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Abstract

The increasing amounts of reactive nitrogen in the stratosphere necessitates accurate
global measurements of stratospheric nitrogen dioxide (NO2). Over the past decade,
the SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHar-
tographY) instrument on ENVISAT (European Environmental Satellite) has been pro-5

viding global coverage of stratospheric NO2 every 6 days, which is otherwise difficult
to achieve with other systems (e.g. balloon measurements, solar occultation). In this
study, the vertical distributions of NO2 retrieved from limb measurements of the scat-
tered solar light from the SCIAMACHY instrument are validated using NO2 products
from three different satellite instruments (SAGE II, HALOE and ACE-FTS). The re-10

trieval approach, as well as the sensitivity of the SCIAMACHY NO2 limb data product
are discussed, and the photochemical corrections needed to make this validation fea-
sible, as well as the chosen collocation criteria are described. For each instrument, a
time period of two years is analyzed with several hundreds of collocation pairs for each
year and instrument. The agreement between SCIAMACHY and each instrument is15

found to be better than 10 % between 22–24 km and 40 km. Additionally, NO2 amounts
in three different latitude regions are validated individually, with considerably better
agreements in high and middle latitudes compared to tropics. Differences with SAGE II
and ACE-FTS below 20 km are consistent with those expected from the diurnal effect.

1 Introduction20

As a minor constituent of the atmosphere, NO2 is known for its influence on ozone
concentrations. NOx is responsible for up to 70 % of the ozone loss in the stratosphere,
see Crutzen (1970); Portmann et al. (1999). The NOx reactions dominating the catalytic
ozone destruction between about 25 and 40 km are:
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NO+O3 →NO2+O2 (1)

NO2+hν→NO+O (2)

NO2+O→NO+O2. (3)

While NO2 participates in the destruction of ozone in the stratosphere, the same5

species leads to the formation of ozone in the troposphere globally, particularly dur-
ing dense smog episodes. The major source for stratospheric NO2 (hence, the major
cause of ozone depletion) is nitrous oxide (N2O), see Montzka et al. (2011), an im-
portant greenhouse gas. It is also the most important ozone depleting gas that is not
covered by the Montreal Protocol (Ravishankara et al., 2009), while reduction of N2O10

emission is part of the Kyoto Protocol. In the troposphere, other sources such as light-
ning events, anthropogenic emissions and biomass burning events contribute to ozone
depletion.

In this work, we investigate the performance of the SCIAMACHY NO2 scientific re-
trieval processor (version 3.1) developed at the Institute of Environmental Physics, Bre-15

men. Measurements from SCIAMACHY (SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY), a passive imaging spectrometer (Burrows et al., 1995;
Bovensmann et al., 1999) on the European environmental satellite ENVISAT, are the
basis for this investigation. The satellite instruments used for validation are the solar oc-
cultation instruments SAGE II (Stratospheric Aerosol Gas Experiment, Chu et al., 1989)20

on the Earth Radiation Budget Satellite (ERBS) of the NASA (National Space Agency,
USA), (Halogen Occultation Experiment, Russell III et al., 1993) on the US satellite
UARS (Upper Atmosphere Research Satellite), and ACE-FTS (Atmospheric Chem-
istry Experiment-Fourier Transform Spectrometer, Walker et al., 2005; Bernath et al.,
2005) on the Canadian satellite SCISAT-1. The SCIAMACHY results discussed here25

are retrieved from measurements of the scattered solar light in limb geometry. While
solar occultation instruments can provide NO2 distributions with a high accuracy, the
spatial coverage of occultation instruments is poor when compared to that achieved in
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limb. As those instruments still provide a significant number of retrieved NO2 profiles,
a large number of comparisons can be performed. Due to the strong diurnal variation
of NO2, photochemical corrections need to be applied, as described in Sect. 2.3.

The first part of this work gives a description of the SCIAMACHY limb NO2 retrieval,
its sensitivity and error sources (including pointing, aerosols, clouds and diurnal effect5

error), and explains the photochemical correction method needed for NO2 validation.
The second part gives a short description of the occultation satellite instruments and
the collocation criteria applied in this study, followed by a detailed discussion of the
results of the validation efforts.

2 SCIAMACHY limb observations10

The SCIAMACHY instrument (Burrows et al., 1995; Bovensmann et al., 1999) on EN-
VISAT is a passive imaging spectrometer that comprises 8 spectral channels and cov-
ers a wide spectral range from 240 to 2400 nm. Each spectral channel is equipped
with a grating spectrometer having a 1024 element diode array as a detector. For this
study, only the measurements in spectral channel 3 ranging from 394 to 620 nm are15

used. This channel features a spectral resolution of 0.44 nm and a spectral sampling
of 0.22 nm.

While SCIAMACHY features three viewing geometries, limb, nadir and occultation,
only the limb mode is discussed here. In this mode, SCIAMACHY observes the at-
mosphere tangentially to the Earths surface. The measurement begins at about 3 km20

below the horizon with the Earth still in the field of view, and continues vertically up-
wards to an altitude of about 100 km. At each tangent height, a horizontal scan of the
duration of 1.5 s is performed followed by an elevation step with no measurements of
about 3.3 km, i.e. the vertical sampling is 3.3 km. The vertical instantaneous field of
view of the SCIAMACHY instrument is about 2.5 km and the horizontal instantaneous25

field of view is 110 km at the tangent point. However, the horizontal resolution is mainly
determined by the integration time during the horizontal scan resulting typically in a
value of about 240 km.
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In the 420 to 470 nm spectral range considered in this study, typical values of the
signal to noise ratio in limb measurements range from 3000 to 5000 at tangent heights
between 20 and 30 km, decreasing to about 900 near the normalization tangent height.
For more information about SCIAMACHY noise characteristics, see Noël et al. (1998).

Throughout this study, SCIAMACHY Level 1 data version 6.03 were used applying5

the calibration steps from 0 to 5, i.e., the wavelength calibration was performed and the
corrections for memory effect, leakage current, pixel-to-pixel gain, etalon, and internal
stray light were accounted for. The polarization correction, as well as the absolute
radiometric calibration was not applied as they do not impact the NO2 retrieval.

2.1 SCIATRAN NO2 limb retrieval10

The SCIATRAN software package (Rozanov, 2011) is both a radiative transfer model
and a retrieval algorithm that can be adjusted for a wide range of scientific tasks. It
is used for NO2 vertical profile retrieval from SCIAMACHY limb measurements as de-
scribed below. In this study, version 3.1 of the NO2 retrieval algorithm is used, which
is based on SCIATRAN V2.2. The general retrieval setting for this version is described15

and the retrieval algorithm is presented.
NO2 retrieval as performed by version 3.1 of the retrieval processor works on the

spectral range 420 to 470 nm and makes use of the differential absorption structure of
NO2. Also, O3 is retrieved simultaneously, as it is the other important absorber in this
spectral region, and O4 is included in the forward model. The surface albedo is set to20

a standard value of 0.3. The tangent heights selected cover the range of about 10 to
40 km, while the reference tangent height is about 43 km. The signal-to-noise ratio is
estimated from the spectral residuals. Pressure and temperature information is taken
from the ECMWF database and the NO2 cross section from Bogumil et al. (1999) are
used. A background aerosol scenario from LOWTRAN (Kneizys et al., 2002) is also25

included in the forward model. A climatological data base provided by C.A. McLinden
(personal communications, 2011) is the source of the a priori profiles needed for the
retrieval. While not part of the NO2 retrieval, the SCIAMACHY NO2 product includes
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results from SCODA (SCIAMACHY cloud detection algorithm, Eichmann et al., 2009),
see also von Savigny et al. (2005).

