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Abstract. Tropospheric NO2 vertical and slant columns
from the new satellite instrument SCIAMACHY on EN-
VISAT are validated by measurements of theAirborne
Multi AX is DOAS (AMAXDOAS) instrument on board
the DLR Falcon. The results presented here were ob-
tained in February 2003 on a flight over the Alps, the Po-
Valley and the Mediterranean. The tropospheric vertical
column measured by AMAXDOAS varied between 16.2
and 35.2*1015 molec/cm2 over the Po-Valley where SCIA-
MACHY data resulted in 19.9 to 37*1015 molec/cm2. Over
less polluted areas a similarly good agreement was found.
The linear correlation between the two datasets results in a
slope of 0.93. The slight differences observed can be at-
tributed to the different spatial resolution and the temporal
mismatch between the measurements over the Po-Valley.

1 Introduction

The ENVISAT satellite was launched on 1 March 2002; apart
from other instruments it contains theSCanning Imaging
Absorption spectroMeter for AtmosphericCHartographY
(SCIAMACHY).

The SCIAMACHY instrument analyses the sunlight re-
flected from the earth or scattered in the atmosphere. This
can be used to retrieve column densities of many tropo-
spheric trace gases such as O3, BrO, SO2, NO2, CO, CO2,
CH4, H2O and N2O (Bovensmann et al., 1999 and Pro-
ceedings of ACVE2 May 2004 Frascatihttp://envisat.esa.int/
workshops/acve2/contents.html). The results of several sci-
entific groups can be found at the web-pages of their insti-
tutes e.g.:http://satellite.iup.uni-heidelberg.de, http://www.
doas-bremen.de, http://www.temis.nl, http://wdc.dlr.de, http:
//cfa-www.harvard.edu/saohome.html. These observations
help to improve our understanding of the physics and the
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chemistry of the earth’s atmosphere. With the global cov-
erage of the satellite instruments it is in particular possible to
study transport phenomena as well as regional variations in
urban centres and in remote areas.

In the troposphere NO2 is produced by both anthropogenic
and natural sources such as bio mass burning or lightning.
One major source is fossil fuel consumption. Many sources
do not emit NO2 but NO, which is rapidly oxidized to NO2.
Because of the fast interchange between the two species the
sum of NO plus NO2 is usually referred to as NOx. In Europe
the Po-Valley provides ideal opportunities for the NO2 vali-
dation study because of its high tropospheric concentrations
and the clean air in the high Alps nearby (Beirle et al., 2004).

The Airborne Multi Axis DOAS instrument was especially
designed for the comparison with SCIAMACHY on EN-
VISAT. Like SCIAMACHY it was laid out to separate the
stratospheric and the tropospheric column of several trace
gases like BrO, NO2 and O3 (Wagner et al., 2001). As
the conversion of the measured slant columns into verti-
cal columns is known to be a major source of uncertainty
(Boersma et al., 2004), the idea was to build an instrument
which yields similar intermediate products – slant column
densities. They can be compared without the additional un-
certainties of the conversion to vertical columns.

For the comparison of the Tropospheric Slant Column
Density (TSCD) it is necessary to subtract the stratospheric
absorptions first. This of course adds errors to both SCIA-
MACHY and AMAXDOAS data. Several ways to separate
the tropospheric from the stratospheric columns are intro-
duced and compared. (see Sect. 3.3.1)

A comparison of the tropospheric vertical column is pos-
sible when the correct stratospheric correction is found and
the AMF for both instruments are calculated. It is essential
to use the same settings, to minimize the effect of the AMF
uncertainties. The uncertainties of the conversion to VCD
can be reduced by introducing independent observations for
the AMF calculations.
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Fig. 1. Sketch of the instrumental setup. Here 2×5 lines of sight are
shown. The scattered sunlight is observed using small telescopes
and is led to two spectrographs via quartz fibres. Here it is analysed
and the spectra are saved on a PC.

Here we compare both slant and vertical columns and we
discuss the main sources of errors expected and quantify
them where possible.

In the past a variety of DOAS-airborne-measurements
were performed by different groups (Pfeilsticker and Platt,
1994; McElroy et al., 1999; Petritoli et al., 2002; Melamed
et al., 2003) in different altitudes and regions. All these
measurements had different aims varying from stratospheric
chemistry studies to tropospheric point source emissions. We
concentrate on tropospheric NO2 for satellite validation.

2 Description of the instruments and data analysis

In this study the measurements of two different instruments
SCIAMACHY and AMAXDOAS are compared to each
other. Therefore a brief description of both instruments and
the analysis is given. For SCIAMACHY the most relevant
features of the instrument and the analysis of the tropo-
spheric columns are given here. More details on the SCIA-
MACHY instrument and its mission objectives are described
by Bovensmann et al. (1999).

The AMAXDOAS instrument observes scattered or re-
flected sunlight in different lines of sight above and below
the aeroplane. For an aeroplane flying below the stratosphere
all viewing directions will be influenced by the stratospheric
absorptions, and therefore these absorptions will be detected
in all viewing directions (Bruns et al., 2004). In addition
light, received by the downward looking telescopes which is
scattered in lower altitude or reflected at the ground contains
the absorption structures of the tropospheric gases. Multiple
scattering at higher altitudes might lead to tropospheric ab-

sorption in the other viewing directions as well. The concept
of using different lines of sight enables us to derive partial
VCDs for both the stratosphere and the troposphere (Wagner
et al., 2001; Wang et al., 2003; Heue et al., 2003). In addi-
tion limited profile information can be derived (Bruns et al.,
2004).

