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Abstract. Clouds in the atmosphere play an important role in
reflection, absorption and transmission of solar radiation and
thus affect trace gas retrievals. The main goal of this paper is
to examine the sensitivity of stratospheric and lower meso-
spheric ozone retrievals from limb-scattered radiance mea-
surements to clouds using the SCIATRAN radiative trans-
fer model and retrieval package. The retrieval approach
employed is optimal estimation, and the considered clouds
are vertically and horizontally homogeneous. Assuming an
aerosol-free atmosphere and Mie phase functions for cloud
particles, we compute the relative error of ozone profile re-
trievals in a cloudy atmosphere if clouds are neglected in the
retrieval. To access altitudes from the lower stratosphere up
to the lower mesosphere, we combine the retrievals in the
Chappuis and Hartley ozone absorption bands. We find sig-
nificant cloud sensitivity of the limb ozone retrievals in the
Chappuis bands at lower stratospheric altitudes. The rel-
ative error in the retrieved ozone concentrations gradually
decreases with increasing altitude and becomes negligible
above approximately 40 km. The parameters with the largest
impact on the ozone retrievals are cloud optical thickness,
ground albedo and solar zenith angle. Clouds with differ-
ent geometrical thicknesses or different cloud altitudes have
a similar impact on the ozone retrievals for a given cloud
optical thickness value, if the clouds are outside the field of
view of the instrument. The effective radius of water droplets
has a small influence on the error, i.e., less than 0.5% at al-
titudes above the cloud top height. Furthermore, the impact
of clouds on the ozone profile retrievals was found to have a
rather small dependence on the solar azimuth angle (less than
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1% for all possible azimuth angles). For the most frequent
cloud types, the total error is below 6% above 15 km altitude,
if clouds are completely neglected in the retrieval. Neglect-
ing clouds in the ozone profile retrievals generally leads to
a low bias for a low ground albedo and to a high bias for a
high ground albedo, assuming that the ground albedo is well
known.

1 Introduction

Clouds play an important role in the Earth’s atmosphere.
The tropospheric cloud coverage is about 50% at any given
time and 7% of the total tropospheric volume is occupied
by clouds (Lelieveld et al., 1989; Pruppacher and Jaenicke,
1995; Mace et al., 2007). Clouds interact with incoming so-
lar radiation and long wavelength radiation emitted by the
Earth, thus affecting the atmospheric energy budget and at-
mospheric photochemistry.

Tropospheric clouds affect the scattering and penetration
of solar photons in the atmosphere (e.g.,Vanbauce et al.,
2003; Rozanov and Kokhanovsky, 2004). The scattering pro-
cess impacts trace gas retrievals from satellite instruments or
ground-based measurements (e.g.,Erle et al., 1995; Rozanov
and Kokhanovsky, 2008, and references therein).

Satellite observations of the scattered solar radiation in
limb viewing geometry have become one of the standard
techniques to measure stratospheric profiles of ozone and
other minor constituents (e.g.,McPeters et al., 2000; von
Savigny et al., 2003; Haley et al., 2004; Rault, 2004). The
limb-scatter observation geometry is characterized by a com-
plex radiative transfer, because the multiple scattering or dif-
fuse radiation contribution to the observed limb radiances
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Fig. 1. A simple schematic diagram illustrating the limb-scatter observation geometry (not to scale).

can be significant (Oikarinen et al., 1999), and because the
sphericity of the atmosphere cannot be neglected. Further-
more, the underlying surface, which may contribute signifi-
cantly to the diffuse illumination of the sensed air volumes, is
not observed directly. This geometry is strongly affected by
surface albedo and clouds, especially in the spectral ranges
with small gaseous absorption. Figure1 illustrates the ba-
sic geometry of satellite limb-scatter observations. Although
several recent studies presented detailed error analyses for
stratospheric ozone profile retrievals from limb-scatter mea-
surements (Haley et al., 2004; Loughman et al., 2005; von
Savigny et al., 2005a), the effect of tropospheric clouds on
the retrievals has not yet been comprehensively described or
has been approximated by a high surface albedo in combina-
tion with an elevated Earth surface (e.g.,Haley et al., 2004).
In terms of stratospheric NO2 profile retrievals from satel-
lite limb-scatter observations,Sioris et al.(2003) performed
some sensitivity studies on the effect of clouds on the re-
trievals.

The main goal of this study is to investigate the effect of
tropospheric clouds on the retrieval of ozone profiles in the
stratosphere and the lower mesosphere from satellite mea-
surements of the scattered solar radiation in limb viewing
geometry. Ozone profile retrieval errors, due to neglect of
clouds, are examined using a numerical method. The depen-
dence of these errors on cloud optical and geometrical pa-
rameters, surface albedo, and viewing geometry (solar zenith

and azimuth angles) are assessed. In the framework of this
study, the following cloud parameters are considered: cloud
optical thickness (τ ), cloud top height, effective radius of wa-
ter droplets (re), and cloud geometrical thickness.

The structure of this paper is as follows: The methodology
of our investigation and the software package SCIATRAN,
which was used to obtain all presented results, are briefly
discussed in Sect.2. Section3 describes the synthetic mea-
surements used to derive the stratospheric and lower meso-
spheric ozone profiles from limb-scattered solar radiation ex-
ploiting both the Hartley and the Chappuis bands of ozone.
In Sect.4, the retrieval algorithm is summarized and the
method to obtain the ozone retrieval error caused by neglect-
ing clouds in the retrieval process is introduced. A method
to estimate ozone retrieval errors based on a linear approx-
imation is developed in Sect.5. The atmospheric, surface
and cloud scenarios employed throughout the study are de-
scribed in Sect.6. Section7 discusses the reduction in cloud
sensitivity of ozone profile retrievals if a wavelength triplet is
used rather than single wavelengths. In Sect.8, the influence
of tropospheric clouds on the ozone profiles retrieved from
limb-scatter measurements in both the Hartley and Chappuis
absorption bands is investigated. The sensitivity studies are
shown in terms of relative percentage errors of ozone pro-
files retrieved assuming a cloud-free atmosphere, although
the (synthetic) measurements are made in a cloudy atmo-
sphere. Finally, all results are summarized in the last section.
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2 Methodology

Due to a lack of detailed information on cloud properties in
the observed part of the Earth’s atmosphere, only qualitative
investigations of the impact of tropospheric clouds on the
accuracy of the ozone vertical profile retrieval are possible
when real measured data are used. In this study, we employ
an end-to-end numerical simulation technique allowing us to
quantify the impact of tropospheric clouds of different kinds
on the retrieval accuracy of ozone profiles in the stratosphere
and lower mesosphere. The conceptual flow of our investi-
gations is as follows:

1. We formulate the main scenario for the clear and cloudy
atmosphere including typical vertical profiles of pres-
sure, temperature, ozone number density, and surface
albedo.

2. We formulate different cloud scenarios with various
cloud parameters.

3. Using the radiative transfer code, we calculate the limb
radiance spectra for these scenarios in the Hartley and
Chappuis spectral absorption bands.

4. The simulated limb radiance spectra for cloudy condi-
tions are considered as synthetic experimental data.

5. The vertical profile of ozone concentration is obtained
ignoring cloudiness employing the retrieval algorithm
as described in Sects.3 and4.

6. The retrieval errors are obtained for each cloud scenario
by taking the difference between the retrieved ozone
profile and the ozone profile used for the forward simu-
lations (the true profile).

The described end-to-end approach requires the usage of ap-
propriate algorithms to simulate the limb radiance spectra
and to retrieve the ozone vertical profile. For this purpose,
we have employed the software package SCIATRAN 2.2
(Rozanov et al., 2005b; Rozanov, 2008). This package in-
corporates a suitable radiative transfer model and the re-
trieval algorithm routinely run at the Institute of Environ-
mental Physics of the University of Bremen to retrieve the
vertical distributions of ozone in the stratosphere and the
lower mesosphere from SCIAMACHY limb measurements.
Throughout this study, the forward modelling is performed in
an approximate spherical mode by employing the combined
differential-integral (CDI) approach (Rozanov et al., 2001).
With this approach, the outgoing radiance is calculated by
integrating the contributions from both single and multiple
scattering along the instrument line-of-sight intersecting a
spherical shell atmosphere. The single scattered solar radi-
ation is considered fully spherical. The multiple scattering
contribution is approximated for each point at the line-of-
sight by solving the pseudo-spherical radiative transfer equa-
tion for the proper atmospheric location and illumination.

The pseudo-spherical solution is obtained by employing the
discrete-ordinate method similar to that described bySiewert
(2000). The weighting functions are calculated by employ-
ing the forward-adjoint technique as described byRozanov
(2006).

The SCIATRAN software package compares well with
other radiative transfer codes (Kurosu et al., 1997; Lough-
man et al., 2004; Hendrick et al., 2006; Wagner et al., 2007).
It has been successfully employed to retrieve vertical pro-
files of atmospheric trace gases from measurements of the
scattered solar radiation performed by the SCIAMACHY in-
strument in limb viewing geometry (Rozanov et al., 2005a;
Bracher et al., 2005; von Savigny et al., 2005b; Butz et al.,
2006; Rozanov et al., 2007).

3 Forward simulations

The vertical distribution of ozone number density in the
Earth’s atmosphere using limb-scatter measurements in the
UV-Visible spectral range is commonly retrieved by exploit-
ing the Hartley, Huggins, or Chappuis absorption bands. The
Hartley bands in the UV have been employed byRusch et
al. (1983) to retrieve lower mesospheric ozone profiles from
measurements with the UV spectrometer on Solar Meso-
sphere Explorer (SME). More recently, the Hartley bands
were used byRohen et al.(2006) to retrieve ozone pro-
files in the upper stratosphere and lower mesosphere from
SCIAMACHY limb-scatter measurements. Ozone absorp-
tion in the Huggins bands was exploited for profile retrievals
from limb-scatter measurements with the Shuttle Ozone
limb-scattering Experiment/Limb Ozone Retrieval Experi-
ment (SOLSE/LORE) flown on the space shuttle in 1997
and 2003 (Flittner et al., 2000; McPeters et al., 2000). The
Chappuis bands in the visible have been used byFlittner
et al. (2000), McPeters et al.(2000), von Savigny et al.
(2003), Haley et al.(2004), Rault (2004), Rozanov et al.
(2007) and Roth et al.(2007) to retrieve ozone profiles in
the stratosphere from measurements with SOLSE/LORE, the
Optical Spectrograph and InfraRed Imager System (OSIRIS)
on Odin, the Stratospheric Aerosol and Gas Experiment
(SAGE III) on Meteor-3, and SCIAMACHY. In this study,
we combine the observations in the Hartley and Chappuis ab-
sorption bands to retrieve the vertical distributions of ozone
in both the stratosphere and the lower mesosphere. A similar
approach was recently applied to OSIRIS limb-scatter mea-
surements (Degenstein et al., 2009), combining spectral in-
formation from the Hartley, Huggins and Chappuis bands in a
simultaneous ozone profile retrieval. Furthermore,Tukiainen
et al. (2008) recently presented retrievals of ozone profiles
(and several other atmospheric parameters) from OSIRIS
limb-scatter observations that also combined spectral infor-
mation from the UV and visible ozone absorption bands.

