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ABSTRACT

Following the recommendations drawn after the
Commissioning Phase of the ENVISAT satellite in
2002, SCIAMACHY near real time data processors
were upgraded to version 5.01 in early 2004. Before
public release of the new SCIAMACHY nitrogen
dioxide (NO,) vertical column data product, several
validation teams investigated its improvement and
assessed its geophysical consistency by means of
correlative studies involving NDSC-affiliated ground-
based networks of DOAS UV-visble and FTIR
spectrometers and the ERS-2 GOME satéllite. In
parallel, preliminary SCIAMACHY NO, column data
products generated by research processors under
development at scientific institutes were aso tested,
using the same correlative data and validation
procedures. Digesting the results obtained by a list of
validation teams and SCIAMACHY data processing
teams, this overview paper draws a preliminary quality
assessment of the SCIAMACHY NO, column data sets
available in spring 2004.

1. INTRODUCTION

On March 1, 2002, the third Earth observation satellite
platform of ESA, ENVISAT, was launched onto a
heliosynchronous polar orbit crossing the Equator at
10:00 mean solar local time (descending node). As part

of its atmospheric chemistry payload, the SCanning
Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY) is a joint project of
Germany, The Netherlands and Belgium, aiming at the
global, continuous measurement of various trace gases
in the troposphere and the stratosphere [1]. Among other
geophysical data products, the vertica column of
nitrogen dioxide (NO,) is derived from SCIAMACHY
measurements of the solar irradiance and Earth nadir
radiance spectra. An extensive validation campaign of
ENVISAT has been organised through the ESA
Atmospheric Chemistry Validation Team (ACVT) [2]
and by the SCIAMACHY Vadlidation and Interpretation
Group  (SCIAVALIG) [3] through so-cdled
Announcement of Opportunity (AO) projects. About ten
AO projects include the geophysical validation of
SCIAMACHY NO, column data via correlative studies
involving ground-based and satellite measurements.

The present report summarises the outcome of such
correlative studies performed one and half years after
the Commissioning Phase (CP) of the satellite,
consecutive to major upgrades of the operational
SCIAMACHY near rea-time data processor operated
by ESA, and the development of research data
processors at scientific ingtitutes. Results were
exchanged and discussed among the SCIAMACHY
validation community during two meetings: (i) the
SCIAMACHY Validation Workshop organised by
SCIAVALIG on April 5-6, 2004, a¢ KNMI in De Bilt






2.2  Ground-based FTIR Measurements

Daytime NO, column data have been collected from a
network of 9 stations equipped with Fourier Transform
infrared (FTIR) spectrometers [8]. Contributing
instruments are highlighted in Figure 1. On clear-sky
days, FTIR instruments record solar absorption spectra
at high resolution, encompassing the NO, multiplet at
2914.65 cm*. The NO, slant column is derived by an
iterative fitting procedure which models the radiative
transfer of the infrared sunlight through the atmosphere,
taking into account the Earth curvature and atmospheric
refraction. The calculation includes only molecular
absorption features in selected narrow  spectra
microwindows. Scattering and absorption by aerosols
and by air that have broadband extinction structures are
therefore  neglected. Data and  agorithms
intercomparison exercises indicate that the precision of
single NO, measurements performed by FTIR
spectrometry is in the range 6% to 12% [14]. The
accuracy is estimated to be about 10% as well. The
spectroscopic characteristics of the NO, multiplet (weak
lines, interfering with strong methane absorptions),
make it difficult to distinguish the contribution of the
tropospheric NO, column to the measured absorption —
therefore the retrieved NO, column amount is
representative chiefly of the stratospheric column.

2.3 GOME Satdllite Data

Observations of total NO, have been acquired from
space since 1995 by Globa Ozone Monitoring
Experiment (GOME) on board of ESA’s second Earth
Remote Sensing satellite ERS-2. Figure 1 illustrates the
spatial coverage achieved by GOME after one day of
operation thanks to its swath width of 960 km and the
polar orbit of the satellite. Three different GOME data
sets have been used for the present validation campaign.
Thefirst one consists of all GOME data taken within the
available SCIAMACHY data set period (July to
November 2002) and processed routinely by version 3.0
of the operationd GOME Data Processor (GDP)
established at DLR (Germany) [15]. The second and
third ones correspond to the closest two GOME orbits to
the so-called SCIAMACHY verification orbits (orbit
numbers 2509 and 2510) acquired on August 23, 2002.
The first verification orbit starts in Barent Sea, gets
through Eastern Europe, scans the African continent
from Libya to Congo, and goes throughout the South
Atlantic Ocean to reach Antarctica in Halley Bay. The
following orbit starts Northward of Spitsbergen, passes
over Western Europe and Western Africa, and goes
throughout the South Atlantic Ocean to end in
Antarctica in Weddell Sea. GOME orbits coincident
with SCIAMACHY verification orbits have been
processed with GDP 3.0 and aso with the retrieval
algorithm developed at IUP/Bremen [16,17], yielding

