.56 39.98±6.79 33.62±5.96 −0.14 −0.03 −0.18
38. Irene 31 −25.90 28.22 33.75±6.99 37.84±7.05 38.46±5.20 32.06±4.67 −0.11 0.02 −0.15
39. Broadmeadows 62 −37.68 144.95 31.22±6.36 29.06±4.98 31.18±2.97 26.23±3.19 0.07 0.07 −0.10
40. Lauder 50 −45.04 169.68 27.76±5.80 23.06±3.16 25.45±2.23 22.48±2.55 0.20 0.10 −0.03
41. Macquarie Island 62 −54.50 158.97 26.04±4.78 22.68±3.36 23.15±3.52 25.36±4.20 0.15 0.02 0.12
42.Ushuaia 21 −54.85 291.69 25.20±5.90 21.01±3.59 23.75±3.19 25.15±3.52 0.20 0.13 0.20
43.Marambio 45 −64.23 303.38 21.31±4.34 19.04±3.97 21.38±6.19 22.93±4.27 0.12 0.12 0.20

Mean value of tropospheric ozone 33.74±5.7 32.18±6.1 35.78±4.3 28.52±4.5 0.06 0.11 −0.10
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Fig. 1: Illustration of SCIAMACHY limb and nadir observation geometries.
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Fig. 1. Illustration of SCIAMACHY limb and nadir observation geometries.
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Fig. 1: Illustration of SCIAMACHY limb and nadir observation geometries.
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Fig. 3: Top panels from left to right: monthly and zonal mean error in tropospheric ozone columns, monthly and zonal mean
error in tropospheric ozone columns associated with error in tropopause height. Bottom panels from left to right: monthly and
zonal mean error of the stratospheric ozone columns, monthly and zonal mean error of total column ozone in January 2003.
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Fig. 4: Same as Figure 3 but for July 2003.

Fig. 3. Top panels from left to right: monthly and zonal mean error in tropospheric ozone
columns, monthly and zonal mean error in tropospheric ozone columns associated with er-
ror in tropopause height. Bottom panels from left to right: monthly and zonal mean error of the
stratospheric ozone columns, monthly and zonal mean error of total column ozone in January
2003.
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Fig. 5: World map showing ozonesonde stations (station numbers are listed in table 4) used in this study.
Fig. 5. World map showing ozonesonde stations (station numbers are listed in Table 4) used in
this study.
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Tsukuba ( lat: 36.100, lon: 140.100 ).
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Fig. 6: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over Tsukuba (36.10◦N, 140.10◦E).
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Fig. 7: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over Naha (26.20◦N, 127.70◦E).
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Fig. 8: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over DeBilt (52.10◦N, 5.18◦E).

Hilo ( lat: 19.430, lon: 204.960 ).
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Fig. 9: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over Hilo (19.72◦N, 24.93◦W).

Fig. 6. Comparison of monthly mean tropospheric ozone column time series in Dobson Units
(DU) between SCIAMACHY (black), ozonesondes (red), TES (violet), and OMI/MLS (green)
over Tsukuba (36.10◦ N, 140.10◦ E).
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Java ( lat: -7.500, lon: 112.600 ).
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Fig. 10: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over Java (7.50◦S, 112.60◦E).

Samoa ( lat: -14.230, lon: 189.440 ).
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Fig. 11: Comparison of monthly mean tropospheric ozone
column time series in Dobson Units (DU) between SCIA-
MACHY (black), ozonesondes (red), TES (violet), and
OMI/MLS (green) over Samoa (14.23◦S, 170.56◦W).
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Fig. 12: Comparison of monthly mean tropospheric
ozone column time series in Dobson Units (DU) be-
tween SCIAMACHY (black), ozonesondes (red), TES (vi-
olet), and OMI/MLS (green) over Broadmeadows (37.68◦S,
144.95◦E).

Macquarie_Island ( lat: -54.500, lon: 158.970 ).
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Fig. 14: Tropospheric ozone distributions in Dobson Units from SCIAMACHY for the different seasons in 2003; top panel
from left to right: December-January-February, and June-July-August, bottom panel from left to right: March-April-May and
September-October-November.

Fig. 14. Tropospheric ozone distributions in Dobson Units from SCIAMACHY for the differ-
ent seasons in 2003; top panel from left to right: December-January-February, and June-July-
August, bottom panel from left to right: March-April-May and September-October-November.
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Fig. 15: Tropospheric ozone distributions in Dobson Units from left to right: OMI/MLS, SCIAMACHY and TES for different
seasons in 2006, from the top panels to the bottom panels: December-January-February, March-April-May, June-July-August
and September-October-November.

Fig. 15. Tropospheric ozone distributions in Dobson Units from left to right: OMI/MLS, SCIA-
MACHY and TES for different seasons in 2006, from the top panels to the bottom panels:
December-January-February, March-April-May, June-July-August and September-October-
November.
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