In the Hartley absorption band, where the measured limb
radiance is mostly sensitive to the ozone amount in the
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Table 1. The lowest (hlow) and reference (hr ) tangent heights for the wavelengths used.

Wavelength (nm) 264 267.5 273.5 283 286 288 290 305 525 602 675

hlow (km) 52 52 52 45 45 45 45 35 9 9 9
hr (km) 71 71 71 68 65 65 61 55 41 41 41

35–70 km altitude range, a discrete set of wavelengths is se-
lected similarly toRohen et al.(2006) avoiding Fraunhofer
lines and dayglow emissions, namely, 264, 267.5, 273.5, 283,
286, 288, 290, and 305 nm. To increase the signal to noise
ratio, the limb radiance is averaged over 2 nm spectral inter-
vals around each central wavelength. The UV wavelength
set used in this study is somewhat smaller as compared to
Rohen et al.(2006). In particular, we have skipped the three
shortest (250, 252, and 254 nm) and the two longest (307 and
310 nm) wavelengths. The former do not change the infor-
mation content of the entire data set much and are strongly
noise contaminated, whereas the latter are substantially af-
fected by the multiple scattering and surface reflection. To
reduce the impact of instrument calibration errors as well as
of light scattering in the lower atmospheric layers, the limb
radiance profiles at each wavelength are normalized by the
limb radiance measured at an upper tangent height which is
commonly referred to as the reference tangent height:

IN (λk,hi) =
I (λk,hi)

I (λk,hr)
. (1)

Here,I (λk,hi) andI (λk,hr) denote the limb radiance at 8
wavelengths listed above,λk,k ε {1,...,8} at the current,hi ,
and the reference,hr , tangent heights, respectively. At each
wavelength only limb radiances observed in a selected tan-
gent height range are used. Table1 shows the lowest,hlow,
and the reference,hr , tangent heights for each wavelength,
whereas the highest tangent height is always defined by the
uppermost tangent height below the reference.

The spectral information obtained in the visible spectral
range is treated by using the triplet approach followingFlit-
tner et al.(2000) andvon Savigny et al.(2003) which exploits
the limb radiance profiles at three wavelengths:λ1=525 nm
at a relatively weak ozone absorption in the short-wavelength
wing of the Chappuis band,λ2=602 nm at a strong ozone ab-
sorption near the center of the Chappuis band, andλ3=675
at a weaker ozone absorption in the Chappuis bands. Similar
to UV wavelengths, the limb radiance is averaged over 2 nm
spectral intervals around each central wavelength and nor-
malized by the limb radiance at the reference tangent height.
The lowest,hlow, and the reference,hr , tangent heights for
the visible wavelengths are also listed in Table1. Further-
more, the normalized limb radiance profiles are combined
resulting in the so-called Chappuis triplet:

ICh(hi) =
IN(λ2,hi)

√
IN(λ1,hi) IN(λ3,hi)

. (2)

Both the normalized limb radiances at UV wavelengths and
the Chappuis triplet as given by Eqs. (1) and (2), respectively,
will be denoted further asy(hi). For simplicity, we omit the
explicit notation of the wavelength dependence.

Employing the SCIATRAN radiative transfer model, limb
radiance spectra are generated in a cloudy and cloud-
free atmosphere for all considered wavelengths and tangent
heights. The vectors containing the limb radiances (normal-
ized limb radiance profiles for the UV wavelengths and the
Chappuis triplet) will be denoted asyc for cloudy, andyf for
cloud-free conditions.

4 Retrieval method and errors associated to clouds

Obviously, the limb radiance in the considered spectral range
depends on the vertical distribution of ozone in the atmo-
sphere. Thus, any variation of the ozone number density in
the altitude range where the applied measurement technique
is sensitive, leads to a variation of the limb radiance detected
by the instrument. Let us assume thaty′

c,f (hi) is obtained as
a combination of measured limb radiances corresponding to
the true ozone profilen′(z). Then applying the Taylor series
expansion,y′

c,f (hi) can be written as follows:

y′

c,f (hi) = yc,f (hi)+

H∫
0

$c,f (hi,z)δn(z)dz+ε. (3)

Here,yc,f (hi) are the limb radiances calculated for a cloudy
(subscriptc) or for a cloud-free (subscriptf ) atmosphere us-
ing the a priori ozone vertical profilen(z), H is the top of at-
mosphere altitude,δn(z)=n′(z)−n(z) is the variation of the
ozone number density profile,$c,f (hi,z) is the variational
derivative of the appropriate limb radiance combination, as
given by Eq. (1) or (2), with respect to the ozone number den-
sity, which is commonly referred to as the weighting function
(seeRozanov, 2006, for further details):

$c,f (hi,z)=
δyc,f (hi)

δn(z)
, (4)

andε is the linearization error containing the contributions
of higher-order terms of the Taylor series. We note that the
weighting function for the gaseous absorber concentration as
given by Eq. (4) is always negative because increasing the ab-
sorber concentration leads to increased light absorption and,
hence, to decreasing limb radiance.
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If the cloudiness in the Earth’s atmosphere is treated prop-
erly, the true vertical profile of ozone can formally be ob-
tained from the corresponding radiances as follows:

n̂′
c(z) = n(z)+Rc[y

′
c(hi)−yc(hi)] , (5)

wheren̂′
c(z) is the estimation of the true ozone vertical profile

andRc is the inverse operator whose explicit form depends
on the applied retrieval algorithm. In particular, a nonlinear
Newtonian iterative retrieval approach of the optimal estima-
tion (Rodgers, 1976) type is employed throughout this study.
The diagonal elements of the a priori covariance matrix were
set to standard deviations of 1000% to ensure that the re-
trieval is completely independent of the a priori information.
The off-diagonal elements were determined assuming a cor-
relation length of 1.5 km.

In a common retrieval process,y′
c(hi) in Eq. (5) is obtained

as a combination of the measured limb radiances whereas
yc(hi) is simulated with the forward model using the a priori
profilen(z). However, due to a lack of information about the
cloud parameters in the observed scene, it is usually impos-
sible to simulateyc(hi) andRc properly. The easiest way to
avoid this problem is to neglect the clouds in the retrieval pro-
cess assuming a cloud-free atmosphere when simulating the
limb radiances and obtaining the inverse operator. This re-
sults, however, in a different estimation (compared to Eq.5)
for the true vertical distribution of ozone:

n̂′

f (z) = n(z)+Rf [y′
c(hi)−yf (hi)] , (6)

where, in contrast toRc, the inverse operatorRf is employed
assuming a cloud-free atmosphere. Obviously, the absolute
error in the retrieved vertical distributions of ozone occurring
due to this approximation can be estimated as follows:

1n(z) = n̂′

f (z)−n′(z) , (7)

where n′(z) is the true vertical profile of ozone which is
known since the numerical simulation technique is used. For
the sake of simplicity, the numerical experiments are per-
formed throughout this study assuming that the true ozone
number density profile is the same as a priori one, i.e.,
n′(z)=n(z) and δn(z)=0. Hence, following from Eq. (3),
y′
c(hi)=yc(hi), and Eq. (6) this results in

n̂′

f (z) = n(z)+Rf [yc(hi)−yf (hi)] . (8)

Substitutingn̂′

f (z) as given by Eq. (8) into Eq. (7) and taking
into account thatn′(z)=n(z), we obtain

1n(z) = Rf

[
yc(hi)−yf (hi)

]
. (9)

Here, 1n(z) characterizes the absolute retrieval error (re-
trieved minus true ozone number density) caused by neglect-
ing the cloudiness in the retrieval process. In the following
sections, we consider the relative error of the ozone vertical
profile retrieval as given by

r(z) =
1n(z)

n(z)
=

1

n(z)
Rf

[
yc(hi)−yf (hi)

]
. (10)

5 Approximate approach to estimate the retrieval
errors

In the previous section, we have described an approach al-
lowing us to calculate the error in the retrieved ozone profiles
associated with neglecting clouds in the retrieval process.
Unfortunately, the final expression for this error, Eq. (9), con-
tains the inverse operator,Rf , which, for the problem un-
der consideration, does not have an analytical representation.
Thus, for each considered atmospheric scenario, the inverse
problem needs to be solved numerically. Furthermore, the
complicated relationship between the observed limb radiance
and the retrieved concentrations does not allow the obtained
results to be easily explained. In this section, we derive an
approximate expression which establishes a simple relation-
ship between the observed quantities and the retrieval error of
the ozone profiles allowing the latter to be estimated without
solving the inverse problem.

One of the objectives of our discussion below is to illus-
trate how the normalization and combination of the limb ra-
diances into the Chappuis triplet affects the sensitivity of the
retrieval error to the tropospheric clouds. For this reason,
in addition to the Chappuis triplet, we also consider the ab-
solute limb radiance (i.e., not normalized) when discussing
the approximate approach to estimate the retrieval error. On
the other hand, it is clear that, because of the stronger ex-
tinction of the atmosphere, much less light penetrates down
to the troposphere in the UV spectral region as compared
to the visible range. Thus, the expected sensitivity of limb
observations to tropospheric clouds is much weaker in the
UV spectral range. For this reason, we do not consider the
UV wavelengths when discussing the approximate retrieval
error. Please note that the UV wavelenghts are considered
when calculating the error employing the end-to-end numer-
ical approach according to Eq. (9) or (10). For further con-
siderations, let us introduce a new notation,Sc,f (hi), which
will denote the Chappuis triplet, absolute limb radiance or
normalized limb radiance for a cloudy and a cloud-free at-
mosphere, respectively. Further in the scope of this paper,
Sc,f (hi) will be referred to as the limb signal.

Generally, retrieval errors due to neglect of clouds occur
because the presence of clouds in the atmosphere causes
changes in the limb signal similar to perturbations in the
ozone vertical distribution. These retrieval errors can be
estimated employing Eq. (3). To this end, let us rewrite
this equation with the limb signalsSc(hi) and Sf (hi)

corresponding to the cloudy and the cloud-free atmosphere
on the left-hand and right-hand sides of Eq. (3), respectively.
Equation (3) results in

Sc(hi) = Sf (hi)+

H∫
0

$f (hi,z)δn(z)dz (11)
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or

1S(hi) =

H∫
0

wf (hi,z)rδ(z)dzv . (12)

Here, 1S(hi)≡Sc(hi)−Sf (hi) is the variation of the limb
signal caused by the cloud only becauseSc(hi) andSf (hi)

were calculated using the same a priori ozone vertical density
n(z), rδ(z)=δn(z)/n(z) is the relative variation of the ozone
number density caused by neglect of cloud andwf (hi,z) is
the corresponding weighting function that is usually referred
to as the relative weighting function. Clearly, the relation-
ship between the relative and absolute weighting functions is
given by

wc,f (hi,z) = $c,f (hi,z)n(z) . (13)

Please note that, though the same notation is used, the
weighting functions for the absolute limb radiance and for
the Chappuis triplet are different.