The tropospheric and stratospheric columns can be sep-
arated in a similar way from SCIAMACHY observations.
In Nadir mode SCIAMACHY observes the total column.
In limb mode, the stratospheric profile and thus the strato-
spheric column is measured. (Bovensmann et al., 1999).

2.1 Slant and Vertical columns

Both analysis methods described below result in tropospheric
slant columns. They therefore depend on the light path
through the atmosphere to the detector. The light path de-
pends on many parameters like solar zenith angle, aerosol
load, surface albedo, and the vertical distribution of the ab-
sorber. For a better comparison with other measurements
usually the vertical column is calculated. It is defined as:

V CD =

H∫
0

c(z)dz, (1)

wherez stands for the altitude above ground, andc again is
the concentration of the trace gas. The upper limitH of the
integral can be either the top of atmosphere if one is inter-
ested in total columns or the tropopause height, like in our
case, when we study tropospheric trace gases. It is obvious
that the vertical column density does not depend on the light
path.

To convert a slant column to the corresponding vertical
column the influence of the light path and according param-
eters is calculated and expressed as air mass factor (AMF)

AMF = SCD/V CD. (2)

The air mass factors describe the sensitivity of the instrument
for a trace gas under certain conditions in the atmosphere.

2.2 The AMAXDOAS-instrument

2.2.1 Instrumental setup

In Fig. 1a sketch of the instrumental setup is shown. There
are different lines of sight above and below the aeroplane.
According to Bruns et al. (2004) the best vertical resolution
in the Upper Troposphere and Lower Stratosphere region is
achieved by using small elevation angles, therefore in addi-
tion to Nadir and Zenith two telescopes with +2◦ and−2◦

viewing direction relative to the horizon were installed.
Small telescopes with a diameter of 10 mm and 0.2◦ half

aperture are used to observe the scattered sunlight. These
telescopes are mounted inside housings outside the aero-
plane. The light is led to spectrographs via quartz fibres.
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Two different spectrographs are used for the ultra violet and
visible wavelength region. The UV spectrograph has a spec-
tral resolution of 0.5 nm FWHM whereas the resolution for
the visible light is 1 nm. Together the instruments cover
the wavelength interval from 300 nm to 550 nm. Two-
dimensional CCD-cameras are used as detectors, so all the
lines of sight are observed simultaneously. The lines of sight
and the corresponding area on the CCD-chip of the “visible”
spectrometer are shown in Figs. 2a and b.

The total integration time was 30 s for both spectrographs,
and as the ground speed of the Falcon is about 760 km/h the
horizontal resolution of the measurements is about 6.6 km.
Perpendicular to the flight direction the horizontal resolution
is given by the flight altitude (11 600 m) and the aperture and
can be estimated to be around 80 m.

2.2.2 Data analysis of AMAXDOAS data

The measured spectra were analysed using the DOAS tech-
nique (Platt and Stutz, 2004). Several cross-sections of the
trace gases which show structured absorptions in the respec-
tive wavelength regions are fitted to the logarithm of the mea-
sured spectrum I(λ) divided by a solar reference spectrum
I0(λ) using a non linear least squares algorithm.

ln

(
I (λ)

I0(λ)

)
= −

∑
i

σi(λ)

∫
ci(l)dl + P(λ) (3)

σi(λ) is the cross section of the specific trace gas (i) and
ci(l) the corresponding concentration along the light path. A
polynomialP is added to account for slowly varying extinc-
tion caused by Rayleigh- and Mie-scattering. The integral∫

c(l)dl is calledSlantColumnDensity (SCD).
In contrast to satellite observations where the solar refer-

ence spectrumI0 (direct sun light) contains no atmospheric
absorption structures, the AMAXDOAS analysis does not
yield total atmospheric column density (SCD) but the dif-
ference in the slant column densities between the measure-
ment and a reference spectrum. The reference spectrum is a
measured spectrum, chosen according to the following con-
ditions:

– Use of the same telescope (viewing direction) to min-
imise instrumental differences,

– Small solar zenith angleSZA – this will keep the influ-
ence of stratospheric absorptions as low as possible.

– No clouds – the light path inside a cloud is not known.
Although normally a cloud leads to lower absorptions,
there are also cases where higher absorptions are ob-
served above clouds (Wang et al., 2005).

– High intensity – the noise of the data is ruled by the
statistical photon noise, and thus the signal to noise ratio
increases with increasing intensity.

Fig. 2. (a) Upper panel: Pictures of the DLR-Falcon, including a
sketch of the used lines of sights.(b) Lower panel: Typical image
of vis CCD – the different viewing directions are separated from
each other by dark lines. The numbers on the left side belong to the
different LOS as marked in Fig. 2a. Usually the direction−2◦ was
the brightest one and therefore only a small area on the chip is used
for it.

– Clean air – as described below it is necessary to separate
the stratospheric from the tropospheric signal, and this
is easier if theSCD in the reference is small.