The general retrieval problem can be stated in this form:

y = F (x)+ε, (4)

where F is the non-linear forward model operator, y the data vector, x the state vec-5

tor and ε represents remaining errors. x contains the atmospheric parameters to be
retrieved, e.g. aerosol characteristics or molecular density profiles, like NO2 vertical
profiles. The data vector y contains the spectral information from all spectral points
in the selected range for all used tangent heights and makes use of a technique sim-
ilar to DOAS (Differential optical absorption spectroscopy, Platt, 1994). The reference10

tangent height is used as a background, i.e. the limb radiances are normalized with
respect to the radiance at this tangent height. With this approach, the solar Fraunhofer
structure is mostly eliminated as a problem and the instrument response function has a
much smaller influence, and no absolute calibration is needed. Furthermore, the effect
of the instrument degradation over the years of operation in space upon the retrieval15

results is minimized.
The retrieval problem (Eq. 4) can be approximated as a linear model, as follows:

y =y0+K0(x−x0)+ε. (5)

Here, y0 is the measurement vector corresponding to the a priori profile, x0 its state
vector and K0 is a linear forward model operator. K0 is identified as20

F (x)≈ F (x0)+
δF
δx

∣∣∣∣
x0

(x−x0)= F (x0)+K0(x−x0) (6)

The retrieval process is divided into two steps. One is the pre-processing step, which is
performed to get rid of most spectral features not associated with retrieval parameters.
At this step, measurements at different tangent heights (with the exception of the ref-
erence tangent height) are processed independently. First, a polynomial is subtracted25
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from the logarithms of the measurement spectra at each tangent height and the ref-
erence tangent height, and from the logarithms of the simulated spectra and from the
weighting functions. This is done in order to minimize the influence of broadband in-
strument calibration errors and unknown scattering characteristics of the atmosphere.
Then, a shift and squeeze correction and scaling factors for correction spectra (in this5

implementation ring spectra, undersampling and stray light correction) are obtained.
Correction spectra are also called pseudoabsorbers, see Sioris et al. (2003); Haley
et al. (2004). The measurement data are corrected using the results from the pre-
processing step.

The aim of the second step in the retrieval process is to solve the inverse problem.10

Computing the trace gas amounts from a set of measured spectra is far more difficult
than generating spectra given a known set of trace gases and their absorption features.
The radiative transfer equation describing the relation between radiance measured by
the instrument and atmospheric parameter needs to be inverted.

To achieve this, the following quadratic form needs to be minimized:15 ∥∥∥(y−y0)−K0(x−x0)
∥∥∥2

S−1
ε

+
∥∥∥(x−x0)

∥∥∥2

R
(7)

In this equation, Sε is the measurement error covariance matrix and R the regulariza-
tion matrix. The diagonal elements of Sε are set to the noise level estimates, which
are calculated from the fit residuals at the pre-processing step. As no spectral correla-
tion between noise levels are assumed, the off-diagonal elements are set to zero. The20

regularization matrix R is defined as

R=S−1
a +T. (8)

Here, Sa is the a priori covariance matrix and T the smoothness constraint matrix.
For a particular species (in this approach NO2 and O3), the elements of the a priori
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covariance matrix Sa are defined for altitudes zi and zj as

{Sa}i ,j =σiσj exp

(
−
|zi −zj |

Ic

)
, (9)

where Ic is the correlation length (set to 1.5 km in this approach). σi and σj are the
a priori uncertainties at the altitudes zi and zj , respectively. The a priori uncertainties
are set to 100 % for NO2 and 1000 % for O3, which represents almost non-existent5

regularization of O3 from a priori uncertainty. With the smoothness constraint matrix T
(Rozanov et al., 2011), Tikhonov smoothing is also applied with the smoothing param-
eter for NO2 linearly decreasing with altitude from 10 at 50 km to 1.0 at 10 km, i.e. this
represents stronger smoothing at high altitudes, while the constraints are weaker at
lower altitudes. The smoothing is done to suppress oscillations in the retrieval results10

while avoiding overconstraining at the same time.
A widely used method to solve the inverse retrieval problem (see Eq. 7) is the

optimal estimation with maximum a posteriori information method as described by
Rodgers (2000). In this study, however, the information operator approach (Kozlov,
1983; Hoogen et al., 1999; Doicu et al., 2007) is applied instead. The idea and ad-15

vantage of the information operator approach with respect to the optimal estimation
method is that, in the ideal case, only those parameters are used in the fit process,
which are determined by the measured information. In this approach, the solution is
projected into the space of eigenvectors of the information operator, which is defined
by20

P=R−1KTS−1
ε K. (10)

With the measurement, only an effective state subspace can be accessed, which is
limited by considering only eigenvectors whose eigenvalues are larger than a selected
threshold value. Employing the Gauss-Newton iterative approach to account for the
non-linearity of the inverse problem, the solution at the (i+1)-th iterative step is written25
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as

xi+1 =xi+
Ni∑

k = 1

βi,kψ i,k, (11)

where ψ i,k are the eigenvectors of the information operator, P. The number of eigen-
vectors whose eigenvalues are larger than the selected threshold is represented by Ni
and the expansion coefficients βi,k are given by5

βi,k =
ηi,k

ci,k(1+ηi,k)
ψ T

i,kKT
i S−1

ε

(
y−yi +Ki (xi−x0)

)
. (12)

Here, ηi,k denotes the eigenvalue of the information operator, P, corresponding to the
eigenvector ψ i,k and ci,k is the following scalar product:

ci,k =
〈

KT
i S−1

ε Kiψ i,k|ψ i,k

〉
. (13)

The iterative process is stopped when the maximum difference between the compo-10

nents of the solution vector at two subsequent iterative steps does not exceed 1 %.
Typically, three to five iterations are required to achieve the convergence.

The application of the information operator approach to the retrieval of NO2 verti-
cal profiles from SCIAMACHY limb measurements was previously discussed by Doicu
et al. (2007).15

2.2 Sensitivity of SCIATRAN NO2 limb retrieval

The performance of the current retrieval approach is estimated by using two example
retrievals. As the atmospheric properties are expected to be different at high latitudes
compared with the tropics, one example measurement is at about 77.5◦ N (see Fig. 1)
and the other only slightly north from the equator at 1.5◦ N, see Fig. 2. Both latitudes20
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are taken from the average geolocation and ground pixel coordinates of the limb mea-
surement.

It should be noted that in the tropics, the retrieved NO2 maximum is found at an
altitude of about 33 km with 1.4×109molec cm−3, and at high latitudes, it is about
3.0×109molec cm−3 at about 20 km altitude.5

To illuminate the analysis as displayed in the figures mentioned previously, each
feature is explained in detail. The theoretical precisions describe the total retrieval
error (noise + smoothing errors) and are calculated from the square root of the diagonal
elements of the solution covariance matrix Ŝ, see Rodgers (2000). Ŝ corresponds to
the result of the last iteration in the retrieval process x̂ and is defined as10

Ŝ=
(

K̂TS−1
ε K̂+R

)−1
. (14)

For the tropics, the precisions are worse at lower altitudes than at high latitudes and
show similar values as above.