It is worth noting that Eq. (11) states that the limb sig-
nal for a cloudy atmosphere and a priori ozone profilen(z)

is related to the limb signal for a perturbed ozone profile,
i.e., n(z)+δn(z), and a cloud-free atmosphere. We empha-
size that the perturbation of the ozone vertical profileδn(z)

or rδ(z) is a parameter to be found solving Eq. (11) or (12),
respectively.

Approximating the relative variation of the ozone number
densityrδ(z) in Eq. (12) by an altitude independent value
r̄δ(hi) as follows:

r̄δ(hi) =

H∫
0

wf (hi,z)rδ(z)dz

H∫
0

wf (hi,z)dz

, (14)

it can be seen that Eq. (12) results in:

r̄δ(hi) =
1S(hi)

Wf (hi)
, (15)

whereWf (hi) is the vertically integrated weighting function
defined by

Wf (hi) =

H∫
0

wf (hi,z)dz . (16)

Thus, following Eq. (15), the approximate relative error in
the ozone vertical distributions retrieved neglecting clouds
in both forward model and the retrieval approach is propor-
tional to the difference between the limb signals in a cloudy
and a cloud-free atmosphere. This conclusion is in line with
the results of the end-to-end numerical treatment given by
Eq. (10).

A further simplification can be obtained using an approx-
imate representation for1S(hi) in Eq. (15). To obtain this

approximation let us first expand the limb signal in a Taylor
series similar to Eq. (3) restricting our consideration to linear
terms:

Sc,f (n′) = Sc,f (n)+

H∫
0

wc,f (z)
δn(z)

n(z)
dz . (17)

Assuming that in the perturbed state, no ozone is present in
the atmosphere, i.e., the perturbed vertical profile,n′(z), is
equal to zero, the relative variation of the ozone concentra-
tion is written as

δn(z)

n(z)
=

0−n(z)

n(z)
= −1 (18)

and Eq. (17) results in

Sc,f (0) = Sc,f (n)−

H∫
0

wc,f (z)dz , (19)

whereSc,f (n) andSc,f (0) are the limb signals with and with-
out ozone absorption, respectively. Employing Eq. (19), the
difference between the limb signals in a cloudy and a cloud-
free atmosphere can be expressed as follows:

Sc(n)−Sf (n) =

[
Sc(0)−Sf (0)

]
+

[
Wc −Wf

]
. (20)

or

1S(n) = 1S(0)+1W . (21)

The first term on the right-hand side of Eq. (21) describes the
variation of the limb signal due to the enhanced reflection
of solar radiation by clouds in a non-absorbing atmosphere.
The second term represents the variation of the gaseous ab-
sorption caused by changes in the photon path lengths in a
cloudy atmosphere. We will refer to these terms, hereafter,
as the scattering and absorption terms, respectively. Substi-
tuting1S(n) as given by Eq. (21) into Eq. (15), the following
expression for the approximate retrieval error is obtained:

r̂δ(hi) =
1S(hi;0)+1W(hi)

Wf (hi)
. (22)

Although this equation provides a very convenient tool to an-
alyze the retrieval error and allows the absorption by atmo-
spheric trace gases and the reflection of light by clouds to be
considered independently, it is affected by the quite strong
limitation of the assumed linearity. In Sect.7, we will con-
sider a few examples showing that under certain conditions
this limitation can lead to completely wrong results when es-
timating the retrieval error using Eq. (22).

6 Atmospheric and cloud scenarios

Throughout this study, the limb radiance is simulated in
selected spectral intervals considering Rayleigh scattering,
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Table 2. Cloud parameter sets used in this study. The varied parameters are marked with (
√

).

Sections/studied tests Cloud parameter

Cloud extension (km) τ re (µm) SZA SAA A Figs.

Absolute radiance vs. Chappuis triplet 4–7 10 8 30 90 0.3 Fig.2, Fig. 3
4–7 10 8 30 90 0.9 Fig.4

Investigation of the retrieval errors 4–7 10 8 30 90 0.3 Fig.5
Cloud types
– Low cloud 1–3

√
8 30 90 0.3 Fig.6a

– Middle cloud 2–7
√

8 30 90 0.3 Fig.6b
– High cloud 6–15

√
8 30 90 0.3 Fig.6c, Fig.6d

Effective radius of water droplets 2–7 10
√

30 90 0.3 Fig.8a
Cloud geometries
– Clouds top height

√
10 8 30 90 0.3 Fig.9a

– Cloud geometrical thickness
√

10 8 30 90 0.3 Fig.9b
Ground albedo 2–7 10 8 30 90

√
Fig. 10a, Fig.11

2–7 2 8 30 90
√

Fig. 10e
Viewing angles
– SZA 2–7 10 8

√
90 0.3 Fig.12a

– SAA 2–7 10 8 30
√

0.3 Fig.12b
– SCIAMACHY limb-scan 2–7 10 8

√ √
0.3 Fig.14a

– OSIRIS limb-scan 2–7 10 8
√ √

0.3 Fig.14b
Frequent cloud 4–7 10 8

√ √
0.3 Fig.15

ozone absorption, and scattering of light by clouds. The sur-
face reflection is assumed to be Lambertian and the ground
albedo is set to 0.1, 0.3, 0.5, and 0.9. As only the cloud ef-
fect on the ozone profile retrieval will be focused on here,
no aerosols are taken into account. The vertical profiles of
pressure, temperature and ozone number density were taken
from Prather and Remsberg(1993).

In the Earth’s atmosphere, clouds occur in three different
thermodynamic states: water, ice, and mixed states. Un-
like the water clouds, the microphysical properties of the ice
clouds cannot be characterized by a single shape and particle-
size distribution, because the size, shape, orientation and in-
ternal structure of the ice particles in crystalline clouds can
be very different (e.g.,Kokhanovsky, 2004). Fortunately, our
preliminary investigations have shown that the ozone pro-
file retrieval is mainly affected by the cloud optical thickness
rather than by the thermodynamic state of the cloud. There-
fore, only water clouds are considered here. Furthermore,
the cloud droplets are assumed to be spherical and Mie cal-
culations are used to establish the scattering phase functions
and scattering coefficients. The clouds are considered to be
homogeneous.

The classification of water clouds in this study is based on
the definitions of the International Satellite Cloud Climatol-
ogy Project (ISCCP) and depends on the cloud optical thick-
ness and cloud top pressure (Rossow and Schiffer, 1999). In
this paper, the cloud top pressure is converted to the cloud
top height using the pressure profiles mentioned above. For
simplicity reasons, the top and bottom heights resulting from

this transformation for each cloud type were shifted up- and
downwards, respectively, to match the internal altitude grid
levels of the forward model. As a result, in the cloud clas-
sification used throughout this study, shown in Table2, the
clouds of different types overlap in altitude, which is not the
case in the original ISCCP classification. However, for our
study, there are no disadvantages associated with this over-
lap.

Table2 provides an overview of the sets of cloud parame-
ters used for each considered cloud scenario. The following
abbreviations are used in the table and in the text below:τ is
the cloud optical thickness,re denotes the effective radius of
water droplets, A is used for the Lambertian surface albedo,
and the viewing geometry is defined by the solar zenith an-
gle (SZA) and the solar azimuth angle (SAA). The angles are
defined at the tangent point.

7 Absolute radiance vs. Chappuis triplet

In this section, we employ the approximate relationships for
the retrieval error obtained in Sect.5 to analyze how the com-
bination of the limb radiances in the Chappuis triplet affects
the sensitivity of the ozone profile retrievals to tropospheric
clouds. Furthermore, the validity of the linearity assumption
employed to separate the contributions of the atmospheric
absorbers and the reflection of the solar light by the clouds,
see Eq. (22), is investigated.
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Fig. 2. Contribution of the terms1S(hi;0)/Wf (hi) and1W(hi)/Wf (hi) to the linearized approximate retrieval error obtained according
to Eq. (22). Panel(a) shows the results for the absolute limb radiance at 602 nm, panel(b) for the normalized limb radiance at 602 nm and
panel(c) for the Chappuis triplet. The calculations were performed by following the scenario as given in Table2.

As seen from Eq. (22), the magnitude and sign of the re-
trieval error depends on the relationship between the terms
1S(hi;0) and1W(hi) which can be significantly different
for the absolute limb radiance and for the Chappuis triplet.
This is illustrated in Fig.2. The upper left and right pan-
els of the figure show the contributions of the scattering term
1S(hi;0)/Wf (hi) and absorption term1W(hi)/Wf (hi) to
the total retrieval error for the absolute and normalized limb
radiance at 602 nm, respectively, whereas the lower panel
shows the same for the Chappuis triplet. The calculations
were performed for the parameter set given in Table2. It
follows that for the absolute limb radiance, as shown in the
upper left panel of Fig.2, the contribution of the absorp-
tion term is positive whereas the contribution of scattering
term is negative and dominates. The obtained results can
be easily explained. On the one hand, the appearance of a
cloud in the atmosphere usually leads to an increase of the
reflected limb radiance as compared to the cloud-free case
and, hence, to the positive value of1S(hi;0). The only way

for the cloud-free model to match the enhanced limb radi-
ance is to decrease the ozone concentration. This results in
the negative ozone retrieval error for the scattering term. On
the other hand, the presence of a cloud leads to increased
absorption and, therefore, to a decreased limb radiance. In
this case, the absorption error term is positive because the
cloud-free model needs larger ozone concentrations to match
the increased path-absorption. Thus, in the case of the abso-
lute limb radiance, the enhanced reflection of the solar light
in a cloudy atmosphere is the main source of error in the
retrieved ozone profile, occurring due to neglecting tropo-
spheric clouds in the retrieval process.