For the flight discussed (19/02/2003) here a spectrum taken
at 8:30 GMT was used. At this time the Falcon crossed the
Alps. According to our log no clouds were observed there.
Due to the high albedo the intensity in the nadir spectrum is
high. The Alps are known to be a clean air region. The solar
zenith angle was about 70◦, which is quite high, but the other
criteria were well fulfilled, and the reference spectrum was
taken close to the most important region, so the stratospheric
absorption did not change too much until the southern Po-
valley was reached. TheSZA just north of the Apennine was
66◦ so the difference in the stratospheric absorption can be
estimated:dSCD=V CD[1/ cos(SZA2)−1/ cos(SZA1)] to
be in the order of 6*1014 molec/cm2, when a vertical col-
umn of 2.8*1015 molec/cm2 is assumed as retrieved from the
SCIAMACHY data.
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Fig. 3. NO2-fit for a Nadir spectrum taken on the flight on
19/02/2003 from Basel to Tozeur at 8:14:30 close to Zürich, the
reference was taken about 15 min later in the clean air of the Alps.

The WinDOAS-software (Fayt and Roozendael, 2001)
was used to analyse the AMAXDOAS data. The data pre-
sented here were all observed with the vis-spectrometer. For
the NO2 analysis, the wavelength region 420–444 nm was
used. The cross sections for NO2 (Burrows et al., 1998), O3
(Burrows et al., 1999), O4 (Hermans et al., 1999) and H2O
from HITRAN (Rothman, 1998) were included in the fit. The
Ring effect was considered by using a Ring spectrum calcu-
lated with WinDOAS.

In Fig. 3 we show a typical DOAS-fit of the flight from
Basel to Tozeur (Tunisia). The spectrum was taken at 8:14:30
UT close to Z̈urich.

To derive the tropospheric columns the stratospheric signal
has to be subtracted from the total column. The stratospheric
NO2 is known to vary slowly in time and space, at least for
the flight distance of 3000 km in mid-latitudes this can be
assumed.

In the nadir view the tropospheric absorption is added to
this slowly varying signal. In the troposphere most of the
emissions originate, so the temporal and spatial variations
are much larger. This means the general trend has to be

Fig. 4. The observeddSCD from AMAXDOAS and the linear
correction (red) for the stratospheric signal. The tropospheric sig-
nal was assumed to be negligible in the Alps (47◦ N) and over the
Mediterranean south of Sardegna (36◦ N).

separated from these variations. The minimum of the tro-
pospheric signal was assumed to be negligible over the Alps
and the Mediterranean south of Sardine. The result is called
tropospheric slant column, and by dividing through the tro-
pospheric Air Mass Factor (AMF) the tropospheric vertical
column is determined. Two methods of correcting for strato-
spheric absorptions are compared:

– A linear fit to the minima was made, and subtracted.

– The geometrical approximation 1
cos(SZA)

for the strato-
spheric AMF is used. If we assume the latitudinal vari-
ations of the vertical column to be linear. So the strato-
spheric NO2 column to be subtracted can be written as:

dSCDStrat = (a + bφ) ∗

(
1

cos(SZA)

)
−(a + bφref ) ∗

(
1

cos(SZAref )

)
(4)

whereφ represents the latitude. The first part of the
sum is theSCD at any latitudeφ and the second part
is the slant column at the reference place. The param-
etersa andb were defined by using the same approach
for the SCIAMACHY totalSCDs, where the reference
contains no stratospheric absorption. Thus the vertical
column as a function of latitude is derived from SCIA-
MACHY measurements.

For the relevant cases both corrections are very similar and
differ by less than 0.5*1015 molec/cm2. In Fig. 4 the ob-
serveddSCD together with the linear correction for strato-
spheric absorptions are shown. To simplify the graph the
second correction is not shown here.

Atmos. Chem. Phys., 5, 1039–1051, 2005 www.atmos-chem-phys.org/acp/5/1039/
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More details concerning the AMAXDOAS instrument as
well as a comparison to ground based data on another flight
were described by Wang et al. (2005) and Bruns et al. (2004).
The instrument was also used on board a smaller aeroplane
a Partenavia 68 for emission measurements in the Po-basin
(Wang et al., 2005(2) submitted to ACPD).

2.3 The SCIAMACHY instrument

2.3.1 Description of the instrument and its measurement
characteristics

The ENVISAT satellite orbits the earth in about 800 km al-
titude in a sun-synchronous polar orbit, crossing the equator
at 10:00 local time. The SCIAMACHY instrument is a 8
channel spectrometer designed for measuring the sunlight in
the UV, visible and near infrared region (240–2380 nm). De-
pending on the channel the resolution varies between 0.22
and 1.48 nm. The NO2-columns are retrieved in the wave-
length region of 425 to 450 nm (channel 3) where the resolu-
tion of the instrument is 0.44 nm.

Measurements are performed alternatingly in nadir and
limb direction, changing every 2 min. Within 7 min the same
air mass is observed first in limb viewing mode and in the
nadir mode afterwards. With this method the stratospheric
column and the total column are measured independently.

At the beginning and the end of each orbit, solar and lunar
occultation measurements are also performed.

The horizontal resolution of the instrument in the nadir
is 30×60 km2 in the region of interest. Global coverage is
achieved after 6 days (Bovensmann et al., 1999).

