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[1]1 In this study, we investigate the capability to retrieve cloud parameters from near-
ultraviolet, visible, and near-infrared satellite-based reflectivity measurements. These
parameters are essential to enable trace gas retrievals for cloud-contaminated satellite
scenes. We compare the retrieval of cloud top pressure, cloud fraction, and cloud optical
thickness from simulated reflectivity measurements in three wavelength ranges: (1) 350—
400 nm, which includes pronounced Ring effect structures; (2) 460—490 nm; and (3)
755-775 nm, which contain absorption features of O,-O, and O,, respectively. Retrieval
simulations are performed for both a typical noise level of present-day space-borne
spectrometers and additional random-like measurement biases. Furthermore, we
investigated the importance of the spectral continuum for the retrieval of cloud properties.
It is found that reflectivity measurements in the wavelength ranges 350—400 and 755—
775 nm provide complementary information on cloud properties. Both spectral windows
provide more information on clouds than the 460—490 nm window. The best results

are obtained for the combination of the 350—400 and 755—775 nm windows. In this case
all three cloud parameters can be retrieved independently, and a high robustness is
obtained with respect to random-like measurement biases. Here it is not required to resolve

the Ring effect structures in the near-ultraviolet window. For this combination of
spectral windows the error on retrieved NO, columns is reduced considerably.
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ultraviolet, visible, and near-infrared satellite-based Earth reflectivity spectra: A comparative study, J. Geophys. Res., 113, D12204,
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1. Introduction

[2] Satellite instruments that measure Earth reflectivity
spectra in the near-ultraviolet (NUV), visible (VIS), and
near-infrared (NIR) wavelength range are used to monitor
important atmospheric constituents on a global scale, e.g.,
ozone (O3), water vapor (H,0), nitrogen dioxide (NO,), and
aerosols. Examples of such instruments are the first
and second Global Ozone Monitoring Experiment (GOME
and GOME-2) [Burrows et al., 1999b; Callies et al., 2000],
which cover the spectral range 240—790 nm with a spectral
resolution of 0.17—0.35 nm and 0.22—0.53 nm, respectively.
Furthermore, the Scanning Imaging Absorption Spectrom-
eter for Atmospheric Chartography (SCIAMACHY)
[Bovensmann et al., 1999] observes the spectral range
220-2400 nm with a spectral resolution 0.22—1.50 nm.
The Ozone Monitoring Experiment (OMI) [Levelt et al.,
2006] has a reduced spectral coverage of 270—500 nm with
a spectral resolution of 0.45—1.00 nm. The size of the
ground scene that is observed by these satellite instruments
differs considerably. The area is largest for GOME with
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320 x 40 km? (across x along track) and smallest for OMI
with 24 x 13 km?. Because these satellite instruments have
a large field of view, nearly all observations contain clouds:
more than 94% for GOME, SCIAMACHY, and GOME-2,
and approximately 88% for OMI [Krijger et al., 2007].
Clouds strongly affect the light paths of solar radiation
through the atmosphere and change the air masses that are
seen by the measured radiation. In order to determine trace
gas concentrations as accurately as possible, cloud param-
eters are required that adequately describe the measured
reflectivity spectra in cloudy conditions [e.g., Koelemeijer
and Stammes, 1999; Wang et al., 2006]. Since clouds are
highly variable in space and time, the cloud parameters are
preferably derived from the same reflectivity spectrum that
is used for the trace gas retrieval. This is done to guarantee
collocation in space and time of both the cloud parameters
and the retrieved atmospheric trace gases.

[3] A well established method to retrieve cloud parame-
ters from reflectivity measurements is to use absorption
bands of molecular oxygen (O,) [Daniel et al., 2003] of
which the vertical distribution is accurately known. The
oxygen A (O, A) band near 760 nm is often selected [Kuze
and Chance, 1994; Koelemeijer et al., 2001]. These meas-
urements are provided by GOME, SCIAMACHY, and
GOME-2. The OMI instrument lacks the O, A band and
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therefore the much weaker absorption line of collision
complexes of oxygen (0O,—0,) at 477 nm is used instead
[Daniel et al., 2003; Acarreta et al., 2004]. The O, density
is sufficiently high in the lower part of the Earth’s atmo-
sphere for radiation to be absorbed during the short time
interval that two colliding O, molecules form an O,-O,
dimer. A third method makes use of the Ring effect in the
NUV wavelength range [Grainger and Ring, 1962; Joiner
et al., 1995; de Beek et al., 2001; Joiner and Vasilkov,
2006]. This effect is caused by rotational Raman scattering
by nitrogen (N,) and oxygen (O,) molecules. This inelastic
scattering of sunlight decreases the depth of Fraunhofer
lines in an Earth radiance spectrum, which is also known as
filling in. The presence of cloud and aerosol particles, which
scatter solar radiation elastically, alters the probability that
radiation is scattered inelastically. As a consequence, the
filling in is different compared to the clear-sky case [Joiner
et al., 1995; de Beek et al., 2001; Stam et al., 2002].
Furthermore, van Diedenhoven et al. [2007] showed that
combining reflectivity spectra of the O, A absorption band
and reflectivity measurements in the wavelength range
350-390 nm leads to an improved retrieval of cloud
properties. The combination of the NUV and NIR reflectiv-
ity measurements leads to an improved retrieval of cloud
properties and has been successfully applied to GOME
measurements. However, the additional cloud information
that is contained in the Ring effect was not exploited in their
approach, since the Ring effect was partially removed by
fitting precalculated Ring structures.

[4] Because of the different possible retrieval concepts,
the question is raised which spectral range or which
combination of spectral ranges is most suited for an appro-
priate retrieval of cloud parameters from measurements as
performed by GOME. In this work, we compare the
capability to retrieve cloud parameters from (combinations
of) three wavelength ranges: (1) 350-400 nm, hereafter
referred to as the NUV window, which contains pronounced
Ring effect structures and two weak O,-O, absorption
bands, (2) 460—490 nm, hereafter referred to as the VIS
window, which contains a stronger absorption band of O,-
0,, and (3) 755—775 nm, hereafter referred to as the NIR
window, which contains the O, A band. Our work can be
viewed as an extension of the comparative study of Daniel
et al. [2003] who considered the retrieval capability of
several O, absorption bands, O,-O, absorption bands, and
combinations hereof. We include the NUV window and
study the added value of the Ring effect in cloud parameter
retrievals.