On the contrary, the contribution of the scattering term is
significantly smaller for the normalized limb radiance and for
the Chappuis triplet, as shown in the upper right and in the
lower panel of Fig.2. In these cases, the error in the retrieved
ozone profiles is mainly due to the differences in the gaseous
absorption associated with changes in photon path lengths
in a cloudy atmosphere. Comparing the contribution of the
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Fig. 3. Comparison of the approximate errors of the ozone profile retrieval calculated with and without linearity assumption according to
Eqs. (22) and (15), respectively. Panel(a) shows the results for the absolute limb radiance at 602 nm, panel(b) for the absolute normalized
limb radiance at 602 nm, and panel(c) for the Chappuis triplet. The calculations were performed for the same set of parameters as in Fig.2.

absorption term to the ozone retrieval error in the case of the
absolute and normalized limb radiance shown in the upper
left and upper right panels of Fig.2, respectively, one can see
that this term changes its sign. This can be explained by the
fact that, although in the presence of a cloud, the limb radi-
ance decreases due to an enhancement of path-absorption at
all relevant tangent heights, the relative decrease at the refer-
ence tangent height is stronger. Therefore, in the presence
of a cloud, the normalised limb radiance increases due to
additional path-absorption as compared to a cloud-free at-
mosphere. Thus, the cloud-free model needs less ozone to
match the increased normalised limb radiance and the corre-
sponding ozone retrieval error becomes negative.

As can be clearly seen, the impact of clouds is much larger
for the absolute limb radiance as compared to the normalized
one, and compared to the Chappuis triplet. Moreover, em-
ploying the normalized limb radiance or the Chappuis triplet
in the framework of cloud-free model, one can expect a sys-
tematic underestimation of the retrieved ozone profile.

Figures3 and 4 illustrate the impact of the linearity as-
sumption used to derive the linearized representation for the
approximate retrieval error as given by Eq. (22). The results
are shown for the absolute limb radiance at 602 nm (panel a),
the normalized limb radiance at 602 nm (panel b), and for
the Chappuis triplet (panel c) for different values of sur-
face albedo. Figure3 shows the approximate error of the
ozone profile retrieval calculated with and without linearity
assumption according to Eqs. (22) and (15), respectively, for
a surface albedo of 0.3 and the same cloud parameters and
viewing geometry as described above. Figure4 shows the
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Fig. 4. Same as Fig.3 but for a surface albedo of 0.9.

same errors but for a surface albedo of 0.9. As seen from the
plots, under certain conditions (e.g., high surface albedo) the
linearization error for the Chappuis triplet is so high that not
even the correct sign of the approximate error is reproduced.

The obtained results demonstrate that using the combina-
tion of the limb radiances in the Chappuis triplet leads to
a significant decrease of the cloud impact on the retrieval
process. On the other hand, this combination can increase
the nonlinearity of the problem making the linear representa-
tion for the approximate error as given by Eq. (22) unusable.
Therefore, this representation is not used in the discussion
below. Instead, the dependence of the retrieval error on the
cloud parameters is discussed in the next section employing
the much more robust expression for the approximate error
as given by Eq. (15).

8 Investigation of the retrieval errors

In this section, the errors in the retrieved vertical distributions
of ozone occurring due to neglecting tropospheric clouds in
the retrieval process are analyzed employing the full end-
to-end numerical approach for different cloud scenarios and
viewing geometries. The obtained results are explained using
the approximate representation of the retrieval error obtained
above (see Eq.15).

An example of the ozone vertical profile obtained neglect-
ing tropospheric clouds in the retrieval process, as described
by Eq. (8), is shown in Fig.5 in comparison with the true
vertical distribution of ozone. The cloud parameters and
the observation geometry are the same as in Fig.2. As the
plot shows, the effect of the tropospheric clouds appears as a
small underestimation of the ozone number density in the al-
titude region below 30 km whereas in the upper layers, where
most of the information originates from the UV wavelengths,
the ozone retrieval is relatively insensitive to clouds. As
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Fig. 5. An example of the ozone vertical profile obtained neglect-
ing the tropospheric clouds in the retrieval process, as described by
Eq. (8), in comparison with the true vertical distribution of ozone.
The calculations were performed for the same set of parameters as
in Fig. 2.

shown below, this low bias in the retrieved ozone concentra-
tions at lower altitudes is typical for neglecting tropospheric
clouds in the retrieval process for most cloud scenarios.

8.1 Cloud optical thickness

Figure6 shows the sensitivity of ozone profile retrievals to
tropospheric clouds for differentτ and different altitudes of
the cloud layer. The SZA and SAA are set to 30◦ and 90◦,
respectively. The sensitivity is expressed in terms of the rel-
ative percentage error according to Eq. (10). Panels (a) and
(b) of Fig. 6 show the retrieval errors for the low and mid-
dle clouds, respectively, according to the classification given
in Table2. As seen from the plot, when being neglected in
the retrieval process, low and middle clouds with the same
τ cause similar errors in the retrieved ozone profiles. Gen-
erally, the retrieval error caused by this type of clouds is up
to about 5% at 10 km altitude decreasing with increasing al-
titude and with decreasingτ . The results for the high clouds
are shown in panels (c) and (d) of Fig.6. Panel (c) shows
the results for the standard tangent height range, as given in
Table1, where the cloud is in the instrument field of view.
Panel (d) shows the results for the lowest tangent height set
to 19 km. As an investigation of the retrieval error within
the cloud is outside the scope of this study, the results for
high clouds are shown only for the altitudes above the cloud
layer, i.e., above 18 km. As clearly seen from the plots, the
retrieval error reaching 17% at 18 km for the standard tan-
gent height range (hlow=9 km) decreases to less than 3.5% if
the lines of sight are rejected, for which the cloud is in the

field of view of the instrument (hlow=19 km). In future ver-
sions of the ozone profile retrieval from SCIAMACHY limb
measurements cloud top height information – also retrieved
from SCIAMACHY limb observations with a colour-index
approach similar to the PSC detection described invon Sav-
igny et al.(2005b) – will be employed to limit the range of
tangent heights used.

For all cloud layer altitudes, the retrieval errors shown in
Fig. 6 are mostly negative and decrease with increasing alti-
tude as well as with decreasingτ . Thus, most typically, the
ozone concentrations are underestimated if the tropospheric
clouds are neglected in the retrieval process. However, for a
small τ , the retrieval error can change its sign and become
positive, as for example, for low and middle clouds atτ=1.
These general dependencies can be explained considering the
approximate retrieval error as given by Eq. (15).

Panel (a) of Fig.7 shows the approximate retrieval error at
different tangent heights calculated for a middle cloud (as in
Fig. 6b). As can be seen from the plots, the approximate re-
trieval errors shown in Fig.7a are in good qualitative agree-
ment with the errors obtained using the full end-to-end nu-
merical approach presented in Fig.6b. In particular, the re-
trieval errors in both Figs.6b and7a change the sign between
τ=1 andτ=2 and increase with growing optical thickness of
the cloud forτ≥2. As, according to Eq. (15), the approx-
imate retrieval error is proportional to the difference in the
limb signals for a cloudy and a cloud-free atmosphere, the
dependence of the retrieval error on the cloud optical thick-
ness can be analyzed considering the corresponding values
of the Chappuis triplet. Panels (b) and (c) of Fig.7 show
the Chappuis triplet for a cloudy atmosphere (for the same
scenario as in Fig.6b) as a function of theτ as well as the
Chappuis triplet and the integrated weighting function for a
cloud-free atmosphere at 12 km and 29 km tangent height,
respectively. Obviously, the Chappuis triplet in a cloudy at-
mosphere,yc, increases with increasingτ . Consistently with
Fig. 7a, the Chappuis triplet value for a cloudy atmosphere
at τ=1 is smaller than the cloud-free value leading to a pos-
itive retrieval error (note that the integrated weighting func-
tion is negative) whereas the opposite behaviour is observed
for τ≥2.

The dependence of the ozone retrieval errors on the opti-
cal depth of tropospheric clouds, discussed above, can be ex-
plained using the findings ofRoebeling et al.(2005) andLiou
(1973) who have discovered that the reflected solar radiation
at visible wavelengths (630 nm and 700 nm, respectively) in-
creases with increasingτ , i.e., optically thicker clouds re-
flect more solar light. As demonstrated in Appendix A, a
variation of cloud parameters causing an increase in the re-
flected solar radiation also leads to an increase in the Chap-
puis triplet values. Thus, the enhanced reflection due to op-
tically thick clouds causes an increase in limb radiance lead-
ing, in turn, to larger values of the Chappuis triplet, which
results then in smaller ozone concentrations when retrieving
the profiles neglecting the clouds. Clearly, optically thicker
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Fig. 6. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process. Results are shown for different altitudes
of the cloud layer and for different cloud optical thicknessesτ : (a) low clouds (1–3 km),(b) middle clouds (2–7 km),(c) high clouds (6–
15 km) for the standard tangent height range, i.e.,hlow=9 km is the lowest tangent height included in the retrieval,(d) high clouds for the
reduced tangent height range,hlow=19 km.

clouds reflecting more solar light affect the retrievals more
strongly. This provides an explanation for the typical de-
pendence of ozone profile retrieval errors onτ and the gen-
eral underestimation of ozone concentrations retrieved from
limb-scatter observations neglecting tropospheric clouds in
the retrieval process.

8.2 Effective radius of water droplets

In this section, the dependence of the ozone profile retrieval
error on the effective radius of water droplets within the
cloud is investigated. The effective radius of water droplets,
re, is defined as the ratio of the third moment to the second
moment of the droplet size distribution (Hansen and Travis,
1974). The comparison is performed for a middle cloud and
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Fig. 7. Panel(a) approximate retrieval error according to Eq. (15) at tangent heights of 12 km, 15 km, 19 km and 29 km as a function of the
cloud optical thickness. Panels(b) and(c) Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function
at a tangent height of 12 km and 29 km, respectively. The calculations were performed for a middle cloud (the same scenario as in Fig.6b).
Please note that the subscripts “c” and “f” refer to a cloudy and a cloud-free atmosphere, respectively.

the parameter set given in Table2. Since theτ is fixed, the
water droplet scattering phase function is the only parameter
changing when there is varied.

The sensitivity of the ozone vertical profile retrievals, per-
formed neglecting tropospheric clouds, to there within the
cloud is illustrated in panel (a) of Fig.8. This figure demon-
strates that the impact of clouds with small water droplets is
slightly higher than for larger droplets. However, as the dif-
ference in the relative errors between the large (20µm) and
small (4µm) water droplets is less than 0.5%, one can con-
clude that the overall influence of there on the ozone profile
retrieval is rather small. Similar to the previous section, this
dependence can be qualitatively explained considering the
approximate retrieval error as given by Eq. (15). Panel (b) of
Fig. 8 shows the approximate retrieval error as a function of
re for three different tangent heights. It can be clearly seen,
that the retrieval error decreases with increasingre which is

in line with the results presented in Fig.8a. Panel (c) of Fig.8
shows the Chappuis triplet for a cloudy atmosphere as a func-
tion of there as well as the Chappuis triplet and the integrated
weighting function for a cloud-free atmosphere. As clearly
seen, the Chappuis triplet for a cloudy atmosphere decreases
with increasingre getting closer to cloud-free values which
results in smaller retrieval errors.