2.3.2 Data Analysis for SCIAMACHY

Details on the spectral NO2 analysis of SCIAMACHY data
can be found in Richter et al. (2004).

For the separation of stratospheric and tropospheric slant
columns, three approaches were compared:

In addition to the two methods used for the AMAX-
DOAS, “linear fit” and “1/ cos(SZA)” a third way is pos-
sible here: to subtract a stratospheric reference sector mea-
sured by SCIAMACHY on the same day at the same latitude
over clean regions like the Pacific ocean. This last method
is usually applied for the retrieval of tropospheric columns
from satellite observations.

Dividing the tropospheric slant column by a tropospheric
AMF one yields the tropospheric vertical columns (Richter
and Burrows, 2002). For the vertical columns (version 0.5)
available through the internet (http://www.DOAS-Bremen.
de) a standard AMF is used. It is calculated using a 1 km
grid, a constant NO2 value in the lowest 1 km and a linear
decrease to 0 in the layer between 1 km and 2 km. In addi-
tion to these standard AMFs, we calculated specific AMF for
the Po-Valley based on independent information here.

Fig. 5. The AMF for both instruments SCIAMACHY and AMAX-
DOAS. In general AMAXDOAS is more sensitive to tropospheric
pollution than SCIAMACHY. The NO2 was assumed to be well
mixed within the mixing layer and 0 above. Different heights of the
ML were assumed and the total aerosol optical thickness was as-
sumed to be constant. The sensitivity decreases slightly from 600 m
MLH to 200 m.

The SCIAMACHY data used for this comparison have
been retrieved at the University of Bremen from raw radi-
ances and they are referred to as “scientific products”. As
already mentioned there are several groups retrieving tropo-
spheric NO2 columns, but an official product of tropospheric
vertical NO2-columns is currently not planned.

The validation of operational and scientific total NO2-data
is also still in progress (Lambert et al., 2004).

2.4 The specific AMFs for the Po basin

The tropospheric AMFs for both AMAXDOAS and SCIA-
MACHY were calculated using the Monte Carlo based ray
tracing program TRACY. The program and its main fea-
tures are described in Friedeburg (2003) and Hönninger et
al. (2004).

It is very important that the AMFs for both instruments
are calculated with comparable settings. Of course the de-
tector’s altitude and the field of view must be set according
to the instruments characteristics. The important values for
the AMF-calculations that should be the same are:

– The aerosol extinction profile and the corresponding
single scattering albedo,

– the NO2 – profile in the troposphere,

– the surface albedo.

www.atmos-chem-phys.org/acp/5/1039/ Atmos. Chem. Phys., 5, 1039–1051, 2005
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Fig. 6. NOAA-17 Satellite image as published by the University of
Dundee in 2004 on (www.sat.dundee.ac.uk/auth.html). The image
shows the cloud coverage over southern Europe and the Mediter-
ranean on 19/02/2003. The flight track is shown in red.

For the calculation of the AMFs, an urban aerosol type
was used and a constant visibility in the mixing layer was as-
sumed. The mixing layer height (MLH) in this region and
time of the year varies between 200 m and 600 m above
ground (AGL) (Petritoli et al., 2004). The vertical aerosol
optical thickness was set 0.3 which is in agreement with the
AERONET data in Ispra (Zibordi, 2004;http://aeronet.gsfc.
nasa.gov). A typical background aerosol-load was used for
the higher altitudes.

The NO2 – concentration was assumed to be constant
within the mixing layer and above this altitude the concen-
tration was set to 0.

In our calculation the albedo was set to 5% which is a value
typical of winter fields (Feister and Grewe, 1995).

In Fig. 5 the AMFs for both AMAXDOAS and SCIA-
MACHY are shown. The AMFs for the AMAXDOAS are
generally higher than those for the SCIAMACHY instru-
ment. For the satellite observations, more light scattered in
higher altitudes contributes, to the signal and the measure-
ment therefore is less sensitive to tropospheric absorbers than
the airborne measurements. One has to keep in mind that
about 20% of the atmosphere is still above the flight altitude
(11 600 m) of the Falcon.

The AMF were calculated for different heights of the mix-
ing layer, 200 m, 400 m and 600 m. As expected, the sen-
sitivity decrease with a decreasing MLH, because the signal
is more influenced by the light scattered in altitudes above
the mixing layer. However the influence of the mixing layer
height is very small. The difference between the AMFs for
200 m and 600 m MLH is about 11%. The main reason for
this small influence is the high aerosol load and the fact that
the aerosol and the NO2 mixing heights are the same. From
our experience with low aerosol load we expected to find a
stronger dependency. The small change in the AMF leads to
only slightly varying TVCDs (Fig. 9).

The atmospheric conditions during the measurement var-
ied quite often. Over the Alps there was snow, and clear
visibility, whereas in the Po-valley it was quite hazy during
the overpass of AMAXDOAS and the albedo was lower than
over the mountains. It is impossible to get detailed informa-
tion on the visibility, the aerosol concentration and optical
properties, the ground albedo and the NO2 profile. Therefore
we used the AMF described above for the complete dataset.
These settings should be realistic for the Po-Valley, where
the highest column densities were observed.