[s] We use the following approach: First, we simulate
reflectivity spectra of cloudy scenes that are characterized
by three cloud parameters: cloud top pressure, cloud frac-
tion, and cloud optical thickness. The ground surface albedo
is fitted as an additional parameter. Next we determine the
cloud parameters and the surface albedo from the synthetic
measurements as a function of measurement noise and
cloud fraction. This analysis is performed for the spectral
windows separately and for combinations of the spectral
windows. Since satellite-based Earth reflectivity spectra are
often subject to significant radiometric calibration errors, it
is common to use only spectral features of the measurement
which are defined relative to broadband spectral structures.
In this way, the sensitivity to broadband calibration errors

VAN DEELEN ET AL.: CLOUD PROPERTIES FROM NUYV, VIS, AND NIR

D12204

can generally be reduced, but potential information that is
present in the broadband continuum of the measurement is
not exploited. We therefore choose to investigate two
additional scenarios: (1) when only the spectral features
relative to the reflectivity continuum spectrum are used, and
(2) when all spectral features except the absolute values of
the reflectivity continuum are used (i.e., the spectral signa-
ture of the continuum is included, but not the continuum
height). The comparison of the cloud parameter retrieval
from the different spectral windows is not only relevant for
the data analysis of reflectivity spectra measured by present-
day satellite instruments, but also for decisions on the
optimal design of future space-borne spectrometers. For
future missions to monitor air quality from space, which
are currently under assessment, it is important to minimize
the spectral coverage of the involved spectrometers and to
optimize the retrieval of cloud parameters, which are
required to retrieve tropospheric trace gas abundances. This
raises two important questions: Firstly, is it needed to
measure reflectivity spectra in the spectral range of the O,
A band, and secondly, what is the added value of the Ring
effect in the NUV spectral range?

[6] The paper is constructed as follows: In section 2, the
forward model is described. In section 3, the sensitivity of
GOME-type measurements to cloud properties and the role
of the spectral continuum, the Ring effect structures, and
absorption features are explained for the different spectral
windows. In section 4, we describe the inversion scheme
that is used to retrieve cloud parameters from simulated
measurements. In section 5, the retrieval capabilities of the
three selected spectral windows are assessed separately,
whereas in section 6 combinations of spectral windows
are investigated. In section 7 we discuss how retrieval errors
on the cloud parameters affect the retrieval of tropospheric
NO, columns. We end with a summary in section 8.

2. Forward Model

[7] The reflectivity of the Earth’s atmosphere and surface
is defined as r = 7wl/(oF), where [ is the intensity that is
reflected by the Earth, F is the daily measured solar
irradiance, and p is the cosine of the solar zenith angle.
For the simulation of cloudy reflectivity measurements a
model is required that describes the most relevant effects of
clouds on r. Several recently developed models describe
clouds as a scattering layer [Ahmad et al., 2004; Liu et al.,
2004; van Diedenhoven et al., 2006; de Beek et al., 2001] in
which cloud optical thickness is used as an important cloud
parameter. To circumvent time-consuming radiative transfer
calculations, other schemes are used that simplify clouds as
an elevated Lambertian reflector with a given Lambertian
cloud albedo [e.g., Joiner et al., 2004; Koelemeijer et al.,
2001]. In this paper we choose to simulate the cloud as an
elevated reflecting surface of which the reflectivity is a
function of optical thickness. We adopted the bidirectional
reflection function (BDRF) of Kokhanovsky et al. [2003] for
this purpose. This BDRF, which was derived from the
asymptotic theory of radiative transfer, represents the re-
flection by an idealized semi-infinite nonabsorbing cloud. It
is valid for water clouds with an optical thickness > 5,
which limits our study to these cloud types. In addition, we
ignore three-dimensional radiative transfer effects and thus
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Reflectivity spectra of a clear-sky observation (gray curve, f. = 0 and A, = 0.05) and a fully

cloudy observation (black curve, f. =1, 7.= 40, and p. = 500 hPa) in the NUV, VIS, and NIR wavelength
ranges normalized to their reflectivity value at the start of each wavelength interval. For the NUV, VIS,
and NIR windows these values are r(\y) = 0.25, 0.12, 0.06 and 0.78, 0.80,0.82 for the cloud-free scene
and fully cloudy scene, respectively. A nadir viewing geometry and a solar zenith angle of 40° were used.

the independent pixel approximation can be used [see, e.g.,
Marshak et al., 1999]. The reflectivity of a cloudy scene is
then simulated as

'(pli?./;‘u TmAx) :fL rcld(pw Tc) + [1 _ﬁ]rclr</4s)- (1)
Here, rqq and r, represent the reflectivity for the cloudy
part and the clear-sky part of the observed scene,
respectively. A fraction f. of the observed satellite scene is
covered by a cloud with a certain optical thickness 7. and a
certain cloud top pressure p.. The remaining part of the
scene is considered cloud free with a Lambertian reflecting
surface (surface albedo 4,) at the ground. Other parameters
than p, f., 7., and A, such as surface pressure, are assumed
to be known a priori.

[8] To simulate the reflectivity in equation (1) we used
the plane-parallel vector radiative transfer model of Landgraf
et al. [2004]. This model includes polarization and one
order of rotational Raman scattering. For this study, we
convoluted the simulated reflectivity spectrum with a
Gaussian slit function with a full width at half maximum
of 0.2 nm in the NUV window, of 0.3 nm in the VIS
window, and of 0.4 nm in the NIR window. The smoothed
spectra were subsequently sampled at spectral sampling
intervals of 0.2 nm. Furthermore, we assumed a polarization
insensitive instrument in the simulation. These choices
represent a compromise between the different spectral
characteristics of the GOME, GOME-2, SCIAMACHY
and OMI instruments.

[s] The plane-parallel model atmosphere is based on the
U.S. Standard Atmosphere (1976) and is subdivided into
1-km thick layers for the lowest 10 km and 2-km layers for
higher altitudes. The scattering properties of air are calcu-
lated using data provided by Bates [1984], Peck and Fisher
[1964] and Penney et al. [1974] (see Landgraf et al. [2004]
for more details). The absorption cross sections of O, and

H,O are taken from the HITRAN2004 database [Rothman
et al., 2005]; those of O5 are adopted from Burrows et al.
[1999a]; the absorption cross sections of NO, are taken
from Vandaele et al. [1998]; and those of O,-O, at 360 nm,
380 nm and 477 nm are taken from Greenblatt et al. [1990].
Absorption by other gases is assumed to be insignificant.