The measurement response given in the same panels is calculated by summing up
the area below the averaging kernels. It describes the degree of which the measure-15

ments contribute to the retrieved profile. Values close to 1 indicate that the retrieved
profiles are mostly unbiased by a priori information.

Comparing the two examples, the response function is generally close to 1 and starts
to decrease below 20 km in the tropics and 15 km in the high latitudes, i.e. the lowest
altitude unbiased by a priori is lower for the high latitudes. In the tropics, NO2 values are20

low with less than 2.0×108 molec cm−3 below 20 km altitude in the retrieved profile.
The influence by the a priori profile with a measurement response greater than 0.9
below 20 km and close to 1 above is small. The NO2 values in the high latitudes
are above 1.0×109 molec cm−3 between 12 and 15 km, with the lowest measurement
response shown here at 12 km. In this case, the measurement response is lower when25

compared with tropics at this altitude, because the averaging kernels are cut off at
12 km and they contribute more in the high latitudes case.
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The averaging kernels are presented in panel (c). As they are calculated on a 1 km
grid compared to the resolution of about 3.3 km of the instrument, highest expected
values are between 0.3 and 0.4. At about 43 km, averaging kernels are expected to
be negative as this is the reference tangent height used for retrieval. This is best seen
in Fig. 2. The vertical resolution of the retrieval can be estimated from the width of5

the averaging kernels which, however, is difficult to quantify. The Backus and Gilbert
approach (Backus and Gilbert, 1970, used e.g. in Haley et al., 2004) helps with the
definition of a characteristic called spread, calculated with:

s(z)=12

∫
(z−z′)2A2(z,z′)dz′[∫

|A(z,z′)|dz′
]2 (15)

The altitude is given as z and A denotes the averaging kernel matrix. As expected,10

the spread profiles show the best vertical resolution near the measurement tangent
heights.

In the tropics, the spread shows favorable values between 37 and 25 km with values
between 2 and less than 6 km. At high latitudes, this range covers 37 to 15 km. Below
this 15 km (25 km in the tropics), the low signals resulting from a combination of small15

NO2 values and an increasing optical path along the line-of-sight lead to a reduced
vertical resolution.

Although these are arbitrary examples, the NO2 maximum is seen at higher altitudes
closer to the equator. In most cases, the altitude range sensitive to NO2 matches the
respective altitudes ranges covered by the occultation instruments used for validation20

in a reasonable way.

2.3 Photochemical correction of NO2 for validation

NO2 is a photochemically active species and has a pronounced diurnal variation. This
causes difficulties for validation efforts, as two measurements performed at different
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local times cannot be compared easily. For the validation of vertical NO2 profiles, one
of these two profiles has to be photochemically corrected with respect to the other one.

To perform this correction, the photochemical box model developed at the University
of California, Irvine (Prather, 1992; McLinden et al., 2000) is used to create look-up
tables. For three days in a month (1st, 11th and 21st day), on a latitude grid of 2.5◦

5

and for an altitude range from 8 to 56 km (step size 2 km, pressure altitudes), complete
diurnal circles of NO2 are stored.

From the NO2 profiles at the geolocations and times of both measurements, scal-
ing factors can be calculated. In some cases, no matching SZA can be found in the
precalculated data. If this happens, the collocation pair is not used for validation. After10

applying the collocation criteria described later in Sect. 3.1, less than 10 % collocations
are discarded due to this problem. For ACE-FTS, this is seen more often, which can
be explained with a different orbit resulting in more situations where this seems to be a
problem.

The scaling factors are then applied to NO2 profiles from the occultation instruments15

(ACE-FTS, SAGE II or HALOE) and the photochemically corrected NO2 profiles are
compared with the matching SCIAMACHY NO2 profiles.

As discussed by Bracher et al. (2005), the uncertainty of the photochemical correc-
tion is estimated to be about 20 %. In this work, however, a look-up-table is used for
photochemical corrections instead of full model runs, which might introduce an addi-20

tional error source. The difference between using full model runs and the look-up-table
from the same model is estimated to be less than 10 % above 20 km and can exceed
50 % below this altitude.

2.4 Error discussion

NO2 retrieval results are influenced by an array of different error sources, and it is im-25

portant to quantify these in order to decide whether a difference between SCIAMACHY
and different satellites is within expectations or not. Generally, retrieval errors con-
tain the smoothing error, the model parameter error, the forward model error and the
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retrieval noise. Of these errors, the smoothing error is of less importance here, as
it originates from the finite resolution of the instrument with respect to the true state.
We do not know the true state and perform comparisons with measurements from real
instruments instead, which are also always subject to smoothing errors depending on
their resolution. The NO2 products discussed here show reasonably similar vertical5

resolutions in the range of 2 to 4 km (see Sect. 3.2).
For each SCIAMACHY NO2 limb profile, theoretical precisions are provided, as de-

scribed in Sect. 2.2. They are below 10 % for altitudes between 25 km and 35 km and
below 15 % for altitudes between 22 and 42 km (tropics) or 16 and 42 km (high lati-
tudes).10

Errors in the temperature and pressure profiles have an insignificant influence on
SCIATRAN NO22 retrieval results in limb mode (less than 5 %) above 20 km as dis-
cussed in Rozanov et al. (2005), as accurate ECMWF data are used in the retrieval
process.

The influence of aerosols on NO2 limb retrieval results for SCIAMACHY is estimated15

by using synthetic retrievals. The retrieval examples shown in Figs. 1 and 2 are used
for a forward simulation perturbed with two volcanic scenarios for the stratosphere
from LOWTRAN (Kneizys et al. (2002), aged aerosols from moderate volcanic activity
and fresh aerosols from high volcanic activity) and a scenario with no aerosols in the
forward model, all seen in Fig. 3. Above 22 to 25 km, the influence of aerosols is small20

(less or about 5 %) for all investigated scenarios and is considered larger below this
altitude. For the tropical scenario, the relative errors at low altitudes should be read
with care, as very low NO2 values overemphasize the relative error. Because of a low
volcanic activity during the time period considered in this paper, the typical influence of
the stratospheric aerosol on the retrieval results is expected to be low.25