3 Results and discussion

In this section we first present the AMAXDOAS results and
discuss them briefly for the whole flight on 19/02/2003. The
focus however is on the comparison with collocated mea-
surements of SCIAMACHY in the Alps, northern Italy and
the southern Mediterranean and northern Africa.

3.1 The AMAXDOAS flight from Basel to Tozeur on
19/02/2003

Within the SCIAVALUES project, two major campaigns con-
sisting of 28 flights were flown in September 2002 and
February/March 2003. Measurements were performed in Po-
lar Regions e.g. Greenland and the tropics en route to the
Seychelles. Details on both campaigns are given by Fix et
al., (2004). Here we concentrate on the flight from Basel to
Tozeur on 19 February for several reasons:

– The weather conditions were very good.

– We overflew both clean and heavily polluted areas.

– SCIAMACHY data are available for the same day and
time.

In Fig. 6 the flight track is shown, in the background
a satellite image showing the clouds over Italy and the
Mediterranean. After a short stop in Basel the Falcon headed
south-east crossing the Alps and the Po-Valley and contin-
ued along the Italian coast over Sardinia to Tozeur in central
Tunisia.

Atmos. Chem. Phys., 5, 1039–1051, 2005 www.atmos-chem-phys.org/acp/5/1039/
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Fig. 7. Time series of the vertical NO2 columns for AMAXDOAS
Nadir and Zenith observations. In Nadir a strong enhancement is
observed from 8:40 until 8:55. Here stratospheric AMFs were used,
to show the slowly varying stratospheric signal and the influence of
tropospheric pollution on the telescope directed to the zenith.

The Alps were still covered with snow. There was no cloud
over the southern Alps, the Po-Valley and from the Apennine
to the Italian coast. During the first part of the flight from
Basel to the mountains there was fog below the aeroplane.
Additional cloudy regions were observed east of Sardinia and
north of Tunisia.

In the southern Alps the large Adige-Valley can be recog-
nized. One of the few highways crossing the mountains runs
through this valley.

The distribution of clouds and snow was also confirmed by
simultaneous O4 measurements and the observed intensity in
the nadir viewing telescope. The retrieval of cloud informa-
tion from O4-SCDs is described by Wagner et al. (2002) and
Wittrock et al. (2003).

The Po-Valley is known to be one of the most polluted ar-
eas in Europe (Beirle et al., 2004), and is therefore a region
well suited for a comparison of tropospheric NO2. The ge-
ographical conditions and the Italian industrial centres con-
centrated in this plain cause the pollution observed.

3.2 Discussion of the AMAXDOAS results

As expected, a strong enhancement in the total vertical col-
umn of the nadir telescope was observed over the Po-valley
(Fig. 7, 8:44). Over the heavily polluted regions, we mea-
sured a slightly increased NO2-signal in the zenith as well.
Simulations with a ray tracing model can reproduce this ef-
fect caused by multiple scattering and tropospheric pollution.
A small part of the light observed in the zenith telescope was
scattered in lower altitudes or even reflected on the surface
and is therefore influenced by tropospheric absorbers. So the
observed variations in the Zenith telescope do not conflict

Fig. 8. The tropospheric vertical column calculated for different
mixing layer heights. The in situ measurements are shown in green,
the AMAXDOAS TSCDs in orange and SCIAMACHY data in
blue. As the position of the measurement stations is close to the
border between two SCIAMACHY pixels, the data of both pixels
are shown here. The southern pixel (dark blue) partly covers the
Apennine Mountains.

with the assumptions of a slowly varying stratospheric NO2
signal.

The total vertical column densities of both viewing direc-
tions showed a similar effect just north of the Alps at about
8:11 GMT. At this time the aeroplane was passing the region
of Zürich. As this area was not covered by SCIAMACHY
pixels on this day (Fig. 9), we do not discuss this enhance-
ment in detail here. However, the observed NO2 enhance-
ment is in good agreement with a smog event reported for
Zürich on these days (NZZ, 2003).

From now on only the tropospheric NO2 shall be discussed
in a more detailed comparison.

3.2.1 Comparison to ground based data

From the ARPA-Bologna (Agencia Regionale per la Proten-
zione dell’ Ambientehttp://www.arpa.emr.it) ground based
data were available via personal communications. In addi-
tion the aerosol optical thickness from AERONET Ispra (Zi-
bordi, 2004;http://aeronet.gsfc.nasa.gov) and the soundings
from Linate and San Pietro (available at the University of
Wyoming http://weather.uwyo.edu/upperair/sounding.html)
were used. The mixing layer height in Linate and San Pietro
can be assumed to be 160 m AGL at minimum in the morn-
ing hours, the aerosol optical thickness was 0.3 and stayed
constant for most of the day. This information was used to
calculate the AMFs for AMAXDOAS.

www.atmos-chem-phys.org/acp/5/1039/ Atmos. Chem. Phys., 5, 1039–1051, 2005
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Fig. 9. Tropospheric vertical NO2 column measured by AMAX-
DOAS and SCIAMACHY. The AMAXDOAS data were overlaid
over SCIAMACHY’s pixel in the same scale using very similar
colours. Z̈urich is not covered by SCIAMACHY’s pixel on this
day.