[10] The effect of inelastic Raman scattering on a reflec-
tivity spectrum is commonly described by a filling in or
Ring spectrum, defined as

[ram( >\) - [ray< )\)

R()‘) = Iray()\)

(2)

Here, I,y(\) represents an intensity spectrum of reflected
light that is simulated using the Rayleigh scattering
approximation (i.e., all scattering is assumed to be elastic),
and /() denotes the intensity spectrum that takes
inelastic Raman scattering into account. The deviation of
the Ring spectrum from zero is called the Ring effect [e.g.,
Joiner et al., 1995]. This effect is most prominent in the
ultraviolet wavelength range where scattering by molecules
is strong and where many Fraunhofer lines are present. The
filling in of the O, A band is of minor importance for
GOME(-2) and SCTAMACHY measurements [Sioris and
Evans, 2000]. Therefore, we adopt the Rayleigh scattering
approximation in the NIR window, which simplifies the
radiative transfer model considerably.

3. Sensitivity of Measurement to Cloud Properties

[11] The reflectivity spectrum can be dissected into three
spectral components that are sensitive to cloud properties:
(1) the spectral continuum, (2) the Ring spectrum, and (3)
molecular absorption features. The relative importance of
each spectral component is different for the NUV, VIS, and
NIR window. Figure 1 shows a simulated reflectivity
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Figure 2. Ring spectra in the wavelength range 388—400 nm for a clear-sky observation (gray curve,
f.=0and A, = 0.05; surface pressure p;, = 1013 hPa) and for two fully cloudy observations (black curves,
f.=1and 7. = 40) with different cloud top height. Increasing the cloud top height from 1.9 km (p. = 800
hPa, dotted line) to 5.6 km altitude (p. = 500 hPa, black solid line) leads to a reduction of the Ring effect
structures. We used the solar spectrum of Chance and Spurr [1997] as input for our simulations.

spectrum 7 for a clear-sky scene (4; = 0.05) and a fully
cloud covered scene (p. = 500 hPa, f. = 1, 7. = 40)
normalized to the reflectivity value at the shortest wave-
length of each wavelength interval. For all three spectral
windows, the clear-sky reflectivity r., decreases toward
longer wavelengths. This property of the spectral continuum
is a direct consequence of molecular scattering with a
scattering cross section proportional to A\™* [e.g., Bucholtz,
1995]. At shorter wavelengths more solar radiation is
scattered into the satellite instrument’s line of sight than at
longer wavelengths. For fully cloud covered scenes hardly
any wavelength dependence of the reflectivity continuum
spectrum is observed. Here, the wavelength independent
reflection of the bright cloud surface overwhelms the
contribution of atmospheric scattering. For the NUV win-
dow, and to a lesser degree for the VIS window, this results
even in a small increase of the reflectivity toward longer
wavelengths. The atmosphere is optically more dense at
shorter wavelengths because of stronger molecular scatter-
ing. As a consequence, less light that has been reflected by
the cloud emerges from the atmosphere into direction of the
satellite instrument at the shorter wavelengths. The wave-
length dependence of the continuum is most pronounced in
the NUV and VIS windows. Therefore it is expected that the
reflectivity spectra at these wavelengths provide a clear
sensitivity to cloud properties. In sections 5 and 6, the
importance of the spectral continuum for the retrieval of
cloud parameters is investigated.

[12] Secondly, the Ring spectrum is affected by clouds.
The Ring effect is explained by inelastic scattering by air
that effectively transfers light from the wings of the
Fraunhofer lines to their line centers. This results in an
enhanced reflectivity at the center of a Fraunhofer line and a
reduced reflectivity at the wings. The strength of the Ring
effect depends on the depth and shape of each Fraunhofer
line and on the relative amount of measured photons that are
inelastically scattered compared to those that are elastically
scattered. In the case of a cloudy atmosphere less light is
scattered by air molecules than in a cloud-free atmosphere,

which results generally in less pronounced Ring spectra in
cloudy observations. The sensitivity of the Ring spectrum to
clouds is highest for the spectral range where the strongest
filling-in features exist, i.e., at the Ca II K and H lines near
393.4 and 397.0 nm. Figure 2 shows that the filling in of
these Fraunhofer lines can reach 11% for a clear-sky scene
in nadir viewing geometry and a solar zenith angle of 40°.
For a low cloud at 800 hPa the filling in is reduced to 8%,
and for a higher cloud at 500 hPa it is reduced further to
approximately 4%. An important goal of this study is to
investigate the relevance of inelastic Raman scattering for
cloud parameter retrievals from measurements in the NUV
spectral window. In the other selected windows the Ring
spectra are very weak and are thus not considered.

[13] Additionally, the reflectivity measurement is sensi-
tive to clouds because of absorption lines of molecular
oxygen. The most prominent absorption feature of O, is
located in the NIR window. Another significant but much
weaker absorption band is the O,-O, absorption band in the
VIS window. A large part of the sensitivity to clouds arises
from the shielding effect of clouds; the vertical column of
0, and 0,-O, below the cloud is shielded and hence the
depths of the O, and O,-O, absorption features are reduced.
Since the total amount of O, in the atmosphere is known,
the reduced depth of the O, and O,-O, absorption features
can be related to cloud height.

[14] To summarize, the sensitivity of the measurement in
the NUV window with respect to cloud parameters is
mainly determined by the spectral continuum and the Ring
features. The measurement in the VIS window is sensitive
to cloud parameters because of the spectral continuum
contribution and atmospheric absorption by 0,-O,. In the
NIR spectral range the absorption of O is the most relevant
spectral feature. This means that the sensitivity of the
reflectivity measurement to clouds originates from different
spectral components of the reflectivity spectrum in each
spectral range. This makes it interesting to compare the
retrieval capability of measurements in the different spectral
ranges. For this purpose we perform retrievals from simu-
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lated reflectivity measurements from the NUV, VIS, and
NIR windows, and from combinations of those.

4. Inversion and Retrieval Diagnostics

[15] To determine the cloud parameters from reflectivity
measurements we assume that a forward model F describes
the measurement vector y as a function of the atmospheric
state vector X as

y=Hx) +e, (3)

where e, is the measurement error vector. We assume that
the components of e, are uncorrelated, and thus, the
measurement error covariance matrix S, is given by a
diagonal matrix that has the variance of the measurement
error on its diagonal. In our case, the measurement vector y
contains the reflectivity spectrum for the different spectral
ranges, and the state vector is given by x = [p,, fo, Te, 45]".
Here, T stands for the transpose of the vector.