As shown by e.g.,Kokhanovsky(2001), clouds having
smaller water droplet effective radii reflect more solar radia-
tion as compared to clouds consisting of larger water droplets
if all other cloud parameters are identical. This can be ex-
plained by the fact that the scattering phase function of larger
water droplets is peaked much more strongly in the forward
direction as compared to the smaller droplets. Thus, the
probability of the backward scattering (i.e., of the reflection)
is lower for larger water droplets. As, according to our find-
ings in Appendix A, for the typical atmospheric/observation
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Fig. 8. Panel(a) relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for differentre. Panel(b) ap-
proximate retrieval error according to Eq. (15) at tangent heights of 12 km, 15 km, and 19 km as a function of there. Panel(c) Chappuis
triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a tangent height of 12 km. The calculations were
performed for a middle cloud and the parameter set given in Table2.

conditions the Chappuis triplet has a similar behaviour as
the reflected solar radiation, one can conclude that the re-
sults shown in Fig.8 are in agreement with the finding of
Kokhanovsky(2001). We note, however, that because of a
different viewing geometry and a combination of the limb
radiances into the Chappuis triplet, the impact of there ob-
served in this study is much smaller compared to the results
presented byKokhanovsky(2001).

8.3 Cloud top height and geometrical thickness

Other cloud parameters that can affect the retrieval error in-
clude the geometrical thickness and cloud top height. As
shown byRozanov and Kokhanovsky(2008) (and references
therein) these parameters play a major role when retriev-
ing the vertical columns of ozone from the measurements of
backscattered solar radiation in nadir viewing geometry. In
this section, we analyze the impact of the cloud geometri-
cal thickness and cloud top height on ozone vertical profiles

retrieved from limb-scatter measurements. The calculations
are performed for the parameter set given in Table2.

The left panel of Fig.9 illustrates the ozone profile re-
trieval errors due to neglect of clouds in the retrieval process
for different cloud top heights. The results are obtained for a
fixed cloud geometrical thickness of 1 km. As seen from the
plot, the dependence of the retrieval error on the cloud top
height is insignificant for cloud layers below 7 km. Because
of a finite field of view, the instrument directly observes the
atmosphere down to about 7.5 km altitude at the lowest tan-
gent height included in the retrieval (9 km). Thus, the reason
for an increased dependence of the retrieval errors on cloud
top height for the cloud layers above 7 km is that these clouds
are already in the field of view of the instrument.

The right panel of Fig.9 shows the ozone profile retrieval
errors due to neglecting clouds in the retrieval process for
different geometrical thicknesses of the cloud. In this com-
parison, the cloud top height is fixed to 7 km. As clearly seen,
in contrast to nadir observations considered byRozanov and
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Fig. 9. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process. The results are shown for different
cloud top heights and geometrical thicknesses of the cloud. Left panel: different cloud top heights for a fixed cloud geometrical thickness
(1 km). Right panel: different cloud geometrical thicknesses for a fixed cloud top height (7 km). The calculations were performed for the
parameter set given in Table2.

Kokhanovsky(2008), the retrieval error for limb-scatter mea-
surements is almost independent of the geometrical thickness
of the cloud. Please note that theτ is fixed in this com-
parison, i.e., it does not change with a changing geometrical
thickness of the cloud. The main reasons for the differences
with respect to nadir observations are the combination of the
limb radiances in the Chappuis triplet suppressing the overall
impact of clouds.

8.4 Ground albedo

All results presented above are obtained assuming a constant
surface albedo of 0.3 in both forward model and the retrieval
algorithm. In this section, we investigate the influence of
the surface albedo on the ozone vertical profiles retrieved ne-
glecting the tropospheric clouds. For the first set of sensi-
tivity studies presented in this section, the surface albedo is
assumed to be known and the retrievals are performed using
the correct values of the albedo, i.e., the surface albedo is the
same when modelling the limb observations and retrieving
the profiles. Later, we also discuss the effect of an incorrect
surface albedo value on the ozone profile retrievals. The cal-
culations are performed for a middle cloud withτ=10, and
the other parameters as given in Table2.

The top left panel of Fig.10 shows the relative error in
the retrieved vertical distributions of ozone occurring for dif-
ferent surface albedo values when neglecting clouds in the
retrieval process. As can be clearly seen, the impact of the

surface albedo on the retrieval error is quite strong. In par-
ticular, the ozone concentrations are underestimated by up
to 6.5% at 10 km altitude when neglecting clouds over dark
surfaces (A∼0.1) whereas over bright surfaces (A∼0.9) an
overestimation by up to 1.5% at 10 km is observed. Similar
to all previous results, the retrieval error decreases with in-
creasing altitude. In the considered case, the largest retrieval
errors occur over the dark surfaces and the smallest effect is
observed for a surface albedo of 0.5.

Similar to previous discussions, the obtained results can
be explained considering the approximate retrieval error as
given by Eq. (15). The top right panel of Fig.10 shows the
approximate retrieval error as a function of surface albedo for
four different tangent heights. We observe that the approx-
imate error shows the same behaviour as the retrieval errors
resulting from the full end-to-end numerical approach shown
in the top left panel of the figure. Looking at Eq. (15), it is ob-
vious that the behaviour of the retrieval error can be analyzed
considering the limb signals for a cloudy and a cloud-free
atmosphere. The middle panels of Fig.10 show the Chap-
puis triplet for a cloudy and a cloud-free atmosphere as well
as the integrated weighting function for a cloud-free atmo-
sphere as functions of surface albedo for a tangent height of
12 km (left middle panel) and 29 km (right middle panel). It
can be clearly seen, that both the Chappuis triplet for a cloudy
and a cloud-free atmosphere increase with increasing surface
albedo. However, the dependence for cloud free conditions
is stronger. As, according to our findings in Appendix A, for

www.atmos-meas-tech.net/2/653/2009/ Atmos. Meas. Tech., 2, 653–678, 2009



668 T. Sonkaew et al.: Cloud sensitivity of ozone profile retrievals

Fig. 10. Left top panel: relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for different surface
albedos. Right top panel: approximate retrieval error according to Eq. (15) at tangent heights of 12 km, 15 km, 19 km and 29 km as a function
of the surface albedo. Middle panels: Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a
tangent height of 12 km and 29 km, respectively. The calculations were performed for a middle cloud,τ=10, and the parameter set given in
Table2. Bottom panel: same as the left top panel butτ of 2.

the typical atmospheric/observation conditions the Chappuis
triplet has a similar behaviour as the reflected solar radia-
tion, it is clear that it should increase with increasing surface
albedo because more solar light is reflected and this increase
should be smaller for a cloudy atmosphere because the sur-
face is partially screened by the cloud.

For the case under consideration,yf <yc for low surface
albedo leading to negative retrieval errors whereasyf >yc for
high surface albedo resulting in positive retrieval errors (note
that the integrated weighting function is negative). Thus,
there is an albedo value at which the Chappuis triplets for
a cloudy and a cloud-free atmosphere are equal and vertical
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Fig. 11. Relative ozone profile retrieval errors for different surface albedo values Af in the forward simulations, but a fixed albedo Ar=0.3
assumed in the retrievals (panela), and a constant albedo of Af =0.3 in the forward simulations and varying albedo Ar used for the retrievals
(panelb). The calculations were performed for the parameter set given in Table2.

profiles of ozone are retrieved without any error. However,
the Chappuis triplet for a cloudy atmosphere,yc, depends
not only on the surface albedo but also on theτ (see Fig.7).
Therefore, the curves representingyc in Figs. 10c and10d
will be shifted upwards or downwards for clouds havingτ

greater or less than 10, respectively. The bottom panel of
Fig. 10 shows the relative retrieval errors for different sur-
face albedos and the same parameters as in the top left panel,
except that theτ is 2. The maximum errors are lower than for
a τ of 10. This panel clearly shows that the albedo leading
to essentially zero retrieval errors is smaller than forτ=10,
in agreement with the dependencies shown in the two middle
panels of Fig.10.

Taking into account that the Chappuis triplet for a cloud-
free atmosphere,yf , is independent ofτ , one can conclude
that the surface albedo value whereyf ≈yc (and the retrieval
is done error-free) depends onτ . This consideration shows
that the retrieval error caused by neglecting clouds can be
decreased by including an effective surface albedo in the re-
trieval process. We note, that the mitigation of the impact of
clouds on the ozone profile retrievals by fitting an effective
ground albedo has been considered in e.g.,Rault(2004) and
Roth et al.(2007).

Now we discuss several cases where the actual surface
albedo value is not exactly known, unlike the studies dis-
cussed earlier in this section. Panel (a) of Fig.11 shows
ozone profile retrieval errors assuming different albedo val-
ues in the forward simulation and an albedo of Ar=0.3 for the
retrievals. Panel (b) of the same figure shows the obtained re-
trieval errors based on a fixed surface albedo of Af =0.3 in the
forward simulation of the synthetic observations, and differ-
ent values for the surface albedo in the cloud-free retrieval.

We note that the retrieval errors in panel (b) of Fig.11 are
very similar to the errors shown in the left panel of Fig.10for
the same values of the albedo assumed in the retrievals. This
finding is easily explained by panels (c) and (d) of Fig.10
showing that the Chappuis triplet yc for the cloudy case is
only weakly dependent on surface albedo, whereas the triplet
for the cloud-free case yf shows a much stronger depen-
dence. In other words, under cloudy conditions the effect
of surface albedo on the Chappuis triplet is rather small com-
pared to a cloud-free scenario. The ozone profile retrieval
errors depend more strongly on the albedo value assumed in
the cloud-free retrievals. This also explains why the differ-
ences in retrieval errors between the different cases shown in
panel (a) of Fig.11are smaller than in panel (b). Finally, we
note that the relative differences between the cases shown in
panels (a) and (b) of Fig.11 are consistent with the depen-
dence of the cloudy and cloud-free Chappuis triplet values
shown in the panels (c) and (d) of Fig.10, and can be quali-
tatively derived immediately from these panels.

It is also noteworthy that for typical measurements over
land and ocean, the surface albedo is low and, thus, the re-
trieved ozone concentrations are generally underestimated if
tropospheric clouds are not considered in the retrieval pro-
cess (see Fig.10a). This may be one of the reasons for the
low bias observed in the vertical distributions of the strato-
spheric ozone retrieved from the OSIRIS limb-scatter obser-
vations when comparing to POAM III (von Savigny et al.,
2005a) and ACE (Dupuy et al., 2009) solar occultation mea-
surements.
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Fig. 12. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for

different viewing geometries. Left panel: retrieval errors for different SZAs and a fixed SAA of 90◦. Right

panel: retrieval errors for different SAAs and a fixed SZA of 30◦. The calculations were performed for the

scenario as given in Table 2.
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Fig. 12. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for different viewing geometries. Left
panel: retrieval errors for different SZAs and a fixed SAA of 90◦. Right panel: retrieval errors for different SAAs and a fixed SZA of 30◦.
The calculations were performed for the scenario as given in Table2.