the GOME data set hereafter referred to as GOME_IUP.
Both GDP and |UP processors rely on the same DOAS
technique as that developed for the ground-based UV-
visible instruments. Different settings and retrieva
codes lead nevertheless to different data products.

3. SCIAMACHY DATA SETS
3.1 Near Real-Time Processor

During ENVISAT CP in 2002, preliminary NO, column
data products generated by four versions of the near
real-time processor (SCI_NL) were distributed to the
validation teams. Unfortunately, each of those data sets
sampled a different time period of 2002 with only a
limited list of orbits: (i) a few orbits in August with
v3.51; (ii) a few orbits in early September with v3.52;
(iii) v3.53 data starting from October; and (iv) one orbit
on August 23 processed with v4.0. Nevertheless, this
composite, sparse data set was useful to conduct the
preliminary quality checks reported in [18], which
pointed out magjor problems and led to the improvement
of the SCI_NL processor studied hereafter. After CP, in
order to test quickly the improvement of the data
products after any future SCIAMACHY processor
change, a validation reference data set of 3026
SCIAMACHY states — the so-called Master Set (MS) —
was selected carefully to provide sufficient and suitable
coincidences with the ground-based measurements
collected during CP, as well as suitable sampling of the
period from July 2002 to mid 2003.

In 2003, NO, column data were produced with the
successive versions 4.0 and 4.01 of the near real-time
processor.

In early 2004, the SCI_NL processor was upgraded to
the newly operational version 5.01. Unfortunately, only
1927 MS states were processed and delivered to the
validation teams in March 2004. Limited to the period
from July to November 2002, this subset is by far not
sufficient for a complete validation of al major
geophysical features, but it should a least yield
indication of the improvement with respect to the
previous SCI_NL processor versions. Results are
presented in Section 5.

3.2 Off-Line Processor

At the time of this report, too few orbits have been
processed with the off-line data processor (SCI_OL)
being developed at DLR-Oberpfaffenhofen (Germany).
Moreover, those orbits have been selected for
verification of the level-1-to-2 retrieval processing chain
rather than for validation. Therefore no SCI_OL results
have been obtained yet.



3.3 Research Retrieval Algorithms

The development of operational retrieval algorithms
relies greatly on the findings of independent retrieval
algorithms devel oped for research purposes by scientific
ingtitutes. Untied to the constraints of operational
processing, those research algorithms usually are more
flexible and they allow detailed investigation of specific
retrieval issues. Severa ingtitutes have adapted to
SCIAMACHY the research algorithms they had
developed in the past years for the derivation of NO,
column data from GOME spectra, based on the same
DOAS techniques as that developed for ground-based
UV-visible instruments. Ground-based comparisons of
NO, verticad column products generated by four
different institutes will be presented in Section 6 of this
overview paper. The description of the different
algorithms presented here follows the same order by
which they will appear later in the discussion of the
comparison results.