[16] The state vector x has to be determined by inverting
equation (3). Since the forward model is nonlinear in the
unknown parameters, an iterative scheme has to be used to
find the solution of the inverse problem. For each iteration
step, the forward model is replaced by its linear approxi-
mation around the vector x,, of the previous iteration step n,

Fx) ~ Fx,) + K[x — x,]. (4)

Here, K is the Jacobian matrix that contains the derivatives
of the forward model with respect to the elements of x,,.
Each element Kj; is defined by

Kij - a_x/(xn)‘ (5)

These derivatives indicate the measurement sensitivity to
the parameters x;.

[17] For the three selected windows, the satellite measure-
ments generally do not contain sufficient information to
retrieve all four parameters p,, f., 7., and A, independently.
This means that many combinations of parameters exist that
fit the measured reflectivity spectrum (almost) equally well.
In this case, the inversion problem is ill posed and the least
squares solution of the inversion problem is overwhelmed
by noise. Regularization is required to obtain a stable
solution. In this study, we adopt the Tikhonov regularization
method [Phillips, 1962; Tikhonov, 1963] as it is described
by Hasekamp and Landgraf[2005]. This method introduces
a side constraint in addition to the minimization of the least
squares residual norm. As a side constraint, we choose the
minimization of a weighted norm of the state vector. So the
regularized least squares solution X,., becomes

X = min (I8, 2(F) = )P +7 ITxF).  (6)

where I is a diagonal matrix that contains weight factors for
the different elements of the state vector. Here, the
weighting factors are chosen as I'; = 1/x,;, where x,; are
the elements of an a priori state vector x,,. The regularization
parameter ~y balances the two contributions in equation (6)
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and determines the amount of information that is extracted
from the measurements. For each retrieval an appropriate
value of v is found by the L curve method [Hansen, 1992;
Hansen and O’Leary, 1993].

[18] The regularized solution of equation (6) is given by

Xreg = Dyv (7)

with ¥ = Vimeas — F(X,,) + Kx,,, and with the contribution
matrix

—1
D= (KTS;1K+7F> K'S; . 8)

The regularized state vector is a weighted average of the
true state vector,

Xreg = AXtrue + €. (9)

Here, A is the so-called averaging kernel of the inversion
and is given by
A =DK, (10)
and e, is the retrieval noise, which is the error on the state
vector as a result of the measurement noise. The retrieval
noise on the different parameters, e, ;, can be quantified by
taking the square root of the diagonal elements of the
retrieval noise covariance matrix:
S, =DS,D’. (11)
[19] The retrieval capability of a given measurement can
be assessed by analyzing the elements of the averaging
kernel A. The degree of smoothing of the averaging kernel
in equation (9) reflects the degree of regularization that is
needed to stabilize the inversion. For our purpose it suffices

to focus on the diagonal elements of the averaging kernel
only,

o 8xrcg,i

- b
axtrue,i

Ci :Aii (12)

which indicate how much the regularized value X,
depends on the true parameter x,. ;. Hereafter, this quantity
C; is referred to as the retrieval sensitivity. In case of a well-
posed problem, C; = 1 for each parameter x; and so all
parameters can be retrieved independently. If the retrieval is
not sensitive at all to a certain parameter, then C; = 0. This
makes C; a useful diagnostic tool to study the capabilities of
the different spectral windows to retrieve information on the
cloud parameters p., f., 7., and on the surface albedo 4, in
each window. The sum of the retrieval sensitivities of all
parameters; that is, > .C;, is known as the degrees of
freedom for signal [Rodgers, 2000]. It denotes the number
of independent pieces of information that can be retrieved
from the measurement.

[20] When using the retrieved cloud parameters for trace
gas retrievals it is important to realize that the regularized
state vector X, does not provide a physical solution of the
problem, but presents a weighted average of the elements of
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the physical state. To obtain a physical solution, one has to
add a priori information to the regularized state vector X,
as
X = Xpg + (I— A)x,, (13)
where x, is the a priori state vector with an a priori error
covariance matrix S,. The error on the retrieval result X is
given by the total error covariance matrix
S =S, + Seq, (14)
which equals the sum of the retrieval error covariance
matrix S, in equation (11) and the regularization error
covariance matrix

Sreg = (I— A)S,(I—A). (15)

5. Information Content of the NUV, VIS, and NIR
Spectral Window

[21] The instrument noise on GOME, GOME-2, SCIA-
MACHY, and OMI measurements is of the order of 0.1% in
the NUV, VIS, and NIR wavelength ranges. In practice, the
differences between modeled and measured reflectivity
spectra are a few times larger than this instrument noise
level and appear random [e.g., Joiner et al., 2004; van
Deelen et al., 2007; van Diedenhoven et al., 2007]. The
origin of these large residuals can be manifold, e.g., prob-
lems in the instrument calibration, errors in the simulation
of the measurements, and uncertainties in spectroscopic data
such as the O, A band cross sections [Rothman et al., 2005]
and line shapes [Yang et al., 2005; Tran et al., 2006]. The
existence of these possible sources of error makes it useful
to study the robustness of the retrieval to random-like biases
on top of the instrument noise.

[22] Figure 3 shows the retrieval sensitivities C,., Cy., and
C.. as a function of a white noise floor 7 that is added to the
instrument noise of 0.1% for the three spectral windows. All
curves in Figure 3 were calculated for a fully cloudy scene
(f. = 1). In general, the retrieval sensitivities decrease when
7 is increased, because the effect of clouds on the signature
of the spectral continuum and on the spectrally fine struc-
tures becomes more difficult to distinguish from noise. For
example, the retrieval sensitivity C,,. for the NUV window
decreases from C,. ~ 1 at = 0% to C,. = 0.3 at n = 1.5%
for a high and optically thick cloud (p. = 500 hPa, 7. = 40).
In case of a low and optically thin cloud (p. = 800 hPa, 7. =
5) this loss in retrieval sensitivity is less: C,, is still larger
than 0.9 at n = 1.5%. For the VIS window increasing the
noise floor has a stronger impact than for the other windows
because the cloud sensitive spectral features are weaker in
this window. Here, the retrieval sensitivity C,. decreases
from C,. = 0.6 at = 0% to C,. < 0.3 for noise floors larger
than 1% for the high-cloud case. For low-cloud scenarios
the sensitivity C,. is significantly higher. This is explained
by the quadratic dependence of the O,-O, absorption optical
depth on air density, which results in significantly weaker
absorption at high altitudes in the troposphere than closer to
the surface. The signature of the O,-O, absorption features
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relative to the noise is thus more rapidly lost for high clouds
than for low clouds [Acarreta et al., 2004]. This situation is
different for the cloud top pressure retrieval from the NIR
window, which stays unaffected at noise levels even larger
than 1%. The strong O, absorption feature dominates the
reflectivity spectrum even in the case of very large noise
levels.