Fig. 13. Left panel: approximate retrieval error according to Eq. (15) at tangent heights of 12 km, 15 km, and 19 km as a function of the
SZA. Right panel: Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a tangent height of
12 km. The calculations were performed for a middle cloud (the same scenario as in Fig.12).

8.5 Solar zenith and azimuthal angles

In this section, we discuss the influence of the viewing geom-
etry, defined by the SZA and SAA, on the vertical distribu-
tions of ozone retrieved neglecting tropospheric clouds. Sim-
ilar to previous investigations, all calculations are performed
for the parameter set given in Table2.

In Fig. 12, the relative errors in the retrieved ozone pro-
files for different SZAs and a fixed SAA of 90◦ are shown in
the left panel. The right panel of Fig.12 shows the retrieval

errors for different SAAs and a fixed SZA of 30◦. As can
be clearly seen, the retrieval error increases with increasing
SZA for SZA<70◦ and then starts to decrease for SZA>80◦.
For a SZA of 85◦ the retrieval errors of similar magnitude as
for 50◦ are observed. The maximum retrieval error of about
7.5% at 10 km altitude occurs for SZAs between 70◦ and
80◦. Between 30◦ and 70◦ SZA the retrieval error changes
by about 5% at 10 km altitude. The influence of the SAA on
the ozone vertical profiles retrieved when neglecting tropo-
spheric clouds is smaller than for the SZA and the maximum
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effect is observed at about 25 km altitude. For larger SAAs,
the errors in the retrieved ozone profiles are smaller.

Similar to the discussion in the previous sections, the ob-
served dependencies can be explained considering the ap-
proximate retrieval error as given by Eq. (15). The left panel
of Fig. 13 shows the approximate retrieval error as a func-
tion of the SZA at different tangent heights. We clearly ob-
serve, that the retrieval error is always negative and shows
a maximum (in absolute values) between 70◦ and 80◦ SZA
decreasing for lower and higher Sun which is in line with the
results presented in Fig.12a. A further analysis can be done
considering the dependence of the Chappuis triplets on the
SZA for a cloudy and for a cloud-free atmosphere as well as
of the cloud-free integrated weighting function as shown in
the right panel of Fig.13. As clearly seen, both the Chappuis
triplet for a cloudy and for a cloud-free atmosphere decrease
with increasing SZA. The Chappuis triplet for a cloudy at-
mosphere is always larger than that for a cloud-free atmo-
sphere resulting in an underestimation of the ozone concen-
trations retrieved neglecting the tropospheric clouds (the re-
trieval error is negative because of the negative integrated
weighting function). As follows from the results presented
among others byLiou (1973) andKokhanovsky(2001) for
the reflection function of clouds in the visible spectral range,
the reflected solar radiation in a cloudy atmosphere decreases
with increasing SZA. This explains the observed dependen-
cies for the Chappuis triplet taking into account that, ac-
cording to our findings in Appendix A, for the typical at-
mospheric/observation conditions the Chappuis triplet has a
similar behaviour as the reflected solar radiation.

In addition, we investigated the ozone profile retrieval
errors occurring when neglecting tropospheric clouds for
the viewing geometries typical for the Scanning Imaging
Absorption Spectrometer for Atmospheric CHartographY
(SCIAMACHY) and the Optical Spectrograph and InfraRed
Imager System (OSIRIS) instruments. A detailed descrip-
tion of the instruments was presented byBovensmann et al.
(1999) andLlewellyn et al.(2004), respectively. Both En-
visat carrying the SCIAMACHY instrument and Odin with
the OSIRIS instrument on board are in sun-synchronous po-
lar orbits. SCIAMACHY/Envisat observes scattered, re-
flected and transmitted solar radiation in nadir, limb-scatter,
and solar/lunar occultation modes whereas OSIRIS/Odin
performs only limb-scatter observations. The comparison
is performed for the viewing conditions of seven SCIA-
MACHY limb observations (orbit 27746 on 21 June 2007)
and for nine combinations of the SZA and SAA which
roughly cover the full range of the angles typical for the
OSIRIS observations. It is also worth noting that the viewing
geometry of the OMPS (Ozone Mapping and Profiler Suite)
instrument which will fly on the next generation of US oper-
ational polar-orbiting satellites, the National Polar-orbiting
Operational Environmental Satellite System (NPOESS), is
very similar to that of SCIAMACHY limb-scatter observa-
tions.

The relative retrieval errors for the SCIAMACHY viewing
geometry are shown in the left panel of Fig.14. In agreement
with the results shown in Fig.12, the largest retrieval errors
occur at SZAs close to 70◦. For the considered Envisat orbit,
the worst viewing conditions in terms of the sensitivity of
the ozone vertical profile retrievals to tropospheric clouds are
at SZA=68◦ and SAA=156◦ corresponding to observations
at southern mid-latitudes and the second worst conditions at
SZA=63◦ and SAA=26◦ correspond to observations at high
northern latitudes. The smallest retrieval errors are observed
for SZA=25◦ and SAA=90◦ corresponding to measurements
in the tropical region.

The relative retrieval errors for the OSIRIS viewing ge-
ometry are shown in the right panel of Fig.14. As expected
from Fig. 12, the largest retrieval errors occur for a SZA of
70◦ getting smaller for the lower and higher Sun. The depen-
dence on the SAA is weaker as compared to the SZA and is
only significant for SZA=85◦.

8.6 Most frequent clouds

In this section, we investigate the relative retrieval errors oc-
curring for the most frequent clouds observed in the Earth’s
atmosphere. The comparisons are performed for three typ-
ical viewing geometries of the SCIAMACHY instrument
corresponding to a high, moderate, and low sensitivity of
the ozone profile retrievals to the tropospheric clouds (see
Sect.8.5). According to the results published byRozanov
and Kokhanovsky(2006), tropospheric clouds typically ex-
tend from 0.5 to 7.5 km with most frequent values of the
geometrical thickness of about 3 km. As demonstrated in
previous sections, the ozone profile retrievals exhibit simi-
lar sensitivity to low and middle clouds. Therefore, in this
study a cloud extending from 4 to 7 km altitude is consid-
ered to be representative for the most frequent clouds in
the Earth’s atmosphere. Based on the results published by
Trishchenko(2001) andKokhanovsky(2006), respectively,
values ofτ=10 andre=8µm are considered to be representa-
tive for the most frequent clouds. As before, the calculations
are performed for a surface albedo of 0.3.

The ozone vertical profile retrieval errors for the most fre-
quent clouds are shown in Fig.15 for three typical SCIA-
MACHY limb observations having low, moderate, and high
sensitivity to tropospheric clouds. During the northern
hemispheric summer, these viewing conditions occur in the
tropical region (SZA=25◦ and SAA=90◦), at northern high
latitudes (SZA=85◦ and SAA=22◦), and at southern mid-
latitudes (SZA = 68◦ and SAA=156◦). The obtained results
are summarized in Table3.

9 Conclusions

The combined Chappuis and Hartley band retrieval allows
to infer ozone profiles in the altitude range from the lower
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Fig. 14. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for viewing geometries typical for
SCIAMACHY (left panel) and OSIRIS (right panel) measurements. The calculations were performed for a middle cloud (the same scenario
as in Fig.12).

Table 3. Overview of the sensitivity of ozone vertical profile retrievals to tropospheric clouds (relative retrieval error in % is shown) for the
most frequent cloudsa for typical viewing geometries of the SCIAMACHY instrument.

Viewing geometries 15 km 20 km 30 km 40 km 50 km 60 km

bSZA=25◦, SAA=90◦ <2.5 <2 <1 <0.5 <0.1 <0.1
cSZA=85◦, SAA=22◦ <4 <2 <1 <0.5 <0.1 <0.1
dSZA=68◦, SAA=156◦ <6 <5 <2 <0.5 <0.1 <0.1

a cloud extention 4–7 km,τ=10,re=8µm, b Low sensitivity,c Moderate sensitivity,d High sensitivity

stratosphere to the middle mesosphere (15–65 km altitude)
using measurements of scattered solar light in limb viewing
geometry. The outgoing radiance observed by the instrument
is much more sensitive to tropospheric clouds in the visible
spectral range than in the UV. Thus, the retrievals are mostly
affected by the changes of the Chappuis triplet in a cloudy
atmosphere. The maximum retrieval errors are observed in
the lower stratosphere. The retrieval errors decrease with in-
creasing altitude and become negligible at about 40 km for
all considered scenarios.

The surface albedo,τ , and SZA are found to have the
strongest effect on the retrieved ozone profiles whereas the
impact of there, SAA, cloud geometrical thickness, and
cloud top height is rather small. The latter, however, is the
only case if the clouds are outside the field of view of the in-
strument and the cloud optical thickness is not altered when
changing the geometrical thickness of the cloud or the effec-
tive radius of water droplets. For the most frequent clouds,
the ozone vertical profile retrieval error is below 6% at 15–
20 km altitudes and less than 5% above 20 km for typical
viewing geometries of the SCIAMACHY instrument.

Beside the investigation of the ozone retrieval errors, we
have introduced an approximate method, see Eq. (15), which
can be used to estimate the ozone retrieval errors due to ne-
glecting clouds in the retrieval process without solving the
full inverse problem.

Future versions of the SCIAMACHY ozone profile re-
trieval processor operated at the University of Bremen will
limit the tangent height range employed in the retrieval to
tangent heights above cloud top height. As discussed in
Sect. 8.1, this leads to a significant reduction of the effect
of clouds on the ozone retrievals in the lower stratosphere.