The ground based in situ data closest to the flight track
were used to calculate the vertical column:

T V CD =

MLH∫
0

c(z)dz.

The mixing ratio (42±22 ppb) was assumed to be constant in
the mixing layer. For a mixing layer of 200 m this resulted in
a tropospheric vertical column of (23±12)*1015 molec/cm2

and in (34±18)*1015 molec/cm2 for 300 m, here the error is
given by the standard deviation.

In Fig. 8 the TVCD for the ground based in situ data,
AMAXDOAS and SCIAMACHY is shown. We studied dif-
ferent MLHs and good agreement can be found for a MLH
between 200 m and 300 m above ground.

3.3 Comparison between AMAXDOAS and SCIA-
MACHY

For a first comparison the reader may have a closer look at
Fig. 9, where the tropospheric vertical columns of NO2 are
shown using the same colour scale for both datasets. The
two measurements show the same horizontal distribution, in
regard to the sparsely populated Alps, the heavily polluted
Po-valley, the Apennine and the Italian coast. Also south
of Sardine and in northern Africa, a good agreement can be
observed.

As can be seen from Fig. 9, SCIAMACHY observes a
large variability in both north south and east west direction.

Fig. 10. Slant NO2 columns measured by SCIAMACHY and
AMAXDOAS. In the gaps between two SCIAMACHY Nadir scans
no data are shown.

Therefore for the comparison only those SCIAMACHY data
were taken into account where AMAXDOAS data are avail-
able. The flight track was laid over the SCIAMACHY pix-
els and only those SCIAMACHY data were used where at
least one AMAXDOAS measurement was inside. As pointed
out above the AMAXDOAS pixels (6.6×0.08 km2) are small
compared to those of SCIAMACHY.

3.3.1 Validation of tropospheric slant columns

As the AMFs have a large influence on the results, the com-
parison of both slant and vertical column is shown here. This
allows us to separate the influences of the slant column and
the AMF calculations. According to Boersma et al. (2004)
and Heland et al. (2002) the errors introduced by the uncer-
tainties of the AMF are up to 50%.

The slant columns can well be compared as the measure-
ment principle and viewing geometry of both participating
instruments is nearly the same. Compared to validation ef-
forts using in situ measurements (Heland et al., 2002), this is
a big advantage of the AMAXDOAS instrument.

In Fig. 10 the tropospheric slant columns for both in-
struments are plotted as a function of latitude. The stan-
dard methods for the separation were used here, i.e. ref-
erence sector for SCIAMACHY and linear fit for AMAX-
DOAS. Both measurements show similar results for the Po-
valley (45◦30′ N–44◦20′ N) and the region south of Sardinia
(38◦ N–36◦ N). Over the southern Alps (∼46◦ N) and the
southern Apennine (∼43◦40′ N) a difference can be made
out, which might be due to a different response of the in-
struments to some NO2 in the valleys (e.g. Adige) between
the snow capped mountains. As a result of the higher spatial
resolution, the AMAXDOAS is able to detect the NO2 in the
valley, whereas SCIAMACHY’s signal is mainly influenced
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Fig. 11. Correlation between the tropospheric slant column densities measured by SCIAMACHY and AMAXDOAS for different methods
of separation between stratospheric and tropospheric absorption. Upper left panel: Reference for SCIAMACHY and linear fit for AMAX-
DOAS. Upper right panel: For both instruments a linear fit was used. Lower left panel: reference for SCIAMACHY and 1/ cos(SZA) for
AMAXDOAS. Lower right panel: 1/ cos(SZA) was used for both.

by the clean air over the snow capped mountains. Especially
in the region of the southern Alps a high variability in the
AMAXDOAS data can be observed, which also indicates the
influence of the mountains and the valleys.

For the correlation analysis between both datasets
the AMAXDOAS data covered by one SCIAMACHY
pixel were averaged. Due to the flight direction from
north to south, only the smaller expansion (30 km) of
SCIAMACHY’s pixel was taken into account. The gradi-
ents covered by one pixel within the 60 km east west ex-
pansion obviously influence the comparison. The different

spatial resolution is most probably the main reason for the
differences observed.

One example of this effect was observed on the north-
ern edge of the Po-Valley. AMAXDOAS measured about
10 km east of Verona and the same town was covered by
the SCIAMACHY pixel. Therefore the emission of its about
250’000 inhabitants were observed by SCIAMACHY but not
by AMAXDOAS. Nevertheless this data was used for the
comparison as a similar effect was observed over Bologna,
were the Falcon flew over the town and SCIAMACHY was
more influenced by the background than AMAXDOAS.
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Fig. 12. Correlation of the tropospheric vertical columns. The ref-
erence method was used for SCIAMACHY and the linear fit for
AMAXDOAS. The AMF was calculated assuming a MLH of 200 m
and a total aerosol optical thickness of 0.3.

Figures 11a to d show correlation plots of the SCIA-
MACHY slant columns with the ones measured by AMAX-
DOAS. As can be seen, the correlations between the data sets
are good. Four combinations of different background correc-
tions are shown:

a) the standard combination where the linear correction for
the AMAXDOAS and the reference method for SCIA-
MACHY is used, (e.g. Fig. 10)

b) both AMAXDOAS and SCIAMACHY were corrected
with the linear fit method,

c) the stratosphere was estimated using Eq. (2) for
AMAXDOAS and the reference sector method for
SCIAMACHY,

d) the stratosphericSCD calculated viaV CD/ cos(SZA)

as in Eq. (2) was applied to both datasets.