331 IUP

The GOME retrieval agorithm developed by the
Environmental Physics Ingtitute of the Bremen
University, Germany (hereafter 1UP), is described in
[16,17]. Further details specific to the adaptation to
SCIAMACHY are given elsewhere in this issue [19].
IUP retrieval uses as radiances al level-0 data and
"raw" level-1 data available. Dark current is accounted
for in level-0 data using "orbital darks' and in level-1
data through "lvic2pc". The wavelength calibration
combines pre-flight settings with calibration based on
Fraunhofer atlas. No other calibrations have been
applied. The background spectrum used in the slant
column fitting is the ASM diffuser spectrum recorded
on December 15, 2002. Slant columns are fitted in the
425-450 nm spectral window using the NO, absorption
cross-sections measured at 243 K by Bogumil et al.,
(1999). Interfering species are fitted simultaneously
using the following absorption cross-sections. Bogumil
et al. at 243 K for O, Greenblat et a. (1990) for O,4, and
HITRAN 2000 for H,O. The Ring effect is accounted
for using calculations with SCIATRAN (Vountas et al.,
1998). An offset of 2.10™ molec.cm™ has been added to
all slant columns, determined by comparison with lUP
ground-based measurements. Research is ongoing to
understand the origin of this offset. Conversion of slant
to verticad column amount involves the use of
stratospheric AMF caculated by SCIATRAN (full
multiple scattering) with the following settings: US
Standard profiles of the AFGL reference atmosphere,
but without tropospheric content; background aerosol
settings from LOWTRAN; and a constant surface
albedo of 5%. No cloud treatment is applied in this
preliminary version.

3.32 SAO

The GOME retrieval agorithm developed by
Smithsonian Astrophysical Observatory, Cambridge,
Massachusetts (hereafter SAO), is described in [20]. The
SCIAMACHY NO, column data set generated for this
preliminary study is based on level-1 data associated
with the 1927 MS states produced with version 5.01 of
the operational processors and delivered in Spring 2004.
Slant columns are fitted in the 428-452 nm spectral
window using the NO, absorption cross-sections
measured at 294 K by Vandaele et al. [10]. Vertical
columns are inferred from fitted slant columns using a
geometric AMF. No cloud treatment is applied in this
preliminary version.

3.3.3 BIRA-IASB

The GOME retrieval agorithm developed by Belgian
Institute for Space Aeronomy, Brussels, Belgium
(hereafter BIRA-IASB), is described in [21]. Three NO,
column data sets have been generated, based on three
different level-1 data sets. (1) the same raw spectra
(hereafter “raw L1") as used by IUP retrieval; (2)
Master Set states level-1 data generated with previous
version 4.02 of the operational near real-time processor;
and (3) the same Master Set states level-1 data
generated with current version 5.01 of the operational
near real-time processor, as used aso by SAO retrieval.
Slant columns are fitted in the 426.5-451.5 nm spectral
window (channel 3, cluster 15) using the NO,
absorption cross-sections measured at 243 K by
Bogumil et al. (1999). The following cross-sections are
also included in the fit: Oz at 223 K by Bogumil et al.,
O, by Greenblat et al. (1990), H,O from HITRAN 2000,
and cdculated Ring spectrum with SCIATRAN
(Vountas et al., 1998). A radiance spectrum taken over
the Indian Ocean, where tropospheric NO, is supposed
to be almost zero, is used as background spectrum. It is
updated every month. A mean slant column value is
caculated afterwards for each day in this region and
subtracted to al NO, dant columns. An offset
correction is then applied, corresponding to the
stratospheric NO, vertical column in this region
(1.5.10" molec.cm®) [22]. AMFs are calculated in pure
nadir mode with PS-DISORT [23] using the US
Standard NO, profile of AFGL Reference Atmosphere
[24], background aerosol settings from LOWTRAN, and
a constant surface albedo of 5%. No cloud trestment is
applied in this preliminary version.

3.3.4 KNMI
The NO, column product developed at Roya

Netherlands Meteorological Institute, De Bilt (hereafter
KNMI), is based on the slant columns generated at



BIRA-IASB from raw L1 data and described in
previous Subsection 3.3.3. To account for the
temperature dependence of the NO, absorption cross-
sections, a temperature correction is calculated
weighting ECMWF temperature anayses with TM
modelling results of the NO, vertica distribution.
Height-dependent AMF lookup tables are based on
caculations with Doubling-Adding KNMI (DAK)
radiative transfer model. The NO, stratospheric column
is deduced from a TM assimilation run of the
SCIAMACHY NO, slant column data. The assimilated-
analysed stratospheric slant column is then subtracted
from the retrieved DOAS total slant column provided by
BIRA-IASB, resulting in a tropospheric slant column.
Then the tropospheric vertical column is retrieved using
TM tropospheric model profiles (co-located for each
SCIAMACHY pixel individualy) and combined with
cloud information. The latter consists of cloud fraction
and cloud top height derived by the FRESCO agorithm
developed by Kodemeijer et a. [25]. The retrieva
includes surface abedo values constructed based on a
combination of the TOMS-Herman-Celarier-1997 and
Koelemeijer-2003 surface reflectivity maps (on a
monthly basis). No aerosol correction is applied. This
choice is based on the realisation that the cloud retrieval
will be influenced by aerosol as well, and is further
motivated by the error analysis presented in [26]. The
find NO, column data product is available publicly on
the TEMIS project website [27] with detailed error
estimates and kernel information (in HDF format) [28].