Appendix A

In this Appendix, we demonstrate that, for the typical at-
mospheric/observation conditions, the Chappuis triplet, as a
function of any cloud parameter, has a similar behaviour as
the reflected nadir solar radiation. This means that, for exam-
ple, an increase in the reflected radiance, due to a variation
of any cloud parameter, leads to an increase in the Chappuis
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Fig. 15. Relative errors in the retrieved ozone profiles due to ne-
glect of clouds in the retrieval process for most frequent clouds for
typical viewing geometries of the SCIAMACHY instrument. The
calculations were performed with the scenario as given in Table2.

triplet value as well. To demonstrate this, let us represent the
limb radiance at the wavelengthλk and tangent heighthi as
a sum of the single scattered and the diffuse radiance:

I (λk,hi) = Is(λk,hi)+Id(λk,hi) . (A1)

Using this representation, Eq. (1) for the normalized limb
radiance is rewritten as

IN (λk,hi) =
Is(λk,hi)+Id(λk,hi)

Is(λk,hr)+Id(λk,hr)
, (A2)

wherehr is the reference tangent height, and the Chappuis
triplet defined by Eq. (2) is obtained as

y(hi) =
IN (λ2,hi)

√
IN (λ1,hi)IN (λ3,hi)

. (A3)

Here, the wavelengthsλ1,λ2, andλ3 are defined as discussed
in Sect.3. Since our consideration is only qualitative, we as-
sume for a further discussion that the normalized radiances at
wavelengthsλ1 andλ3 are equal, i.e.,IN (λ1,hi)=IN (λ3,hi).
This allows the mathematical formulas presented below to be
substantially shortened. Under this assumption, Eq. (A3) re-
sults in

y(hi) =
Is(λ1,hr)+Id(λ1,hr)

Is(λ2,hr)+Id(λ2,hr)

×
Is(λ2,hi)+Id(λ2,hi)

Is(λ1,hi)+Id(λ1,hi)
, (A4)

For the discussion below, we restrict our considerations to
clouds with top heights below the tangent heighthi . In this
case, the single scattered limb radiation is independent of

cloud parameters and the dependence of the normalized limb
radiance and of the Chappuis triplet on cloudiness is only due
to the diffuse radiation. Let us now simplify Eqs. (A2) and
(A4), expanding these into Taylor series with respect to the
diffuse radiation and restricting the consideration to the lin-
ear terms. In particular, the normalized limb radiance given
by Eq. (A2) is written as follows:

IN [I (λk,hi),I (λk,hr)] = IN [Is(λk,hi),Is(λk,hr)]

+
∂IN

∂Id(hi)

∣∣∣∣
Id=0

Id(λk,hi)

+
∂IN

∂Id(hr)

∣∣∣∣
Id=0

Id(λk,hr) , (A5)

where∂IN/∂Id(hi) and∂IN/∂Id(hr) are partial derivatives
of the normalized limb radiance with respect to the diffuse
radiance at the tangent heighthi andhr , respectively.

After some algebra, Eq. (A2) can then be rewritten in the
following form:

IN (λk,hi) = rn
s

{
1+

[
Id(λk,hi)

Is(λk,hi)
−

Id(λk,hr)

Is(λk,hr)

]}
, (A6)

wherern
s =Is(λk,hi)/Is(λk,hr) is the normalized single scat-

tered limb radiance, and Eq. (A4) results in

y(hi) = r t
s

{
1+

[
Id(λ2,hi)

Is(λ2,hi)
−

Id(λ2,hr)

Is(λ2,hr)

]
−

[
Id(λ1,hi)

Is(λ1,hi)
−

Id(λ1,hr)

Is(λ1,hr)

]}
, (A7)

where r t
s=Is(λ2,hi)Is(λ1,hr)/Is(λ1,hi)/Is(λ2,hr) is the

Chappuis triplet value corresponding to the single scattered
limb radiation. Both the single scattered and the diffuse limb
radiation at the tangent heighthi can be represented as fol-
lows:

Is,d(λk,hi) =

l2∫
l1

σk(l)Js,d(λk,l)Tk(l)dl , (A8)

where the integration is carried out along the instrument line-
of-sight,σk(l) is the extinction coefficient at the wavelength
λk, Tk(l)=e−τk(l1,l) is the transmission function along the
line-of-sight between the points having coordinates ofl1 and
l, wherel1 corresponds to the instrument location,τk(l1,l) is
the corresponding optical depth, andJs,d(λk,l) is the source
function of the single scattered or the diffuse radiation given
by

Js,d(λk,l)=
ωk(l)

4π

∫
4π

pk(�(l),�)Is,d(λk,l,�)d� . (A9)

Here,ωk(l) is the single scattering albedo at wavelengthλk

at the line-of-sight point with coordinatel, pk(�(l),�) is the
phase function describing the scattering probability from all
directions to the line-of-sight direction,�:={µ,φ} describes
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the set of variablesµ∈[−1,1] andφ∈[0,2π ] whereµ is the
cosine of the polar angleθ measured from the positiveτ -axis
andφ is the SAA, andIs,d(λk,l,�) is the single scattered or
diffuse radiation field at the line-of-sight pointl. Assuming
that only the tangent point region contributes to the integral
along the line-of-sight, Eq. (A8) can be simplified as follows:

Is,d(λk,hi) ≈ σk(hi)Js,d(λk,hi)Tk(hi) , (A10)

whereTk(hi) is the transmission function along the line-of-
sight from the the tangent heighthi to top of atmosphere.
Using Eq. (A10) the ratio of the diffuse to the single scattered
radiation can be written as follows:

Id(λk,hi)

Is(λk,hi)
≈

Jd(λk,hi)

Js(λk,hi)
. (A11)

Substituting the ratioId(λk,hi)/Is(λk,hi) as given by
Eq. (A11) into Eqs. (A6) and (A7), we obtain

IN (λk,hi) = rn
s

{
1+

[
Jd(λk,hi)

Js(λk,hi)
−

Jd(λk,hr)

Js(λk,hr)

]}
(A12)

and

y(hi) = r t
s

{
1+

[
Jd(λ2,hi)

Js(λ2,hi)
−

Jd(λ2,hr)

Js(λ2,hr)

]
−

[
Jd(λ1,hi)

Js(λ1,hi)
−

Jd(λ1,hr)

Js(λ1,hr)

]}
. (A13)

In the next step, let us formulate an approximate relationship
between the diffuse source function,Jd(λk,hi), and the in-
tensity of radiation reflected by a cloud. This is done using
the approximate expression for the intensity of diffuse radia-
tion suggested byKokhanovsky and Rozanov(2004) which
we write here in the following form:

R(�) = Rs(�)+T (µ0;H,hc)Rc(�)T (µ;hi,hc) , (A14)

whereRs(�) is the intensity of radiation scattered in the at-
mosphere above the cloud calculated in the single scattering
approximation,Rc(�) is the intensity of radiation scattered
within the cloud and in the underlying atmosphere including
the surface reflection (we neglect the dependence ofRc(�)

on the wavelength within the Chappuis ozone absorption
band),µ0 is a cosine of the SZA,T (µ0;H,hc)=e−τ(H,hc)/µ0

is the transmission between the top of the atmosphere (H )
and the cloud top height (hc), andT (µ;hi,hc)=e−τ(hi ,hc)/µ

is the transmission between the cloud top height (hc) and the
tangent point (hi). In the case of a weak gaseous absorption,
the first term on the right-hand side of Eq. (A14) is much
smaller than the second term and, thus, it can be neglected.
Substituting then Eq. (A14) into Eq. (A9), the following ap-
proximate expression for the diffuse source function can be
obtained:

Jd(λk,hi) ≈
ωk(hi)

4π

∫
4π

pk(�i,�)Rc(�)Tk(µ;hi,hc)d�

× Tk(µ0;H,hc) . (A15)

Taking into account that

Is(λk,l,�) = πδ(�−�0)Tk(µ0;H,hi), (A16)

whereδ(�−�0) is the Dirac delta function and the extrater-
restrial solar flux is set toπ , Eq. (A9) for the single scattering
source function becomes

Js(λk,hi) =
ωk(hi)

4
pk(�i,�0)Tk(µ0;H,hi) (A17)

and the ratio of the diffuse to the single scattering source
function at the tangent heighthi can be written as follows:

Jd(λk,hi)

Js(λk,hi)
=

1

π

∫
4π

p̃k(�i,�)Rc(�)Tk(µ;hi,hc)d�

× Tk(µ0;hi,hc) , (A18)

where p̃k(�i,�)=pk(�i,�)/pk(�i,�0), and
Tk(µ0;hi,hc)=Tk(µ0;H,hc)/Tk(µ0;H,hi) is the trans-
mission between the tangent heighthi and the cloud top
height altitudehc. The ratio of the diffuse to the single
scattering source function at the reference tangent height
can be obtained setting in Eq. (A18) hi=hr . To simplify
Eq. (A18) let us introduce the following abbreviation for the
product of two transmission functions:

Tk(hi,hc) = Tk(µ;hi,hc)Tk(µ0;hi,hc) . (A19)

Now, Eq. (A18) can be rewritten as follows:

Jd(λk,hi)

Js(λk,hi)
=

1

π

∫
4π

p̃k(�i,�)Rc(�)Tk(hi,hc)d� . (A20)

Introducing an auxiliary functionT(λk) as

T(λk) =
Jd(λk,hi)

Js(λk,hi)
−

Jd(λk,hr)

Js(λk,hr)
, (A21)

Eqs. (A12) and (A13) can be rewritten as follows:

IN (λk,hi) = rn
s [1+T(λk)] , (A22)

y(hi) = r t
s [1+T(λ2)−T(λ1)] . (A23)

These equations alone with Eqs. (A20) and (A21) provide a
simple linear relationship between the normalized limb ra-
dianceIN (λk,hi) or the Chappuis triplet valuey(hi) on the
one hand and the intensity of radiation reflected by a cloud
Rc(�) on the other.

The goal of our study is to prove that if the intensity of
reflected radiation increases due to an increase in a certain
cloud parameter, for exampleτ , i.e.,

∂Rc(�)

∂τ
= R′

c(�) > 0 , (A24)

then∂IN (λk,hi)/∂τ>0 and∂y(hi)/∂τ>0 as well, i.e., both
the normalized limb radiance and the Chappuis triplet in-
crease when the intensity of reflected radiation increases.
The discussion below is applicable to nearly all cloud pa-
rameters except for the cloud top height. This is because,
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unlike other cloud parameters, the variation in the cloud top
height affects not only the solar radiation reflected by cloud
in Eq. (A14) but also the transmissionsT (µ0;H,hc) and
T (µ;hi,hc) which must be differentiated as well when cal-
culating the derivative ofR(�). Since, as shown in Sect.8.3,
the dependence of the ozone vertical profile retrievals on
cloud top height is rather small, we exclude this parameter
from the consideration below for a sake of simplicity.

Differentiating Eqs. (A22) and (A23) with respect to the
cloud parameter of interest, we obtain

I ′

N (λk,hi) = rn
s

[
1+T′(λk)

]
, (A25)

y′(hi) = r t
s

[
1+T′(λ2)−T′(λ1)

]
. (A26)

Here, taking into account Eqs. (A20) and (A21), the deriva-
tive T′(λk) is obtained as

T′(λk) =
1

π

∫
4π

p̃k(�i,�0)R
′
c(�)

×

[
Tk(hi,hc)−Tk(hr ,hc)

]
d� . (A27)

or

T′(λk) =
1

π

∫
4π

p̃k(�i,�0)R
′
c(�)Tk(hi,hc)

×

[
1−Tk(hr ,hi)

]
d� , (A28)

whereTk(hr ,hi)=Tk(hr ,hc)/Tk(hi,hc) is the transmission
between the reference tangent heighthr and the tangent
heighthi . Now it is obvious that

T′(λk) > 0 , if R′
c(�) > 0 . (A29)

Thus, we found that the derivative of the normalized limb
radiance with respect to a cloud parameter has the same sign
as the derivative of the intensity the solar radiation reflected
by the cloud.