The two missing combinations (linear for AMAXDOAS
versusV CD/ cos(SZA) for SCIAMACHY and vice versa)
are not shown here as they do not contain further information.

As can be seen the influence on the slope of the correlation
is very small, within the error, all the slopes equal 1.1. The
intercept of the fits are zero within the error, except for the
combination d). The axis intercept can mostly be attributed
to the separation of stratospheric and tropospheric columns.
Method d) seems to introduce an offset to the SCIAMACHY
data in the order of−1*1015 molec/cm2. A comparison to
Fig. 11c excludes an offset in the AMAXDOAS data here.

From the discussion of the AMF we would expect AMAX-
DOAS to be more sensitive to the tropospheric NO2 than
SCIAMACHY, so a slope larger than 1 can be expected.

3.3.2 Comparison of the vertical columns

For the comparison the standard tropospheric slant columns
i.e. linear interpolation for AMAXDOAS and reference
method for SCIAMACHY were used.

As already mentioned, the tropospheric slant columns of
AMAXDOAS are about 10% higher than those observed by
SCIAMACHY. The AMF were calculated for three different
heights of the mixing layer. According to Fig. 5 the sensitiv-
ity of both instruments increases with an increasing thickness
of the mixing layer height.

The correlation between SCIAMACHY and AMAX-
DOAS tropospheric vertical columns is shown in Fig. 12.
Here the AMF with a 200 m MLH was used, for both
SCIAMACHY and AMAXDOAS. The correlation is quite
good, the slope equals 0.93±0.06 and the intercept is zero
within the error. The divergence between AMAXDOAS’s
and SCIAMACHY’s TVCD was calculated:

< S − A >=

√√√√ n∑
i=1

(Si − Ai)2

n
. (5)

HereS represents the SCIAMACHY data andA is the av-
erage of the AMAXDOAS measurements covered by one
SCIAMACHY pixel. All collocated measurements were
taken into account.

In Table 1 an overview over the slopes and intercepts of the
linear fits and divergence for the three studied mixing layer
heights is given. The best results in the slope and divergence
are achieved assuming a MLH of 200 m.

The divergence for all the situations studied here is in the
order of 3.5*1015 molec/cm2, and is therefore about a fac-
tor of two higher than the average measurement error for
AMAXDOAS, which is about 1.5*1015 molec/cm2.

The different spatial resolution is one of the main causes
for different results, this systematic effect can only be min-
imized to a certain degree by averaging the AMAXDOAS
measurements.

The NO2 cross sections used for the analysis were very
similar, both analysis used cross sections for temperatures in
the stratospheric range – 223K for AMAXDOAS and 243K
for SCIAMACHY. The error introduced by using the wrong
temperature for the cross section can be up to 20% (Boersma
et al., 2004) in our case however, this effect would influ-
ence both instruments in this comparison in the same way.
The correlation would be very similar except that both in-
struments would observe larger slant columns.

The time difference between the AMAXDOAS and the
SCIAMACHY overpass, of course also influences the ob-
served columns. AMAXDOAS crossed the Po-basin be-
tween 8:40 and 8:50 GMT whereas SCIAMACHY scanned
this region at 9:49 GMT. Ground based data in Bologna
showed the local mixing ratio decreased from 42 ppb to
35 ppb (average of 4 points close to the flight track) be-
tween 9:00 GMT and 10:00 GMT. If the MLH increased (in
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Table 1. For different mixing layer heights(MLH) the vertical columns were calculated for both instruments. Here an overview on the
correlation between the according datasets is shown. The correlation is best for the mixing layer height of 200 m.

MLH Slope of the linear fit Axis intercept [1014molec/cm2] Divergence [1015]

200 m 0.932±0.065 −6.02±7.78 3.40
400 m 0.859±0.059 −5.8±7.54 3.74
600 m 0.834±0.058 −5.33±6.99 3.68

the same way) the vertical column would still be the same,
and according to the time of the day we would expect the
latter to be the reason for the observed decrease rather than
transport or NO2 destruction. The wind speed on this day
was about 3 m/s from north-west, so the transport is maxi-
mum 10 km and the same air mass would still be covered by
the same SCIAMACHY pixel.

Also the Solar Zenith Angle changes in the time between
the two observations, for AMAXDOAS the averageSZA

was 67.5◦, and for SCIAMACHY it was 61◦. From Fig. 5
the difference in the AMF can be estimated to be below 5%.

According to the AMF a difference in the slant columns
can be expected in the way we observed it. Other reasons
like different cross-sections, temporal variations or transport
of air masses are unlikely but can not be excluded.

3.3.3 Comparison to the near-real-time product

Several versions exist of the SCIAMACHY tropospheric
columns which mainly differ in the assumptions made for
the air mass factor calculations. In the last sections, the
AMF was determined using external information for the time
and location studied, and very good agreement was found
between satellite and AMAXDOAS measurements. How-
ever, the near-real-time images of tropospheric vertical NO2
columns posted on http://www.doas-bremen.de (as used for
Figs. 9 and 13) use a simplified air mass factor where the
NO2 is constant in the lowest 1000m and decreases linearly
up to 2000 m and a maritime aerosol is used (Richter and
Burrows, 2002). Here we compare the AMAXDOAS mea-
surements with the results from the near-real-time products.