[23] The retrieval sensitivity of cloud fraction shows a
similar dependence on noise floor for all three spectral
windows. For the VIS and NIR windows the sensitivity
remains Cy. > 0.9 up to a n = 1.5% for an optically thick
cloud, whereas for optically thinner clouds (7. =5 and 10) it
decreases significantly with an increasing noise floor. Let us
consider the retrieval of cloud optical thickness for the
scenario 7. = 40. Here, the sensitivity C.. =~ 0.8 and C,.
< 0.5 for the VIS and NIR windows respectively when no
noise floor is added to the measurement simulation, whereas
for n = 0.5% the sensitivity is reduced to C,. < 0.1. The
retrieval of 7. from the NUV window is far less sensitive to
noise. Here, the retrieval sensitivity is 1 in case of no noise
floor and larger than 0.6 for a noise floor of 0.5% for all
cloud scenarios that are shown in Figure 3.

[24] For a proper interpretation of the retrieval sensitivity,
one has to be sure that the changes in the retrieval
sensitivity, and thus in the degree of regularization of the
inversion problem, arise solely from differences in infor-
mation that is present in the measurement. For this purpose
we consider the retrieval noise e, ; in Figure 4 together with
the retrieval sensitivity shown in Figure 3. In general, a
higher retrieval sensitivity cannot automatically be associ-
ated with more information present in the measurement. It
indicates a weaker regularization of the inversion and one
has to make sure that a higher retrieval sensitivity is not
accompanied by an enhanced retrieval error of the cloud
parameters. In our case, Figure 4 shows that the retrieval
noise e, ; for the different cloud parameters is of the same
order of magnitude when we compare the different spectral
windows. Only for the retrieval of cloud top pressure from
the NIR window with a retrieval sensitivity close to 1 for the
full range of noise floor values significantly lower retrieval
errors are achieved. Overall, for a higher retrieval sensitivity
we obtain a somewhat lower retrieval noise and vice versa.
This clearly demonstrates that the variation of the retrieval
sensitivities C; in Figure 3 adequately reflects the retrieval
capability of the different spectral windows.

[25] Summarized, for fully cloudy scenes it is possible to
retrieve all three cloud parameters, p., f., and 7. from the
NUV window with sensitivities C; > 0.5 up to reasonable
noise levels (<0.8%). Of the three windows, the VIS
window is most sensitive to additional random-like spectral
biases on the measurement: here, the sensitivity to cloud top
pressure retrieval for high clouds and to cloud optical
thickness for thick clouds rapidly diminishes when the
noise level increases to >0.5%. For low clouds though,
the VIS window provides a similar performance as the NUV
window. The retrieval of cloud top pressure from NIR
window appears unaffected by noise floors up to 1.5%.
The cloud optical thickness on the other hand (and to a
lesser degree the cloud fraction retrieval) is highly sensitive
to random-like biases.

[26] To investigate the retrieval capabilities of the NUV,
VIS, and NIR windows in further detail, we choose a noise
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Figure 3. Retrieval sensitivities (C) to cloud top pressure (p.), cloud fraction (f.), and cloud optical
thickness (7.) in the NUV, VIS, and NIR spectral windows as a function of the noise floor () that is
added to the instrument noise of 0.1%. Results are shown for a fully cloudy scene (f. = 1), and thus
information on the surface albedo is absent. The dotted lines show the retrieval sensitives for an optically
thick cloud (7. = 40), the solid lines for an optically thinner cloud (7. = 10), and the dashed lines for an
optically thin cloud (7. = 5). The lines in gray correspond to a low cloud (p. = 800 hPa) and the black
lines to a high cloud at (p. = 500 hPa). Note that the gray and black dotted lines for Cy. versus 7 are on top

of each other.

floor n = 0.1% and study the information on the cloud
parameters as a function of cloud fraction. Figure 5 shows
the sensitivity C,., Cr, C,. and Cy, as function of f.. For
the NUV window all three cloud parameters can be
retrieved with a high sensitivity down to low-cloud fractions
for nearly all scenarios. The situation differs for the VIS
window where cloud top pressure retrieval shows a clearly
lower retrieval sensitivity, e.g., C,. < 0.45 for the high-
cloud scenario. As mentioned earlier this is caused by the weak
0,-0, absorption coefficient at higher tropospheric altitudes.
Finally, the NIR window provides highest-sensitivity C,,. ~ 1
for the retrieval of p,. for all cloud fractions. However, it has
its shortcoming in the retrieval of cloud optical thickness.
For the optical thick cloud only a very low sensitivity is
achieved of about C,. = 0.1 and also for optically thinner
clouds the sensitivity does not exceed a value of 0.8 for
cloud fractions f. < 0.5. In all three spectral windows the
Lambertian surface albedo can only be extracted from the

measurement when the cloud fraction is low. This holds for
all cases that are studied in this paper and therefore the
retrieval sensitives Cy, are hereafter not shown. Further-
more, we studied the retrieval noise e, for the scenarios in
Figure 5 (not shown). Similar to Figure 3 we found that the
dependence of the retrieval noise on cloud fraction allows
us, also in this case, to use the retrieval sensitivity to
investigate cloud information in the measurement. This
holds for the other scenarios in the remainder of this study
as well.

[27] With the obtained results it is hard to identify one
spectral window that has the best capability to retrieve all
three cloud parameters. Cloud top pressure can be retrieved
best using the NIR window but this spectral range has a lower
retrieval sensitivity for f. and 7. The latter two parameters
can be retrieved from the NUV window with a high retrieval
sensitivity. The VIS window shows weakest performance,
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Figure 4. Same as Figure 3 but for retrieval noise (e,; see equation (11)) as function of noise floor (7).

especially for the high-cloud scenario for the retrieved p,., and
for optically thick clouds for the retrieved 7.

[28] A common approach in satellite remote sensing is to
use only spectral structures relative to broadband spectral
features of the measurement. For example, the differential
optical absorption spectroscopy (DOAS) method uses this
technique, which is employed in many trace gas retrieval
applications in the ultraviolet, visible and near-infrared
wavelength range [e.g., Platt, 1994]. One important advan-
tage of this technique is its low sensitivity to broadband
calibration errors of the measurement.