Pointing errors (i.e. uncertainties in the tangent point altitudes given for the mea-
surements of SCIAMACHY) are estimated to be below 200 m in SCIAMACHY Level 1
data version 6.03 (von Savigny et al., 2009). It is worth mentioning that version 6.03
introduced improvements in pointing accuracy with respect to previous versions, as
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discussed in von Savigny et al. (2007). Simulations were done shifting the measure-
ment tangent heights by ±200. Then, the retrievals were done assuming no pointing
shift, see Fig. 4. For the high latitudes, the relative deviation of the perturbed scenario
with respect to the scenario without a change in altitude does not exceed 5 %. In the
tropics, the relative difference is below 12 % above 22 km and exceeds 50 % at 15 km,5

as the absolute NO2 values are very low at these altitudes.
To estimate the influence of cloud contamination on NO2 profiles, a series of syn-

thetic retrievals is performed for clouds of different altitudes, geometrical thickness,
optical thickness τ, different SZA, and for both water and ice clouds. These were sim-
ulated in the SCIATRAN forward model. Figure 5 shows the influence of the water10

clouds with different geometrical and optical thickness on the retrieval results at a SZA
of 35◦. In this case, the relative difference above 25 km is smaller than 6 %. The re-
sults for ice clouds are almost identical for this SZA and, hence, not shown here. A
maximum relative difference of about 6 % above 17 km is found for a SZA of 70◦ for
both water (Fig. 6) and ice clouds (Fig. 7). It should be noted that a cloud with a top15

altitude of 15 km is not very likely to be found at high latitudes. For the investigation at
lower altitudes or to avoid clouds of higher altitudes (PSCs, NLCs), the SCIAMACHY
NO2 product includes results from SCODA, as mentioned in Sect. 2.1. We applied this
method for cloud masking on the results in this paper for testing purposes. However,
while about two thirds of all collocations are sorted out, the results do not show any20

significant difference or improvement. To keep the collocations and as altitudes below
20 km are already difficult to analyze due to other errors described here, it was decided
not to apply cloud masking here.

The diurnal variation of NO2 also affects the retrieval results directly. This problem
is not solved with the photochemical corrections applied here and will be referred to25

as the diurnal effect error, see McLinden et al. (2006). It is related to the changing
SZA along the line of sight for a limb or occultation measurement that is not accounted
for in the retrieval. The high gradient of NO2 during sunrise and sunset introduces
significant errors. This error has a similar order of magnitude at high SZAs close to
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90◦ for SCIAMACHY NO2 as for occultation instruments. In the tropics, this error is
expected to be small for SCIAMACHY, since the measurements are taken with smaller
SZAs resulting in a less rapid change in NO2 in the line of sight. When estimating
the influence of the diurnal effect on the comparison results in this study, we always
assume the effect to be small for SCIAMACHY retrievals, which is strictly true only for5

not too large SZAs.
Precalculated synthetic retrievals from occultation instruments on a 2.5◦-latitude grid

with the diurnal effect considered in the forward model xsim.w. and without the diur-
nal effect in the forward model xsim. are used to estimate the diurnal effect error for
individual occultation measurements:10

εdiurnal =
xsim.w.−xsim.

xsim.
(16)

The results from these calculations are discussed in Sect. 3.3.

3 Validation of NO2

All NO2 data products used for validation described in this work are retrieved from
solar occultation measurements. While HALOE (Halogen Occultation Experiment) and15

SAGE II (Stratospheric Aerosol Gas Experiment) ceased operations in 2005, the newer
instrument ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform Spec-
trometer) continues to deliver measurements as of 2011. If available, number densities
are taken directly from the data sets (SAGE II) or converted from volume mixing ra-
tios using the pressure and temperature profiles provided in these data sets (HALOE,20

ACE-FTS).

3.1 Collocation criteria for validation

Allowed pairs of measurements for validation were chosen to have a maximum spa-
tial difference of 500 km and a maximum time difference of 8 h. In addition, tropopause
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heights at geolocations of both measurements are required to differ not more than 2 km,
unless both are below 10 km. The tropopause heights are calculated from ECMWF
pressure and temperature profiles using the method from Hoinka (1998) and provided
for a 1.5◦×1.5◦ grid (Felix Ebojie, personal communication, 2010), from which the
nearest neighbor is selected. To avoid comparisons of profiles at different vortex con-5

ditions, the potential vorticity at the isentropic level of 475 K is analyzed in the same
way as described by Bracher et al. (2004). The potential vorticities are calculated from
the UKMO (United Kingdom Meteorological Office) assimilated meteorological data set
(with a grid of 3.75◦×2.5◦) with the method described in Sonkaew (2010). The colloca-
tions are used for validation if the potential vorticity for both measurements is similar,10

i.e. either below −40 PVU, or above 40 PVU or in the range from −30 to 30 PVU. These
criteria can be applied automatically, which allows numerous comparisons.

3.2 Satellite instruments used for validation

The Stratospheric Aerosol Gas Experiment (SAGE II) instrument (Chu et al., 1989)
was on board the Earth Radiation Budget Satellite (ERBS) launched in 1984. As the15

ERBS had a very long operational time (21 yr), there is a long overlap of several years
with SCIAMACHY from 2002 to 2005. With SAGE II, aerosols, ozone, NO2, and water
vapour were measured. For SAGE II NO2, the vertical resolution is about 2 km (Gordley
et al., 1996), the field of view of the instrument is 0.5 km. SAGE II Version 6.2 data
products are used in this study.20

Errors for SAGE II are less than 10 % to 5 % from data sets for altitudes between
25 km for up to 35 km for most measurements. Below 25 km, errors can reach values of
about 50 % at 20 km and exceed 10 % above 35 km. These values include altitude un-
certainty, profile temperature errors which affect the removal of the Rayleigh-scattered
contributions, errors from the removal of ozone and aerosol contributions, and mea-25

surement errors, see Cunnold et al. (1991).
Launched on 12 September 1991, the UARS satellite (Upper Atmosphere Research

Satellite) carried several instruments for the investigation of the Earth’s atmosphere.
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One of its ten instruments is the Halogen Occultation Experiment (HALOE, Russell III
et al., 1993; Russel III and Remsberg, 2010). HALOE was intended to perform solar
occultation measurements of ozone (O3), hydrogen chloride (HCl), hydrogen fluoride
(HF), methane (CH4), water vapour (H2O), NO, NO2 (Gordley et al., 1996) and aerosol
extinction at 4 infrared wavelengths. Additionally, pressure and temperature vertical5

profiles were also retrieved. The satellite has been deactivated in December 2005.
In this study, HALOE Version 19 data which have been screened for cirrus clouds

are used for validation (Hervig and McHugh, 1999). A correction for the diurnal effect
is also applied. The vertical resolution of NO2 data is 2 km. The data include random
noise error plus aerosol induced error as uncertainties, as discussed in Gordley et al.10

(1996), along with an estimated total error not including aerosol related errors. For
HALOE, this total error is smaller than 10 % between 25 km and 35 km, smaller than
20 % between 25 and 40 km and is larger than 40 % below 20 km.