To complete our discussion, we show that the correspond-
ing derivative of the Chappuis triplet has the same sign as
well, i.e., we prove thatT′(λ2)−T′(λ1)>0. This can be done
taking into account that the ozone absorption at wavelength
λ2 is larger than atλ1. This allows us to rewrite Eq. (A27)
for λ2 in the following form:

T′(λ2) =
1

π

∫
4π

p̃2(�i,�0)R
′
c(�)

[
T1(hi,hc)Tg(hi,hc)

− T1(hr ,hc)Tg(hr ,hc)
]
d� , (A30)

where Tg(hi,hc) and Tg(hr ,hc) describe addi-
tional gaseous absorption at wavelengthλ2 as com-
pared to wavelengthλ1. Now, taking into account
that T1(hr ,hc)=T1(hr ,hi)T1(hi,hc), the difference

T′(λ2)−T′(λ1) can be written as

T′(λ2)−T′(λ1) =
1

π

∫
4π

p̃2(�i,�0)R
′
c(�)T1(hi,hc)

×

{[
Tg(hi,hc)−T1(hr ,hi)Tg(hr ,hc)

]
−

[
1−T1(hr ,hi)

]}
d� . (A31)

As seen from this equation, in contrast toT′(λk), the differ-
enceT′(λ2)−T′(λ1) can be both negative and positive. In-
deed, assuming that the absorption betweenhi andhc can
be neglected, i.e.,Tg(hi,hc)=1, the expression in brackets
results in

{ } = T1(hr ,hi)−T1(hr ,hi)Tg(hr ,hc)

= T1(hr ,hi)
[
1−Tg(hr ,hc)

]
, (A32)

and T′(λ2)−T′(λ1)>0. On the other hand, as-
suming that gaseous absorption is very strong, i.e.,
Tg(hi,hc)=Tg(hr ,hc) = 0, we have

{ } = −

[
1−T1(hr ,hi)

]
, (A33)

i.e., T′(λ2)−T′(λ1)<0. Thus, generally, the sign of the dif-
ferenceT′(λ2)−T′(λ1) depends on the gaseous absorption
in the atmosphere. In the considered case of measurements
of scattered solar light in the Chappuis absorption band of
ozone, it is reasonable to assume that the gaseous absorption
and atmospheric extinction between the tangent heightshr

andhi is weak. Under this assumption, we have

T1(hr ,hi) ≈ 1−τ1(hr ,hi) , (A34)

Tg(hr ,hc) ≈ 1−τg(hr ,hc) , (A35)

whereτ1(hr ,hi) and τg(hr ,hc) are the optical thicknesses
of the extinction (Rayleigh scattering and ozone absorption
at λ1) and of the gaseous absorption, respectively (we re-
mind that we neglect the aerosol extinction and the gaseous
absorption should be understood as additional absorption at
wavelengthλ2 as compared to wavelengthλ1). Substituting
now these approximations into Eq. (A31) and neglecting the
quadratic terms, i.e.,τ1(hr ,hi)τg(hr ,hc), after simple alge-
bra we obtain

T′(λ2)−T′(λ1) =
1

π

∫
4π

p̃2(�i,�0)R
′
c(�)T1(hi,hc)

× τg(hr ,hi)d� . (A36)

Thus, we can state that the derivative of the triplet, with re-
spect to the cloud parameters, has the same sign as the deriva-
tive of the intensity of solar radiation reflected by clouds
if the difference in gaseous absorption between the wave-
lengths forming the triplet is small and the extinction of the
radiation between tangent heightshr andhi due to the scat-
tering processes is small as well. Although these assump-
tions commonly hold, in the case of very large ozone con-
centrations Eq. (A35) is not valid anymore and the signs of
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the derivatives can be different. Thus, the sensitivity of the
triplet to clouds can not be explained considering the inten-
sity of the reflected solar radiation in this case.
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ance in limb-viewing geometry, J. Geophys. Res., 104, 31261–
31274, 1999.

Prather, M. J. and Remsberg, E. E. (Eds.): The Atmospheric Effects
of Stratospheric Aircraft: Report of the 1992 Models and Mea-
surements Workshop. NASA Reference Publication 1292, Vols.
1–3, National Aeronautics and Space Administration, Washing-
ton, D.C., USA, 1993.

Pruppacher, H. R. and Jaenicke, R.: The processing of water vapor
and aerosols by atmospheric clouds, a global estimation, Atmos.
Res., 38, 283–295, 1995.

Rault, D. F.: Ozone profile retrieval from Stratospheric Aerosol and
Gas Experiment (SAGE III) limb-scatter measurements, J. Geo-
phys. Res., 110, D09309, doi:10.1029/2004JD004970, 2005.

Rodgers, C. D.: Retrieval of atmospheric temperature and composi-
tion from remote measurements of thermal radiation, Rev. Geo-
phys. Space Phys., 14, 609–624, 1976.

Roebeling, R. A., Berk, A., Feijt, A. J., Frerichs, W., Joliver, D.,
Macke, A., and Stammes, P.: Sensitivity of cloud property re-
trievals to differences in radiative transfer simulations, KNMI
WR2005-02, 2005.

Rohen, G.: Retrieval of upper stratospheric/lower mesospheric
ozone profiles from SCIAMACHY limb-scatter measurements
and observations of the ozone depletion during the solar proton
event in Oct./Nov. 2003, PhD thesis, University of Bremen, Bre-
men, Germany, 2006.

Rohen, G., von Savigny, C., Llewellyn, E., Kaiser, J. W., Eichmann,
K.-U., Bracher, A., Bovensmann, H., and Burrows, J. P.: First
results of ozone profiles between 35 and 65 km retrieved from
SCIAMACHY limb spectra and observations of ozone depletion
during the solar proton events in October/November 2003, Adv.
Space Res., 37(12), 2263–2268, 2006.

Rossow, W. B. and Schiffer, R. A.: Advances in understanding
clouds from ISCCP, B. Am. Meteorol. Soc., 80, 2261–2288,
doi:10.1175/1520-0477(1999)080, 1999.

Roth, C. Z., Degenstein, D. A., Bourassa, A. E., and Llewellyn,
E. J.: The retrieval of vertical profiles of ozone number density
using Chappuis band absorption information and a multiplica-
tive algebraic reconstruction technique, Can. J. Phys., 85, 1225–
1243, 2007.

Rozanov A., Rozanov, V., and Burrows, J. P.: A numerical radia-
tive transfer model for a spherical planetary atmosphere: com-
bined differential-integral approach involving the Picard iterative
approximation, J. Quant. Spectr. Rad. Trans., 69(4), 491–512,
2001.

Rozanov A., Bovensmann, H., Bracher, A., Hrechanyy, S.,
Rozanov, V., Sinnhuber, M., Stroh, F., and Burrows, J. P.: NO2
and BrO vertical profile retrieval from SCIAMACHY limb mea-
surements: Sensitivity studies, Adv. Space Res., 36(5), 846–854,
doi:10.1016/j.asr.2005.03.013, 2005a.

Rozanov, A., Rozanov, V., Buchwitz, M., Kokhanovsky, A., and
Burrows, J. P.: SCIATRAN 2.0 – A new radiative transfer model
for geophysical applications in the 175–2400 nm spectral region,
Adv. Space Res., 36, 1015–1019, 2005b.

Rozanov, A., Eichmann, K.-U., von Savigny, C., Bovensmann, H.,
Burrows, J. P., von Bargen, A., Doicu, A., Hilgers, S., Godin-
Beekmann, S., Leblanc, T., and McDermid, I. S.: Comparison
of the inversion algorithms applied to the ozone vertical profile
retrieval from SCIAMACHY limb measurements, Atmos. Chem.
Phys., 7, 4763–4779, 2007,
http://www.atmos-chem-phys.net/7/4763/2007/.

Rozanov, A.: SCIATRAN 2.X: Radiative transfer model and re-
trieval software package,http://www.iup.physik.uni-bremen.de/
sciatran, 2008.

Rozanov, V. V. and Kokhanovsky, A. A.: Semianalytical cloud re-
trieval algorithm as applied to the cloud top altitude and the cloud
geometrical thickness determination from top-of-atmosphere re-

www.atmos-meas-tech.net/2/653/2009/ Atmos. Meas. Tech., 2, 653–678, 2009

http://www.atmos-chem-phys.net/7/4763/2007/
http://www.iup.physik.uni-bremen.de/sciatran
http://www.iup.physik.uni-bremen.de/sciatran


678 T. Sonkaew et al.: Cloud sensitivity of ozone profile retrievals

flectance measurements in the oxygen A-band, J. Geophys. Res.,
109, D05202, doi:10.1029/2003JD004104, 2004.

Rozanov, V. V. and Kokhanovsky, A. A.: Determination of cloud
geometrical thickness using backscattered solar light in a gaseous
absorption band, IEEE Geosci. Remote Sens. Lett., 3(2), 250–
253, 2006.

Rozanov, V. V.: Adjoint radiative transfer equation and in-
verse problems, in: Light Scattering Reviews, edited by:
Kokhanovsky, A. A., Springer, Praxis Publishing, Chichester,
UK, 339–390, 2006.

Rozanov, V. V. and Kokhanovsky, A. A.: Impact of single- and
multi-layered cloudiness on ozone vertical column retrievals us-
ing nadir observations of backscattered solar radiation, in: Light
Scattering Reviews 3, edited by: Kokhanovsky, A. A., Springer,
Praxis Publishing, Chichester, UK, 133–189, 2008.

Rusch, D. W., Mount, G. H., Barth, C. A., Rottmann, G. J., Thomas,
R. J., Thomas, G. E., Sanders, R. W., Lawrence, G. M., and
Eckman, R. S.: Ozone densities in the lower mesosphere mea-
sured by a limb scanning UltraViolet Spectrometer, Geophys.
Res. Lett., 10(4), 241–244, 1983.

Siewert, C. E.: A discrete-ordinates solution for radiative-transfer
models that include polarization effects, J. Quant. Spectr. Rad.
Trans., 64, 227–254, 2000.

Sioris, C. E., Haley, C. S., McLinden, C. A., von Savigny C., Mc-
Dade, I. C., McConnell, J. C., Evans, W. F. J., Lloyd, N. D.,
Llewellyn, E. J., Chance, K. V., Kurosu, T. P., Murtagh, D.,
Frisk, U., Pfeilsticker, K., B̈osch, H., Weidner, F., Strong, K.,
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