[20] For the retrieval of cloud properties we therefore
consider two related approaches in this study. In the first
approach we fit a scaling to the reflectivity measurement by
adding the coefficients of a power law function

«N) = gl M )" (16)
to the state vector. Here, g, represents the scaling ratio at a
reference wavelength Ay of the spectral interval and the
exponent « governs the wavelength dependence of the
scaling factor. Thus the state vector that is to be retrieved is
X = [Pes for Tes Ay L0 a]T. In the retrieval, the two parameters
2o and « are given a strong weight (by setting I'; = 10% in
equation (6)) to force that the scaling is fitted in any case.

Here, the function g()\) describes nearly all broadband
spectral features of the reflectivity continuum in the three
spectral windows. By adding g, and « to the state vector all
information contained in the absolute value of the
continuum as well as broad band features are eliminated.

[30] In a second approach we add only a wavelength
independent scaling factor gy to the state vector. In contrast
to the first approach, this will allow information to be
extracted from the broad band features present in the
window. The comparison of the retrieval sensitivity of both
approaches with those where all spectral information of the
reflectivity spectrum is used allows us to investigate the
importance of the spectral continuum for the retrieval of
cloud properties versus the importance of the differential
Ring and absorption structures alone.

[31] Figure 6 shows C,,., Cr., and C.. as function of cloud
fraction for both scaling factor scenarios (approach 1 with g
= g5 (M\)” and approach 2 with g = g;), where we
consider a cloud scenario of a high optically thick cloud.
Using the first approach the NUV and VIS windows provide
little information on cloud parameters when the continuum
is fitted with the wavelength-dependent scaling factor. Even
in the NUV window with the prominent Ring features at the
Ca II Fraunhofer lines the sensitivities are low for all cloud
fractions: C,. < 0.45, C. < 0.25 and C;. =~ 0. Furthermore
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Figure 5. Retrieval sensitivities (C) to cloud top pressure (p.), cloud fraction (f.), cloud optical
thickness (7.), and surface albedo (4) in the NUV, VIS, and NIR spectral windows as a function of cloud
fraction for a fixed noise floor 77 = 0.1%. Results are shown for the same cloud scenarios as in Figure 3.

A surface albedo of 0.05 was used in all windows.

a small but significant amount of information on cloud top
pressure and cloud fraction can be retrieved from the NUV
Ring structures alone, but most of the cloud information of
the NUV window comes from the spectral continuum.

[32] When the second approach is used, i.e., making use
of the spectral signature of the continuum, the NUV
window provides sufficient information on cloud top pres-
sure and cloud fraction (C,., Cr < 0.9 for f. > 0.2),
whereas for the VIS window only the cloud fraction can
be retrieved with a reasonable sensitivity (Cp < 0.9 for
f. > 0.2). In contrast the NIR window shows a maximum
sensitivity C,. ~ 1 for both types of scaling factor. Here the

information on cloud top pressure is extracted only from the
relative spectral structures of the O, A absorption features.
Furthermore, cloud fraction can be retrieved with a reason-
able sensitivity from NIR of about C. = 0.6 — 0.7, which
means that the cloud fraction is retrieved to a large extend
from the relative O, A absorption features. For all three
windows the optical thickness cannot be retrieved if one of
the two scaling factors is applied. The retrieval of surface
albedo is also not possible for f. > 0.1 because of fitting the
two scaling factors (not shown in Figure 6). Thus, Figure 6
demonstrates that especially for the NUV and VIS window
the continuum provides essential information on cloud
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Figure 6. Retrieval sensitivities (C) to cloud top pressure (p.), cloud fraction (f.), and cloud optical
thickness (7.) in the NUV, VIS, and NIR spectral windows when in addition to these parameters a power
law (solid line, approach 1 in text) or a factor (dotted line, approach 2) is fitted to the reflectivity
measurement. The retrieval sensitivities are shown as function of cloud fraction for n=10.1%, p.= 500 hPa,

and 7. = 40.

properties. Although the retrieval sensitivities in Figure 6
depend to some extend on the chosen cloud scenario the
overall conclusions remain valid for the other cloud scenarios
that are used in this study (not shown).

6. Synergistic Use of Spectral Windows

[33] Figure 5 showed that the NIR spectral window
provides complementary information on cloud properties
to the NUV and VIS spectral windows. The NIR window
allows one to retrieve cloud top pressure with a high
sensitivity C,., whereas the NUV and VIS windows provide
a higher sensitivity to 7.. A combination of the NUV and
NIR, or of the VIS and NIR window may improve the
retrieval of cloud properties compared to a single window
approach. van Diedenhoven et al. [2007] already showed
that by using measurements in the wavelength range 350—
390 nm in addition to O, A band measurements the
sensitivity to cloud parameters can be significantly in-
creased. In the following we investigate the retrieval capa-
bility of the combination of the NUV and NIR and of the

VIS and NIR reflectivity spectra. The state vector is
extended to contain the surface albedo for each spectral
window.

[34] Figure 7 shows the retrieval sensitivities for the
combinations of spectral windows. The synergistic use of
the NUV and NIR windows allows one to combine the
ability to retrieve the three cloud parameters with high
sensitivity. As a result, the three cloud parameters can be
retrieved with maximum sensitivity C,., Cy, C;. = 1 for
nearly all cloud fractions. In other words one combines the
ability of the NIR window to retrieve cloud top pressure for
all possible cloud fractions with the ability of the NUV
window to retrieve cloud fraction and cloud optical thick-
ness with a high sensitivity. The combination of the VIS and
NIR spectral range also improves the cloud retrieval com-
pared to the single window approaches, but here the
improvement is significantly less than for the NUV and
NIR window combination. Especially the retrieval of cloud
optical thickness for thick clouds is not sufficient with
sensitivities C, < 0.5 for cloud fractions smaller than 0.5.
We also investigated the combination of the NUV and VIS
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Figure 7. Retrieval sensitivities (C) to the cloud parameters p,, f., and 7. as a function of cloud fraction
for the spectral window combination (left) VIS plus NIR and (middle) NUV plus NIR for a fixed noise
floor 7 = 0.1%. Results are shown for the four cloud scenarios of Figure 5. Also shown are retrieval
sensitivities for the combination (right) NUV plus NIR when in addition to the cloud parameters a power
law (solid line) or a factor (dotted line) is fitted to the reflectivity measurement in each window, using the

same cloud scenario as in Figure 6.

windows and found no significant improvement for the
retrieval of cloud properties compared to the NUV window
alone (not shown). Since this spectral combination has no
added value, it will not be considered in the remainder of
this paper.