One of the instruments of SCISAT-1, a Canadian satellite launched in August
2003, is ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform Spectrome-15

ter, Walker et al., 2005; Bernath et al., 2005). Still operational as of 2011, ACE-FTS
allows a validation of more recent results compared to SAGE II and HALOE. Including
NO2 and O3, the ACE-FTS instrument is able to perform measurements on a large va-
riety of atmospheric species. The vertical resolution of the measurements is 3 to 4 km
based on the field of view of ACE-FTS (1.25 mrad).20

In this study, ACE-FTS Level 2 version 2.2 data products are used, see Boone et al.
(2005) for the retrieval method. The uncertainties given are the statistical fitting errors
from the least-squares process with a normal distribution of errors assumed (Kerzen-
macher et al., 2008). These errors are given as less than 5 % in the altitude range
used for analysis (20 to 40 km), while the errors are higher than 10 % below 20 km and25

exceed 40 % at 15 km.
However, because of the different calculation methods and included error sources,

the uncertainty values are not easily comparable.
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3.3 Validation results

The validation results are shown as averaged profiles (for SCIATRAN profiles and the
respective photochemically corrected profile) with standard deviations. Also, for each
altitude h the relative difference RD is displayed for each case, defined as:

RD(h)=
xSCIA(h)−xVal(h)

(xSCIA(h)+xVal(h))×0.5
, (17)5

with xSCIA as SCIAMACHY NO2 number densities and xVal as number densities from
the respective validation source. The profiles are normalized with respect to the aver-
age of the mean SCIAMACHY NO2 profile xSCIA and the mean profile from the valida-
tion source xVal. This definition avoids the problem of overemphasized relative devia-
tions, if one of the profiles selected for normalization is very small.10

In Fig. 8, a comparison for the profiles in 2003 is given for SAGE II and SCIA-
MACHY with 1101 comparisons, after all collocation criteria are applied as mentioned
in Sect. 3.1. Of these 1101 cases, 560 SAGE II measurements were performed during
sunset and 541 during sunrise. In the upper panel, the black line denotes averaged
NO2 values for SCIAMACHY retrieval results with the standard deviations shown as15

black dashed lines on both sides of this profile. Averaged photochemically corrected
NO2 profiles from the reference data set (SAGE II in this Figure) are shown as a solid
red profile, the corresponding standard deviations can be seen as red dashed lines.
The lower panel shows relative differences (see Eq. 17) with a red solid line, and the
relative difference with its standard deviation subtracted and added as a dashed red20

line. A grey vertical solid line marks the relative difference 0 as reference. For alti-
tudes above 20 km, the relative difference is typically less than or about 10 %, which
is a good agreement between the two instruments. From the studies in Bracher et al.
(2005), SAGE II 6.2 NO2 profiles are expected to be higher than SCIAMACHY, which
agrees with the results here, as SCIAMACHY results are smaller than SAGE II values25

at altitudes lower than 30 km.
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In comparison, for 2004 with 1237 collocated pairs (544 sunset, 693 sunrise
SAGE II), the mutual agreement is better than 10 % for all altitudes above 18 km, see
Fig. 9. From SAGE II comparisons alone, the overall agreement looks very good in
both years. There is also data available for the years 2002 and 2005, but only for the
last four months (2002) or the first half of the year (2005). Thus, seasonal differences5

might dominate in these comparisons.
To investigate regional differences, comparisons from 2003 and 2004 are merged

and averaged for three latitude ranges. The regions are the northern high latitudes
(90◦ N to 60◦ N), mid latitudes (60◦ N to 30◦ N) and tropics (30◦ N to 30◦ S), see Fig. 10.
From these three scenarios, the agreement is best at high latitudes, with less than10

10 % mean relative difference between 20 km and 36 km. As mentioned earlier, higher
SAGE II NO2 values conform to previous studies. In mid latitudes, relative differences
are higher and an agreement better than 10 % is only achieved at altitudes above
23 km. In absolute values, the agreement is better since the NO2 profiles in this lati-
tude region are smaller compared to Northern latitudes on average. For tropical val-15

ues, the averaged photochemically corrected SAGE II results are lower than averaged
SCIAMACHY values, and the agreement is only better than 10 % above 25 km. This
can partly be explained by the low NO2 values in the tropics scenario, which results in
overemphasized relative differences, especially at lower altitudes. Also, the uncertainty
of the photochemical correction increases from high latitudes to tropics.20

An important error source is the diurnal effect error. NO2 concentrations are always
underestimated if the diurnal effect is not considered. Since it is known to vary de-
pending on latitude and season (Brohede et al., 2007), an individual error estimation
is calculated for each collocation pair. In Fig. 11 panel (a), mean values for the relative
diurnal effect error are calculated for the latitudinal zones and profiles in Fig. 10. The25

error is calculated using Eq. (16). The diurnal effect error is lower for the high latitude
case, where the agreement is also considered best.

To estimate the influence that this error has on retrieved NO2 profiles, it is added
to the averaged photochemically corrected SAGE II NO2 profiles in panels (b) and (d)
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of Fig. 11. Each photochemically corrected profile is compensated with the matching
estimated diurnal effect error. This is not done for high latitudes, as the SCIAMACHY
profiles with high SZA are also expected to be influenced by the diurnal effect error in
a similar order of magnitude. Although the agreement is improved for the mid latitudes
for altitudes below 25 km, it worsens for the tropics in this case for all altitudes. Panels5

(c) and (e) show the relative differences after scaling with the relative diurnal effect
error.

Similar to SAGE II, available data allow a comparison of the years 2003 and 2004 for
HALOE. For 2003, a total of 895 comparisons are performed, of which 285 are done
during HALOE sunset and 610 during sunrise. The relative differences (see Fig. 12)10

are similar in magnitude compared to SAGE II, with a difference of up to 10 % for alti-
tudes higher than 20 km and rises up to 45 % for altitudes of 15 km. In absolute num-
bers (number densities, see upper panel), the averaged and photochemically corrected
HALOE profiles are higher than for SCIAMACHY around the profile maximum (∼28 km)
and lower below 20 km. For 2004 (see Fig. 13), a high number of 1632 comparisons15

(618 at HALOE sunset and 1014 at sunrise) is investigated with similar numbers as for
2003. The difference at altitudes below 22 km is higher and exceeds 50 %. Above this
altitude, the agreement is still better than 10 %.

Different latitude regions are investigated in Fig. 14 with the same approach as for
SAGE II. Comparisons from the years 2003 and 2004 are used and three latitude re-20

gions are investigated, i.e. the high latitudes (60◦ N to 90◦ N), middle latitudes (30◦ N
to 60◦ N) and tropics (30◦ S to 30◦ N). For high latitudes, the agreement is better than
10 % for altitudes above 21 km with a larger difference below this altitude. The colloca-
tion pairs feature lower absolute values in the other two regions and larger differences
as compared to high latitudes. Although the difference between the averaged pro-25

files in absolute numbers is not larger than that for high latitudes, lower NO2 values at
low altitudes inflate the values for relative comparisons. Contrary to SAGE II, it is the
SCIAMACHY retrieval that features higher NO2 for HALOE, at least for altitudes below
20 km. Because HALOE NO2 retrieval applies a correction for the diurnal effect error,
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it is not discussed here.
The third instrument to be investigated is ACE-FTS. Because of the mission time,

the years 2004 and 2005 are chosen for investigation. Validation results for 2004 are
seen in Fig. 15. The agreement for ACE-FTS is better than 10 % for an altitude range
of about 25 to 40 km. A large number of profiles in 2004 (525 collocations, 304 at5

ACE-FTS sunset, 221 at sunrise) is used for this comparison, and even more (1143
collocations, 513 at sunset, 630 at sunrise) for the year 2005 (see Fig. 16). The aver-
aged NO2 profile from photochemically corrected ACE-FTS data features a maximum
that is slightly lower in altitude compared to the averaged SCIAMACHY NO2 retrievals,
and similar values (up to 10 % lower) above this maximum but higher NO2 values (up10

to 40 %) than SCIAMACHY below this maximum. In Kerzenmacher et al. (2008), ACE-
FTS NO2 has been validated with a set of different instruments including SCIAMACHY
sun occultation retrieval results, with an agreement better than 20 % (VMR values,
wide range of different instruments including HALOE, SAGE II, SAGE III and SCIA-
MACHY sun occultation measurements, and using a similar chemical box model for15

photochemical correction).
As above, three latitude regions are selected, the same as for SAGE II and HALOE,

see Fig. 17. We averaged collocations from 2004 and 2005. Unfortunately, after ap-
plying collocation criteria, the number of usable profile pairs outside the high latitudes
is noticeably small. The reason for this is that ACE-FTS performs 50 % of its measure-20

ments in the polar regions (south of 60◦ S and north of 60◦ N), resulting in a lower num-
ber of collocations in the tropics. While the agreement is worse in the tropics compared
to the two other regions, only 117 profiles from two years are available for averaging.
Similar to SAGE II, the diurnal effect error is investigated, see Fig. 18, panel (a).