4. COMPARISON METHODOLOGY

Three major difficulties hamper the direct comparison
of SCIAMACHY NO, columns measured at nadir with
the aforementioned correlative data: the diurna cycle of
the NO, family, the natural variability of NO,, and the
sensitivity of nadir observation to tropospheric NO,. For
meaningful comparisons, a methodology must be
defined that addresses those issues adequately.

4.1 Diurnal Cycle

The first source of variability of atmospheric NO, isthe
strong diurnal cycle of the NO, family (NO, = NO +
NO, + NO; +2 N,Os), which consists in a day/night
aternance of the NO, column. Controlled by the diurnal
cycle of solar illumination and by the vertica
distribution of NO, species, of temperature and
sometimes of other active species, the diurna cycle of
stratospheric NO, exhibits marked seasonal variations
and meridian structures. The standard regime at low and
middle latitudes is characterised by: (i) a sharp decrease
of NO, and the emergence of NO at sunrise resulting
from the fast photolysis of NO, when daylight appears,
followed by (ii) a quasi-linear, dight increase during

daytime combining NO,/NO photochemical equilibrium
and photolysis of their night-time reservoir N,Os; (iii) as
sun sets, a sharp increase of NO, and the disappearance
of NO as NO, photolysis vanishes; and finaly (iv) a
sow decrease of NO, during night due to its conversion
with NO; into N,Os. During polar summer, the
permanent illumination of the stratosphere does not
allow the nighttime formation of N,Os. Nevertheless,
the variation in solar illumination between noon and
midnight is sufficient to modify significantly the
photochemical equilibrium between NO and NO,. As a
conseguence, the stratospheric column of NO, alternates
smoothly between a minimum around noon and a
maximum under midnight sun conditions, with an
amplitude of 0.5 10™ to 1.5 10" molecule.cm™. During
polar springtime, strong and/or sudden changes of
temperature and of NO, partitioning (e.g. resulting from
denoxification or denitrification processes) can alter
unpredictably the amplitude and the shape of the diurnal
cycle. The diurna cycle of tropospheric NO, is even
less predictable as it depends on as many parameters as
the vicinity of emission sources of photochemically and
radiatively active species, loca transport, surface
albedo, the presence of clouds etc.

During dow parts of the diurnd cycle, direct comparison
of FTIR or GOME corréelative data with SCIAMACHY
NO, is feasible provided that corrdative data are selected
within a couple of hours around the SCIAMACHY
acquisition time. Comparison near the twilight transients
requires more care. In particular, the diurnal cycle
hampers the direct comparison of SCIAMACHY data
acquired in the mid-morning with ground-based zenith-
sky data acquired at dawn and at dusk. Modelling studies
carried out a IASB in collaboration with U. Leeds
[29,30] indicate that sunrise values might be reasonably
close — within a few 10 molecule.cm™ — to the mid-
morning values acquired by SCIAMACHY. For the
particular polar day regime, modelling studies haveled to a
photochemical adjustment factor calculated as afunction of
the SCIAMACHY solar zenith angle (SZA), and enabling
quantitative comparisons. The polar spring variability can
increase the scatter of direct comparisons and sometimes
introduce a bias of a few 10™ moleculecm? over a
period of afew daysto several weeks.

4.2 Variability and Gradients

Once the diurna cycle is taken into account properly,
the variability of atmospheric NO, is characterised by
the superposition of low and high frequency
phenomena. Low frequency variability of stratospheric
NO, consists mainly of meridian gradients modulated
by low frequency cycles (e.g., seasona variation at
middle and high latitudes, and semi-annual oscillation
and quasi-biennia oscillation at low latitudes). At high
latitudes, dynamical and photochemical processes



coupled to the polar vortex play also an important role
in the medium-range control of wintertime stratospheric
NO,. Low frequency variability of tropospheric NO,
results from the coupling of emission, transport and
photochemical processes. It combines local patterns and
regional background modulated by a seasonal cycle.
High frequency variability of stratospheric NO, is
associated mainly with phenomena of dynamical origin.
It can be large near the edge of the polar vortex but also
very weak in the Tropics. Tropospheric NO, can exhibit
large short-term fluctuations and small-scale gradients
resulting from the complex coupling of many dynamical
and photochemical processes.