[35] In addition, the robustness of the fit with respect to
random-like measurement biases is enhanced by the com-
bination of spectral windows. Figure 8 shows the retrieval
sensitivities for cloud parameters as a function of noise floor
7. For the combination of the NUV and NIR spectral
windows the sensitivities C,., Cy, and C,. larger than
0.9 in almost all cases. Only for the thick cloud C.. reduces
to values between 0.7 and 0.9 for a noise floor n > 1%. A
high robustness is also achieved for the combination of the
VIS and NIR windows. However, the retrieval of cloud
optical thickness is more sensitive to the noise floor than for
the NUV + NIR combination.

[36] The third column of Figure 7 presents retrieval
simulations of the combined NUV and NIR windows when
in addition to the cloud parameters the power law scaling

factor is fitted to the spectra in each window. When the
wavelength-dependent scaling factor is fitted to the spec-
trum (go and « added to the state vector for each spectral
window), the combination of the NUV and NIR measure-
ments does not contain significantly more information than
only measurements in the NIR window. This can be
explained by our previous finding that the extra information
of the NUV with respect to the NIR retrieval originates from
the continuum signature of the NUV window. However, the
NIR retrieval can be improved by the synergistic use of both
spectral windows when only a wavelength-independent
scaling factor is fitted to the spectrum (only g, added to
state vector for each window). We can then retrieve the
cloud fraction f. with a maximum sensitivity C, ~ 1 for
nearly all cloud fractions.

[37] Furthermore, we found that for the combination of
the NUV and NIR spectral windows the Ring effect does not
significantly contribute to the retrieval of cloud parameters.
To demonstrate this we replaced the NUV reflectivity
spectrum with a NUV reflectivity spectrum where we did

11 of 15



D12204

VIS + NIR NUV + NIR

1.0

0.8} ] f=1
p.=500 hPa

p.=800 hPa

0.6 ]

C p.

0.4} ]

0.2t 17T Tc=1o

0.0 . . gt . . B
1.0 ' ]

0.8 I - ~
0.6} ]

Cf,

0.4r ]
0.2t ]
0.0t , , L

1.0

0.8t

. 0.6} ]

T

© 0.4}

0.2t ]

0.0t , , . . ]

00 05 1.0 1500 05 10 15
n [%] n [%]

Figure 8. Same as Figure 3 but for the spectral window
combinations VIS plus NIR and NUV plus NIR.

not take inelastic Raman scattering into account. This
modification of the measurement simulation hardly affected
the retrieval sensitivity. The loss of sensitivity of the NUV
measurement with respect to cloud top pressure is com-
pletely compensated by the sensitivity of the O, A absorp-
tion band in the NIR measurement. For the design of a
future instrument this means that the spectral resolution
requirement on the NUV measurements can be relaxed,
because it is not needed to resolve the spectrally fine Ring
effect features in the spectrum. Furthermore, our results
implicate that it allows one to simulate the Ring effect on
the spectrum with a precalculated Ring spectrum and certain
fudge parameters, such as an amplitude of the Ring spec-
trum, to account for the different strength of the Ring effect
depending on the atmospheric state. This commonly used
approach [e.g., Chance, 1998] eases the time-consuming
radiative transfer calculations that include inelastic Raman
scattering considerably.

[38] Overall, the combination of the NUV and NIR
window is superior to the combination of the VIS and
NIR spectral range. It improves the NIR and NUV cloud
retrieval significantly so that all three cloud parameters; that
is, cloud top pressure, cloud fraction and cloud optical
thickness can be retrieved from the measurement with a
high robustness to random-like measurement biases. This
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added value compared to a single NIR window approach
originates from the spectral shape of the continuum in the
NUV window. The relative Ring structures do not provide
significant extra information in this combination. This
means that the maximum benefit of the synergistic use of
both spectral windows can only be achieved when the
broadband spectral features are exploited in the spectrum.
Therefore, the broadband radiometric calibration of the
NUYV requires special attention for the retrieval of cloud
properties.

7. Implication for Tropospheric NO, Column
Retrievals

[39] The retrieval of cloud parameters from NUV, VIS,
and NIR spectral ranges is used to support trace gas
retrieval. In this section, we demonstrate the effect of cloud
retrieval errors on the retrieval of tropospheric NO, col-
umns. Tropospheric NO, column densities from GOME and
its successors have gained important insight into the source
strength of mainly anthropogenic NO, emissions [e.g.,
Beirle et al., 2003; Richter et al., 2005]. These retrievals
are very sensitive to the presence of clouds, since most
tropospheric NO, resides below the cloud [e.g., Boersma et
al., 2004; Wang et al., 2006].

[40] The DOAS technique is commonly used to derive
NO,; columns from reflectivity measurements in the spectral
range 420—450 nm. This technique separates the reflectivity
spectrum into a spectrally smooth part and a differential
absorption feature. From the differential spectral structure a
slant gas column N is derived. This slant column is
converted to the vertical column N, via

N, = N,/M, (17)

where M is the so-called NO, air mass factor given by

M In(r/ro) .

TNO,

(18)

Here, r is the reflectivity at 440 nm with NO, absorption
included, ry is the reflectivity at 440 nm without NO,
absorption in the model atmosphere, and 70, is the total
NO, absorption optical thickness.

[41] Because of equation (17) the error on the vertical
NO, column imposed by errors in the derived cloud
parameters is the same as the relative error on the air mass
factor M. The latter can be calculated in a straightforward
manner using

1
ey = M\/kTSk. (19)
Here, S is the total error covariance matrix from equation

(14) and vector k describes the sensitivity of the air mass
factor M to the cloud parameters x;, namely,

M
k_@

T ax,- ' (20)
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Figure 9. Error ey, on the tropospheric NO, air mass factor as a result of errors on retrieved cloud
parameters from spectral windows NUV, NIR, and the combination NUV plus NIR. The error is shown as
a function of cloud fraction for the same scenarios as in Figures 4 and 7.

[42] To simulate the error on the tropospheric air mass
factor, e);, we assume the same model atmosphere as
described in section 2, but adopt the NO, density profile
from Wang et al. [2006]. This NO, density profile corre-
sponds to a polluted scene with 2.3 ppbv NO, in the lowest
2 km and no NO, at higher altitudes.

[43] To determine the error covariance matrix S the a
priori covariance matrix S, is needed. Because of the strong
variability of clouds in space and time it is difficult to get a
realistic estimate of S,. For the purpose of this study we
assume uncorrelated a priori errors with e, = 0.01, e, = 0.3,
e.. = 5, and e,. = 300 hPa, which represents a relatively
large uncertainty of the a priori estimate.