With the same method used for SAGE II, the possible influence from the diurnal25

effect for middle latitudes (panel b) and tropics (panel e) is investigated by adding the
estimated diurnal effect error to averaged ACE-FTS profiles from Fig. 17. Although the
agreement becomes worse above 25 km, it is considerably improved below this altitude
for both tropics and middle latitudes.
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Summing up the results from the three instruments, the agreement is considered
best at high latitudes and all three instruments show a comparable agreement with
SCIAMACHY, although distinct features are seen. Higher NO2 values at lower altitudes
are one of the reasons for the better agreement at the high latitude cases. Additionally,
the SCIAMACHY measurements at high latitudes feature higher SZAs (about 70◦ to5

slightly below 90◦) compared to measurements in the tropics, where an SZA of 30◦ is
common. Thus, for the high latitudes, smaller photochemical corrections are required
depending on altitude. NO2 concentrations change rapidly at daybreak and change
a lot less during the day at most investigated altitudes here. Still, the photochemical
correction method can not be excluded as a significant error source. Due to this, the10

altitude range of the three occultation instruments varies and the number of averaged
profiles is also smaller at low altitudes. For example, 572 HALOE profiles are averaged
at most altitudes in the tropics. This number goes down to 563 at 18 km and decreases
further to only 492 valid profiles at 15 km. However, these numbers are still reasonably
high. It is worth mentioning that the profiles were not smoothed, i.e. differences in15

resolution have not been accounted for. Also, estimating the change of including the
diurnal effect error in photochemically corrected profiles results in improvements in 3 of
4 cases for SAGE II and ACE-FTS for altitudes below 25 km, where the diurnal effect
error shows the highest values.

For these three validation sets, the mean relative deviation (MRD) is calculated in20

the altitude region 20 to 40 km, see Table 1. MRD values where diurnal scaling has
been applied were available. Because this only improves the agreement below 25 km
(with one exception), these MRD values for 20 to 40 km are not smaller than without
diurnal scaling. 727 to 1767 collocations are taken into account for each year and
instrument for the whole globe and for all seasons. The MRD values can be very25

different from year to year in this data set for the same instrument. In this comparison,
SAGE II NO2 is high compared to that of SCIAMACHY in 2003 (2 % to −14 %, on
average −4 %), but lower in 2004 (8 % to −9 %, on average 1 %). In Bracher et al.
(2005), SAGE II NO2 values were found to be high in comparison to SCIAMACHY with
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MRD of −10 % to −35 % between 20 and 38 km. However, these values apply only to
a subset of measurements with an SZA range of 60 to 70◦, only sunset measurements
and only for the year 2003. If we limit the collocations for the SAGE II comparisons by
applying similar restrictions, i.e. only altitudes of 20 to 40 km, the same SZA range and
no sunrise measurements, the MRD values lie between −7 % and −30 %, on average5

−17 %. If the MRD are normalized in the same way as in Bracher et al. (2005), the MRD
values lie between −8 % and −39 %, which agree very well with the known results.

4 Conclusions

This work gives an overview of the performance and sensitivity of SCIAMACHY NO2
limb retrieval focusing mainly on a range of occultation instruments (SAGE II, HALOE,10

ACE-FTS).To address the problem of high diurnal variability of NO2, photochemical
corrections are applied. The diurnal effect error that originates from changing SZA
along the line of sight for individual measurements is also discussed. The results are
summarized in Table 1.

For this work, thousands of profile pairs are investigated after applying collocation15

criteria, using data from two years and over the whole globe for each instrument. As
regards the three occultation instruments used for validation, SAGE II has a mean
relative difference of less than 10 % with SCIAMACHY for altitudes above 22 km in
both years (2003 and 2004). For HALOE, the agreement is likewise good (mean rel.
difference less than 10 % between 22 and 40 km for both years), with higher differences20

at low altitudes. For ACE-FTS, the mean relative difference is less than 10 % above
24 km in 2004, above 23 km in 2005, and below 40 km (for both years).

Due to the different operation times of the instruments, the years 2004 and 2005
are investigated for ACE-FTS, while SAGE II and HALOE analysis is done for 2003
and 2004. Altitudes below 20 km are seen with higher differences than 10 % for all25

instruments. However, the error discussion shows that uncertainties from different
sources including aerosols and clouds can have a significant impact below this altitude.

4775

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/4753/2011/amtd-4-4753-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/4753/2011/amtd-4-4753-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 4753–4800, 2011

Validation of
SCIAMACHY limb

NO2 profiles

R. Bauer 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
|

Retrieval and validation of NO2 in limb mode at 15 km and below is a challenge that
is beyond the scope of this work, but is expected to provide interesting insights in the
composition and sources of atmospheric pollution.

The data basis allowed us a closer look at different latitudinal regions. For high
latitudes (90◦ N to 60◦ N) and middle latitudes (60◦ N to 30◦ N), the agreement is better5

than in the tropics (30◦ N to 30◦ S) for all instruments used for validation. Possible
reasons for this are most likely the diurnal effect error, low NO2 values, and small SZAs
for SCIAMACHY, among others, which may result in a less accurate photochemical
correction.

To conclude, this work is expected to contribute to investigations of NO2 amounts10

and emissions for which validated long-term data sets are of great importance.
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and Goede, A.: SCIAMACHY: Mission objectives and measurement modes, J. Atmos. Sci.,
56, 127–150, 1999. 4755, 4756

Bracher, A., Weber, M., Bramstedt, K., Tellmann, S., and Burrows, J. P.: Long-term global
measurements of ozone profiles by GOME validated with SAGE II considering atmospheric
dynamics, J. Geophys. Res., 109, D20308, doi:10.1029/2004JD004677, 2004. 476820

Bracher, A., Sinnhuber, M., Rozanov, A., and Burrows, J. P.: Using a photochemical model for
the validation of NO2 satellite measurements at different solar zenith angles, Atmos. Chem.
Phys., 5, 393–408, doi:10.5194/acp-5-393-2005, 2005. 4764, 4770, 4774, 4775

Brohede, S., Haley, C., McLinden, C., Sioris, C., Murtagh, D., Petelina, S. V., Llewellyn, E.
J., Bazureau, A., Goutail, F., Randall, C., Lumpe, J. D., Taha, G., Thomasson, L. W., and25

Gordley, L. L.: Validation of Odin/OSIRIS stratospheric NO2 profiles, J. Geophys. Res., 112,
D07310, doi:10.1029/2006JD007586, 2007. 4771
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Table 1. Mean relative deviations (MRD) for all comparisons and an altitude range from 20 to
40 km. MRD values with diurnal scaling are given for available latitude bins.

instrument year latitudes SZA N MRD (20 km to 40 km) MRD w. diurn. scal.