The results are shown in Fig. 13. The linear fit now
has a slope of 1.62 but the intercept is still close to 0
((−6.66±7.88)*1014). This can be explained by the differ-
ence between the two sets of AMFs. The standard SCIA-
MACHY AMFs are about 60% higher than those calculated
here for the Po-Valley, which in this case leads to a diver-
gence of 5.04*1014.

Although the error of 60% in the AMF is large it is within
the range quoted in previous papers (e.g. 50%, Heland et
al., 2002). The reason is that the specific atmospheric con-
ditions in the Po-Valley (high aerosol load and low mixing
layer height) are very different from the assumptions made
for calculating the standard AMF.

Fig. 13.Correlation between the SCIAMACHY near-real-time data
set and the AMAXDOAS data validated with the ground based in
situ data.

This comparison highlights the importance of appropri-
ate AMFs in the retrieval – only with reasonable assump-
tions good agreement with independent measurements can
be achieved. For global data sets, such information is of-
ten not available, and model predicted profiles for NO2 and
sometimes also aerosol loading have to be used.

4 Conclusions

Tropospheric NO2 slant and vertical columns measured by
the AMAXDOAS were presented and compared to tropo-
spheric NO2 columns derived from SCIAMACHY. Measure-
ments of the same day and region were used for the compar-
ison and no trajectory calculations were necessary here.

To measure in different regions within a short time pe-
riod is a big advantage of airborne measurements. The data
shown here were observed on the flight on 19/02/2003 be-
tween Basel and Tozeur including the highly polluted Po-
Valley.

Before the tropospheric columns can be computed the
stratospheric and the tropospheric absorptions have to be
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separated. Different separation methods were investigated
for both instruments. For AMAXDOAS a linear interpola-
tion and a 1/ cos(SZA) approach were compared. For SCIA-
MACHY also the reference sector method was included. We
found that the influence of the separation method was small.
The agreement between the slant columns of both instru-
ment was in the expected range i.e. AMAXDOAS measured
slightly higher slant columns according to the lower flight
altitude it is more sensitive to tropospheric absorbers.

Three different profiles for NO2 and the aerosols were
used to calculate the AMFs, for the specific conditions over
the Po-Valley in the observation period. The agreement be-
tween AMAXDOAS and SCIAMACHY was found to be
best for the lowest profile, which is in good agreement also
with ground based data.

The observed differences of the measurements e.g. at the
edge of the Alps and the Apennine seem to be attributable to
the different spatial resolutions of AMAXDOAS and SCIA-
MACHY. Also the temporal difference of one hour in the
most interesting region causes some systematical difference.

As expected the agreement between AMAXDOAS and the
SCIAMACHY near-real-time product is worse (slope 1.6).
This finding demonstrates the importance of independent in-
formation like MLH for the calculation of appropriate AMFs.

Although only results from nadir and zenith are presented
here, additional information from the other lines of sight can
be retrieved especially for the upper troposphere lower strato-
sphere and will be discussed in Bruns et al 2005 “ NO2 Pro-
file retrieval using airborne multi axis UV-visible skylight ab-
sorption measurements over central Europe”.
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S., Rozanov, V.-V., Chance, K. V., and Goede, A. P. H.: SCIA-
MACHY: Mission Objectives and Measurement Modes, J. At-
mos. Sci., 56(2), 127–150, 1999.

Bruns, M., Buehler, S. A., Burrows, J. P., Heue, K.-P., Platt, U.,
Pundt, I., Richter, A., Rozanov, A., Wagner, T., and Wang,
P.: Retrieval of Profile Information from Airborne Multi Axis
UV/visible Skylight Absorption Measurements, Appl. Opt., 43,
22, 4415–4426, 2004.

Burrows, J. P., Dehn, A., Deters, B., Himmelmann, S., Richter,
A., Voigt, S., and Orphal, J.: Atmospheric Remote-Sensing Ref-
erence Data from GOME: 1. Temperature-Dependent Absorp-
tion Cross Sections of NO2 in the 231–794 nm Range, Journal
of Quantitative Spectroscopy and Radiative Transfer, 60, 1025–
1031, 1998.

Burrows, J. P., Dehn, A., Deters, B., Himmelmann, S., Richter, A.,
Voigt, S., and Orphal, J.: Atmospheric Remote-Sensing Refer-
ence Data from GOME: 2. Temperature-Dependent Absorption
Cross Sections of O3 in the 231–794 nm Range, Journal of Quan-
titative Spectroscopy and Radiative Transfer, 61, 509–517, 1999.

Fayt, C. and v. Roozendael, M.: Win DOAS 2.1 software user man-
ual, IASB/BIRA Uccle, Belgium, 2001.

Feister, U. and Grewe, R.: Spectral Albedo measurements in the
UV/visible region over different types of surfaces, Photochem.
Photobiol., 62(4), 736–744, 1995.

Fix, A., Ehret, G., Gottwald, M., Finkenzeller, H., Kuttippurath,
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