[44] Figure 9 shows the error of the tropospheric NO, air
mass factor, e;;, as a function of cloud fraction. Here, cloud
parameters are retrieved from reflectivity measurements in
the NUV and NIR window, and from the combination of
both windows. The relative error e;, increases when the
cloud fraction increases, both for the NUV and the NIR
cloud retrieval. This dependence is caused by two effects:
Firstly, for increasing cloud fractions both the sensitivity of
the air mass factor and the error e, with respect to cloud
parameters increase. Secondly, for cloud fractions close to 1
nearly all tropospheric NO, is shielded by the cloud. This
means that the NO, air masses are smaller at these fractions,
and in turn, the relative error e,, increases significantly for
these cloud fractions.

[45] For the NUV window retrieval and the high-cloud
case scenario, the error on the air mass factor also
increases at smaller cloud fractions. This feature can be
explained by the retrieval sensitivities for the NUV re-
trieval as shown in Figure 5. For low-cloud fractions the
retrieval sensitivity C,. for cloud top pressure is much
lower for the high-cloud scenario than for the low-cloud
scenario. Hence, the a priori error on cloud top height has
a stronger impact on the total error for the high cloud than
for the low cloud, which explains the corresponding
increase of ej, for small cloud fractions. Because of the
larger retrieval sensitivity, this effect cannot be observed
for the NIR window retrieval. This is mainly due to the
characteristic retrieval sensitivity to cloud top pressure of
the O, A band that is high even for very low cloud
fractions (see Figure 5).

[46] Clearly, the combination of the NUV and NIR
windows provides a superior retrieval result compared to
using the windows separately. In this case the error e, is
less than 5%. Similar values for e), were found by van
Diedenhoven et al. [2007] for this combination of spectral
windows. The significantly smaller errors are due to the
higher information content when the NUV and NIR win-
dows are used. Using this combination minimizes the biases
due to the a priori errors.

8. Summary and Conclusion

[47] The majority of satellite-based reflectivity measure-
ments are affected by clouds. To enable trace gas retrievals
for cloudy scenes it is essential to retrieve auxiliary param-
eters that adequately describe the clouds. Our purpose was
to find out which spectral window or which combination of
windows is most suited to retrieve this cloud information for
present and future GOME-type instruments. We compared
the retrieval of cloud top pressure, cloud fraction, cloud
optical thickness and surface albedo from three spectral
windows that are currently used for this purpose: (1) the
NUV window (350—400 nm), which contains pronounced
Ring effect structures, (2) the VIS window (460—490 nm),
which contains an O,-O, band, and (3) the NIR window
(755-775 nm) that contains the O, A band.

[48] Using the spectral windows separately we found that
the VIS window provides the least information on cloud
properties. The retrieval capability of this window is espe-
cially limited in the case of high and optically thick clouds.
We found that the retrieval of cloud top pressure and cloud
optical thickness from these measurements is very sensitive
to random-like spectral biases on the reflectivity measure-
ment. Since a significant amount of the cloud parameter
information originates from the spectral continuum, the
radiometric calibration limits the measurement interpreta-
tion. In all cases, the surface albedo in each window could
only be retrieved for low-cloud fractions.

[49] The NIR window is most capable of retrieving cloud
top pressure. The strong O, A absorption feature in this
window yields a high robustness to random-like biases.
However, information on cloud optical thickness, which
originates predominantly from the spectral continuum, is
easily lost when random-like spectral biases increase. An-
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other important aspect of the retrieval of cloud parameters
from this window is that it is still possible to retrieve cloud
top pressure with high retrieval sensitivity without using the
cloud information contained in the spectral continuum, in
contrast to the other windows. To a large extend this is also
the case for the retrieval of cloud fraction. Thus, the NIR
window allows one to retrieve cloud top pressure even
when the measurement is subject to large spectrally broad
calibration errors, but retrieval of the other cloud parameters
proves to be problematic.

[50] Retrievals from NUV measurements show a retrieval
sensitivity close to one for cloud fractions f. > 0.4 for all
three cloud parameters but this information decreases rap-
idly for smaller cloud fractions. Furthermore, the retrieval
from the NUV window is sensitive to random-like biases on
the measurements. Nevertheless, even for a noise floor of
0.5% a reasonable performance is obtained. In this spectral
window the cloud information is mainly extracted from the
spectral continuum. Additionally, the Ring effect provides a
small but significant contribution to the retrieval of cloud
top pressure. When the relative spectral dependence of the
continuum but not its absolute value is used cloud top
pressure and cloud fraction can be retrieved adequately, but
information is lost on cloud optical thickness.

[s1] Because of the different performance of cloud re-
trieval from the NUV and NIR window a superior single
window approach cannot be appointed. Both windows
provide, to a certain extend, complementary information,
which can be best exploited when both windows are used in
a synergistic manner in a cloud retrieval as was proposed by
van Diedenhoven et al. [2007]. We have shown in this study
that errors on retrieved NO, columns can be significantly
reduced when the combination of the NUV and NIR spectral
windows is used. The absolute continuum height and
relative spectral dependence in the NUV window aid the
retrieval of cloud fraction and cloud optical thickness,
which are difficult to determine simultaneously from the
NIR window continuum alone. We found that the Ring
effect structures do not significantly contribute in this
combination of the NUV and NIR window in terms of
information content on cloud top pressure, cloud fraction,
and cloud optical thickness. This means that for future
instruments the requirement on the instrument spectral
resolution of the NUV window to resolve the Ring effect
structures can be relaxed for the purpose of cloud retrieval,
because the Ring features do not have to be resolved when
the NUV and NIR window are combined. Furthermore, this
allows one to simplify the radiative transfer modeling in the
NUYV considerably, and thus, eases the setup of an efficient
retrieval approach.

[s2] Finally, for GOME(-2), SCIAMACHY and similar
instruments in the future we propose to retrieve cloud
parameters from the NUV and NIR window combined.
For OMI-type instruments that lack the NIR spectral win-
dow we propose to use the NUV window including the
Ring structures, which has the potential to retrieve all cloud
parameters, i.e., cloud pressure, cloud fraction and cloud
optical thickness for cloud fractions larger than 0.4. How-
ever, because of the sensitivity of the retrieval to an
additional noise floor on the measurement, but also because
of the importance to use the spectral continuum in the NUV
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window, an accurate calibration of the measurement is
crucial for this type of cloud parameter retrieval.
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