SAGE II 2003 all 22.7–89.7 560(SS) & 541(SR) −4 % (2 % to −14 %)
2004 all 23.2–87.2 544(SS) & 693(SR) 1 % (8 % to −9 %)

03 & 04 90◦ N to 60◦ N 39.1–87.3 581 −10 % (−3 % to −37 %)
03 & 04 60◦ N to 30◦ N 22.7–76.8 507 −2 % (8 % to −17 %) 2 % (9 % to −17 %)
03 & 04 30◦ N to 30◦ S 22.8–62.3 497 14 % (24 % to 4 %) 22 % (45 % to 11 %)

HALOE 2003 all 22.3–88.8 285(SS) & 610(SR) 2 % (6 % to −7 %)
2004 all 22.1–89.7 618 (SS) & 1014 (SR) 2 % (16 % to −5 %)

03 & 04 90◦ N to 60◦ N 40.4–87.7 574 −4 % (12 % to −20 %)
03 & 04 60◦ N to 30◦ N 22.1–75.9 549 7 % (33 % to −5 %)
03 & 04 30◦ N to 30◦ S 22.2–64.4 572 15 % (35 % to 3 %)

ACE-FTS 2004 all 26.4–89.2 304 (SS) & 221(SR) −4 % (7 % to −26 %)
2005 all 25.1–89.7 513 (SS) & 630 (SR) −1 % (11 % to −29 %)

04 & 05 90◦ N to 60◦ N 39.9–89.8 949 −1 % (7 % to −17 %)
04 & 05 60◦ N to 30◦ N 26.7–85.3 185 5 % (13 % to −11 %) 8 % (16 % to −3 %)
04 & 05 30◦ N to 30◦ S 25.1–56.3 117 −2 % (15 % to −42 %) 5 % (20 % to −25 %)
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12 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 1. An example retrieval at about 77.5◦ N is analyzed to study the sensitivity. The retrieved NO2 profile is shown in panel (a). Panel
(b) shows the theoretical precision (black), as well as the measurement response (blue). Panel (c) displays the respective averaging kernels,
color coded for altitude levels. Panel (d) shows the spread of the averaging kernels.

Fig. 2. Similar to Fig. 2, a retrieved NO2 profile is analyzed. However, this example is obtained at 1.45◦ N. Panel (a) shows the NO2 profile
retrieved with SCIATRAN, panel (b) theoretical precision (black) and measurement response (blue), panel (c) averaging kernels and panel
(d) spread.

Fig. 1. An example retrieval at about 77.5◦ N is analyzed to study the sensitivity. The retrieved
NO2 profile is shown in panel (a). Panel (b) shows the theoretical precision (black), as well as
the measurement response (blue). Panel (c) displays the respective averaging kernels, color
coded for altitude levels. Panel (d) shows the spread of the averaging kernels.
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12 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 1. An example retrieval at about 77.5◦ N is analyzed to study the sensitivity. The retrieved NO2 profile is shown in panel (a). Panel
(b) shows the theoretical precision (black), as well as the measurement response (blue). Panel (c) displays the respective averaging kernels,
color coded for altitude levels. Panel (d) shows the spread of the averaging kernels.

Fig. 2. Similar to Fig. 2, a retrieved NO2 profile is analyzed. However, this example is obtained at 1.45◦ N. Panel (a) shows the NO2 profile
retrieved with SCIATRAN, panel (b) theoretical precision (black) and measurement response (blue), panel (c) averaging kernels and panel
(d) spread.

Fig. 2. Similar to Fig. 2, a retrieved NO2 profile is analyzed. However, this example is obtained
at 1.45◦ N. Panel (a) shows the NO2 profile retrieved with SCIATRAN, panel (b) theoretical
precision (black) and measurement response (blue), panel (c) averaging kernels and panel (d)
spread.
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 13

High latitudes scenario
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Tropics scenario
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Fig. 3. Influence of the stratospheric aerosols on the retrieved NO2 profiles. Left panels show NO2 profiles retrieved for different aerosol
loadings at high latitudes (upper panels) and in the tropics (lower panels). Right panels show corresponding relative deviations.

Fig. 3. Influence of the stratospheric aerosols on the retrieved NO2 profiles. Left panels show
NO2 profiles retrieved for different aerosol loadings at high latitudes (upper panels) and in the
tropics (lower panels). Right panels show corresponding relative deviations.
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14 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

High latitudes scenario
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Tropics scenario
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Fig. 4. Influence of the pointing errors on the retrieval results for high latitudes (upper panels) and tropics (lower panels). Left panels show
the retrieved profiles for shifted ±200 m and unperturbed tangent heights. Right panels show the corresponding relative deviations.

Fig. 4. Influence of the pointing errors on the retrieval results for high latitudes (upper panels)
and tropics (lower panels). Left panels show the retrieved profiles for shifted ±200 m and
unperturbed tangent heights. Right panels show the corresponding relative deviations.
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 15

Tropics, water clouds with τ=1
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Tropics, water clouds with τ=20
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Fig. 5. Influence of water clouds with an optical thickness of 1 (upper panels) and 20 (lower panels) on the retrieved results for the tropics
(SZA = 35◦). Left panels show the NO2 profiles retrieved for different clouds. Right panels show corresponding relative deviations.

Fig. 5. Influence of water clouds with an optical thickness of 1 (upper panels) and 20 (lower
panels) on the retrieved results for the tropics (SZA=35◦). Left panels show the NO2 profiles
retrieved for different clouds. Right panels show corresponding relative deviations.
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16 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

High latitudes, water clouds with τ=1
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High latitudes, water clouds with τ=20
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Fig. 6. Same as Fig. 5, but for high latitudes (SZA = 70◦), North Hemisphere.Fig. 6. Same as Fig. 5, but for high latitudes (SZA=70◦), North Hemisphere.
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 17

High latitudes, ice clouds with τ=1

0 7.0•108 1.4•109 2.1•109 2.8•109 3.5•109

NO2 concentration [molecules/cm3]

15

20

25

30

35

40

45

al
tit

ud
e 

[k
m

]

cloud 7−10km
cloud 10−12km
cloud 12−15km

no clouds

τ=1, relative difference

−0.8 −0.4 0.0 0.4
rel. difference

15

20

25

30

35

40

45

al
tit

ud
e 

[k
m

]

High latitudes, ice clouds with τ=20
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Fig. 7. Same as Fig. 6, but for ice clouds.Fig. 7. Same as Fig. 6, but for ice clouds.

4789

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/4753/2011/amtd-4-4753-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/4753/2011/amtd-4-4753-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 4753–4800, 2011

Validation of
SCIAMACHY limb

NO2 profiles

R. Bauer 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
|

18 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 8. The upper panel shows averaged photochemically corrected
NO2 profiles from SAGE II and collocated NO2 profiles retrieved
from SCIAMACHY in the year 2003. The lower panel shows rela-
tive differences for the same set of profiles.

Fig. 9. Same as Figure 8, but for 2004 data.