All the contributing validation teams have adopted their
own space/time coincidence criteria to reduce the
effects of variability on the comparison. Usudly,
comparison of SCIAMACHY with FTIR data involves
simple criteria based on the distance: SCIAMACHY
data are selected within a radius of 200 km to 500 km
around the ground-based dtation. The maximum
distance can be tuned as the best compromise between
1s scatter and statistical  significance. For  the
comparison with DOAS UV-visible data, two types of
criteria have been used: simple distance criteria, and
physically based methods using a ray tracing model to
identify the actual air mass probed by the zenith-sky
twilight observation. In areas with low variability like
the Tropics and the denoxified inner polar vortex, the
two types of selection yield comparable results. When
variability increases, physically based methods do not
alter the mean difference but can reduce the 1s scatter
significantly. Nevertheless, for several versions of the
SCI_NL product, the amount of available collocations
with ground-based data is sometimes so small that
cruder selection criteria have to be used

4.3  Sensitivity to Tropospheric NO,

In principle, to enhance the detection of subtle
stratospheric features, NDSC stations are located in
remote areas far away from pollution sources.
Practically, GOME validation results teach us that
ground-based stations can be classified according to the
effect of tropospheric NO, on the comparisons.

A first class of stations alows direct quantitative
comparisons. It includes extremely isolated sites
experiencing nearly no tropospheric NO,: eg., al
Antarctic stations, Arctic stations in Greenland and
Spitsbergen, al existing Southern mid-latitude sites
(Kerguelen Islands, New Zedand and Macquarie
Islands), and Issyk-Kul in the high isolated mountains
of Kyrgyzstan. This first class includes also other
remote sites offering similarly low levels of
tropospheric  NO, but experiencing occasionaly
pollution peaks due to long-range transport from the

emission sources: thisis the case of several high latitude
sites in Scandinavia and of the tropical station of Saint-
Denis on Reunion Idand. Knowing that NDSC
instruments are mostly sensitive to the stratospheric part
of the NO, total column measured by SCIAMACHY,
guantitative validation at those sites is feasible and can
rely on straightforward comparisons provided that
pollution peaks are filtered out.

A second class of stations consists of sites where
tropospheric NO, becomes an important part of the
vertical column. Some of those sites are located directly
in the vicinity of emission sources and face their
influence permanently, like Bauru in Brazil, Bremen in
Germany and Toronto in Ontario. Other sites located in
a relatively clean environment such as the top of high
Alpine mountains, are nevertheless under the influence
of neighbouring regions with urban and industrial
emissions. In principle, the discrepancy between
satellite total columns and NDSC stratospheric columns
should be a measure of the tropospheric column seen by
the satdlite. This principle forms the basis of the
successful residual technique developed to derive
tropospheric  column vaues from total column
measurements. Indeed, for this second class of stations,
comparisons between GOME and NDSC NO, data
conclude to the presence of a permanent tropospheric
background and to enhanced scatter. A study of the
seasonal variation of the background and the correlation
of pollution peaks should be good qualitative indicators
of the geophysical consistency of SCIAMACHY data
Unfortunately, the validation of SCIAMACHY at
present time is limited to such qualitative investigation
due to the obvious lack of accurate correlative
measurements of the NO, tropospheric column.
Quantitative validation using NDSC instrumentation
can be envisaged in the future as a combination of
complementary techniques yielding nearly
simultaneously the stratospheric and tropospheric
components of the total column. Such an approach
requires further developments and generalisation of the
multiple axes DOAS technique (MAX-DOAS) and of
NO, profiling from zenith-sky DOAS measurements, as
well as synergy with the existing zenith-sky DOAS
technique which provides the reference for the
validation of the stratospheric component.

5. NEAR REAL TIME PROCESSOR
5.1 Quantitative Validation of Stratospheric NO,

Comparison results obtained a NDSC stations
belonging to the first class (clean stratospheric sites) are
illustrated in parts (a-f) of Figure 2. At middle and high
latitude stations of the Southern Hemisphere, the mean
absolute difference (b,d) and the 1o standard deviation