Fig. 8. The upper panel shows averaged photochemically corrected NO2 profiles from SAGE II
and collocated NO2 profiles retrieved from SCIAMACHY in the year 2003. The lower panel
shows relative differences for the same set of profiles.
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18 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 8. The upper panel shows averaged photochemically corrected
NO2 profiles from SAGE II and collocated NO2 profiles retrieved
from SCIAMACHY in the year 2003. The lower panel shows rela-
tive differences for the same set of profiles.

Fig. 9. Same as Figure 8, but for 2004 data.Fig. 9. Same as Fig. 8, but for 2004 data.
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 19

Fig. 10. From the SAGE II collocation pairs for 2003 and 2004, subsets for different latitude ranges are investigated. Panels (a) and (b) are
restricted to northern latitudes (60◦ N to 90 ◦ N), panels (c) and (d) are from the range of 30◦ N to 60◦ N, while panels (e) and (f) show
results from the tropics (30◦ N to 30◦ S).

Fig. 10. From the SAGE II collocation pairs for 2003 and 2004, subsets for different latitude
ranges are investigated. Panels (a) and (b) are restricted to northern latitudes (60◦ N to 90 ◦ N),
panels (c) and (d) are from the range of 30◦ N to 60◦ N, while panels (e) and (f) show results
from the tropics (30◦ N to 30◦ S).
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20 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 11. (a) Relative diurnal effect errors for the SAGE II mean profiles shown in Figure 10. A model was used to estimate the diurnal
effect error for each SAGE II occultation. These represent the mean errors over the latitude bin. The influence of this error on the agreement
between the SAGE II and SCIAMACHY is estimated in panels (b) and (c) for middle latitudes and (d) and (e) for tropics. The averaged
NO2 profiles from Fig. 10 are displayed as black (SCIAMACHY) and red solid (SAGE II) lines. The diurnally scaled mean SAGE II profile
determined by removing the error from panel (a) is shown as red dashed line (slash-dotted for tropics). The relative difference of the mean
photochemically corrected and scaled SAGE II profiles with respect to SCIAMACHY are shown in panels (c) and (e); solid green line means
without consideration of the diurnal effect and dashed line (slash-dotted for tropics) means with consideration of the diurnal effect.

Fig. 11. (a) Relative diurnal effect errors for the SAGE II mean profiles shown in Fig. 10. A
model was used to estimate the diurnal effect error for each SAGE II occultation. These repre-
sent the mean errors over the latitude bin. The influence of this error on the agreement between
the SAGE II and SCIAMACHY is estimated in panels (b) and (c) for middle latitudes and (d) and
(e) for tropics. The averaged NO2 profiles from Fig. 10 are displayed as black (SCIAMACHY)
and red solid (SAGE II) lines. The diurnally scaled mean SAGE II profile determined by remov-
ing the error from panel (a) is shown as red dashed line (slash-dotted for tropics). The relative
difference of the mean photochemically corrected and scaled SAGE II profiles with respect to
SCIAMACHY are shown in panels (c) and (e); solid green line means without consideration
of the diurnal effect and dashed line (slash-dotted for tropics) means with consideration of the
diurnal effect.
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 21

Fig. 12. For the year 2003, comparisons of HALOE NO2 re-
sults to SCIAMACHY are shown as averaged number density pro-
files (number densities, upper panel) and relative deviations (lower
panel)

Fig. 13. Same as Fig. 12, but for 2004 data.

Fig. 12. For the year 2003, comparisons of HALOE NO2 results to SCIAMACHY are shown
as averaged number density profiles (number densities, upper panel) and relative deviations
(lower panel).
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 21

Fig. 12. For the year 2003, comparisons of HALOE NO2 re-
sults to SCIAMACHY are shown as averaged number density pro-
files (number densities, upper panel) and relative deviations (lower
panel)

Fig. 13. Same as Fig. 12, but for 2004 data.
Fig. 13. Same as Fig. 12, but for 2004 data.
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22 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 14. Three different regions are analyzed for collocations with HALOE for the years 2003 and 2004. Panels (a) and (b): northern latitudes
(60◦ N to 90◦ N), panels (c) and (d): mid latitudes (30◦ N to 60◦ N), panels (e) and (f): tropics (30 ◦ N to 30◦ S).

Fig. 14. Three different regions are analyzed for collocations with HALOE for the years 2003
and 2004. Panels (a) and (b): northern latitudes (60◦ N to 90◦ N), panels (c) and (d): mid
latitudes (30◦ N to 60◦ N), panels (e) and (f): tropics (30◦ N to 30◦ S).
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Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles 23

Fig. 15. Comparisons of ACE-FTS to SCIAMACHY results for the
2004 data set are shown. The upper panel shows averaged profiles,
while the lower panel shows relative differences for the same data
set.

Fig. 16. Same as Fig. 15, but for 2005 data sets.

Fig. 15. Comparisons of ACE-FTS to SCIAMACHY results for the 2004 data set are shown.
The upper panel shows averaged profiles, while the lower panel shows relative differences for
the same data set.
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Fig. 15. Comparisons of ACE-FTS to SCIAMACHY results for the
2004 data set are shown. The upper panel shows averaged profiles,
while the lower panel shows relative differences for the same data
set.

Fig. 16. Same as Fig. 15, but for 2005 data sets.
Fig. 16. Same as Fig. 15, but for 2005 data sets.
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24 Ralf Bauer: Validation of SCIAMACHY limb NO2 profiles

Fig. 17. Collocations for the years 2004 and 2005 are investigated for SCIAMACHY NO2 and ACE-FTS. Panels (a) and (b): northern
latitudes (60◦ N to 90◦ N), panels (c) and (d): middle latitudes (30◦ N to 60◦ N), panels (e) and (f): tropics (30◦ N to 30◦ S).

Fig. 17. Collocations for the years 2004 and 2005 are investigated for SCIAMACHY NO2 and
ACE-FTS. Panels (a) and (b): northern latitudes (60◦ N to 90◦ N), panels (c) and (d): middle
latitudes (30◦ N to 60◦ N), panels (e) and (f): tropics (30◦ N to 30◦ S).
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Fig. 18. For the latitude regions investigated in Fig. 17, the relative diurnal error for ACE-FTS measurements is estimated and averaged in
panel (a). Panel (b) shows an estimate of how this error influences the ACE-FTS measurements for middle latitudes. The solid black line
depicts the averaged SCIAMACHY NO2 profiles shown in panel (c) of Fig. 17. The solid green line shows the photochemically corrected
NO2 profiles from ACE-FTS without the diurnal effect, and the green dashed line with the diurnal effect. In panels (d) and (e), the same
calculations are performed for the tropical latitudes, with the slash-dotted line marking the ACE-FTS profiles adjusted for the diurnal effect.

Fig. 18. For the latitude regions investigated in Fig. 17, the relative diurnal error for ACE-FTS
measurements is estimated and averaged in panel (a). Panel (b) shows an estimate of how this
error influences the ACE-FTS measurements for middle latitudes. The solid black line depicts
the averaged SCIAMACHY NO2 profiles shown in panel (c) of Fig. 17. The solid green line
shows the photochemically corrected NO2 profiles from ACE-FTS without the diurnal effect,
and the green dashed line with the diurnal effect. In panels (d) and (e), the same calculations
are performed for the tropical latitudes, with the slash-dotted line marking the ACE-FTS profiles
adjusted for the diurnal effect.
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