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Abstract

We present a new technique for the quantitative simulation of the “Ring effect” for scat-
tered light observations from various platforms and under different atmospheric situa-
tions. The method is based on radiative transfer calculations at only one wavelength
λ0 in the wavelength range under consideration, and is thus computationally fast. The5

strength of the Ring effect is calculated from statistical properties of the photon paths
for a given situation, which makes Monte Carlo radiative transfer models in particular
appropriate. We quantify the Ring effect by the so called rotational Raman scattering
probability, the probability that an observed photon has undergone a rotational Raman
scattering event. The Raman scattering probability is independent from the spectral10

resolution of the instrument and can easily be converted into various definitions used
to characterise the strength of the Ring effect. We compare the results of our new
method to the results of previous studies and in general good quantitative agreement
is found. In addition to the simulation of the Ring effect, we developed a detailed re-
trieval strategy for the analysis of the Ring effect based on DOAS retrievals, which15

allows the precise determination of the strength of the Ring effect for a specific wave-
length while using the spectral information within a larger spectral interval around the
selected wavelength. Using our new technique, we simulated synthetic satellite ob-
servation of an atmospheric scenario with a finite cloud illuminated from different sun
positions.20

1 Introduction

The Ring effect describes the so-called “filling-in” of solar Fraunhofer lines in the spec-
tra of scattered light compared to direct sun light observations. It was first observed by
Shefov (1959) and Grainger and Ring (1962). Today, it is commonly agreed that rota-
tional Raman scattering (RRS) on atmospheric molecules is the dominant source for25

the Ring effect (Brinkmann, 1968; Kattawar et al., 1981; Solomon et al., 1987; Busse-
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mer 1993). Note that also the signal of vibrational Raman scattering in ocean water
has been observed in satellite spectra (Vasilkov et al., 2002; Vountas et al., 2003),
with typically much smaller amplitude than that of atmospheric RRS. In many atmo-
spheric remote sensing applications that make use of scattered solar radiation (e.g.
from ground based, airborne or satellite based observations), the accurate correction5

of the Ring effect is an important prerequisite for the precise retrieval of atmospheric
trace gas absorptions (Noxon et al., 1979; McKenzie and Johnston, 1982; Solomon et
al., 1987; Chance et al., 1991; Platt and Stutz, 2008; Chance and Spurr 1997; Vountas
et al., 1998; Sioris and Evans 2000; Aben et al., 2001; de Beek et al., 2001; Wagner
et al., 2002, 2004). Usually, for that purpose a so called Ring spectrum is calculated10

and included in the spectral fitting process; it can be obtained from observations using
polarisation filters or can be computed from measured solar spectra (Solomon et al.,
1987; Bussemer 1993; Vountas, 1998; de Beek et al., 2001). Apart from the complicat-
ing effects of RRS on atmospheric trace gas retrievals, observations of the Ring effect
can also be used to investigate details of atmospheric radiative transfer. The filling-in15

of Fraunhofer lines depends in particular on the presence and properties of clouds and
aerosols. Thus from the measured strength of the Ring effect information on these
quantities can be obtained (Park et al., 1986; Joiner et al., 1995, 2002, 2004, 2006;
Joiner and Bhartia 1995; de Beek et al., 2001; Wagner et al., 2004; van Deelen et al.,
2007). However, this information has so far been only partly utilised because especially20

the numerical modelling of the Ring effect is difficult and usually very time-consuming.
Additionally, the precise measurement of the Ring effect has its limitations.

Here we present a new method for the precise and fast modelling of the Ring effect
for various observation geometries and atmospheric scenarios. It is based on the full
spherical Monte-Carlo radiative transfer models TRACY-2 and its successor McArtim25

(Deutschmann, 2008; Deutschmann and Wagner, 2008; Wagner et al., 2007). In con-
trast to existing methods for the simulation of the Ring effect (e.g. Joiner et al., 1995;
Joiner and Bhartia, 1995; Vountas et al., 1998; de Beek et al., 2001; van Deelen et
al., 2005), our method is not based on the full simulation of the measured spectra. In-
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stead, from a simulated ensemble of photons that contribute to a given measurement,
the average probability of photons that have undergone RRS is calculated. For such an
evaluation of the scattering statistics, Monte Carlo models are particularly well suited.
Our model simulations are performed at only a single wavelength within the selected
wavelength range. The method is based on the idea that the strength of the Ring effect5

is directly proportional to the percentage of all simulated photons that have undergone
a RRS event (e.g. Joiner et al., 1995; Wagner et al., 2004; Langford et al., 2007). This
fraction can be easily obtained from Monte Carlo simulations. Monte Carlo radiative
transfer models are especially well suited for the simulation of 3-dimensional gradients
of atmospheric properties like e.g. clouds.10

Our paper is structured as follows: first in Sect. 2 the theoretical basis of the new
method is outlined. In Sect. 3 the details of the implementation in our Monte-Carlo
radiative transfer models is described. Section 4 provides information on how the
strength of the Ring effect can be extracted from DOAS measurements in an universal
way; in Sect. 5 the results of our method are compared to previous studies. Finally, the15

potential of the Monte-Carlo simulation of the Ring effect is demonstrated for the case
of a finite cloud.

2 Theoretical basis of the new method

2.1 Formulation of the atmospheric radiative transfer using transmission terms

If Monte-Carlo models are applied for the simulation of the Ring effect, it is convenient20

to describe the atmospheric radiative transfer using atmospheric transmission terms.
Here we use the term transmission in an broader sense than for observations with a
well defined geometrical absorption path: the atmospheric transmission includes not
only the extinction along the light path (due to scattering and absorption), but depends
also on the distribution and properties of scattering processes and reflection on the25

earth’s surface.
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For observations of scattered sun light in the earth’s atmosphere, the signal mea-
sured at a selected wavelength λ can be described as follows:

R(λ) = I(λ) · 1
π
· Tatm (λ) (1)

Here R(λ) is the spectral radiance (e.g. in units of W/m2/sr/nm) measured by a specified
detector (located e.g. on the ground or in space). I(λ) is the solar irradiance (e.g. in5

units of W/m2/nm) and Tatm(λ) is the atmospheric “transmission”. For observations of
reflected light, Tatm(λ) is also referred to as normalised radiance.

In the atmosphere, not only elastic processes occur, but also inelastic processes like
Raman scattering, which change the wavelength of the scattered photon. To account
for such processes, the measured radiance can be split into three terms, one term10

including photons having undergone only elastic processes and two additional terms
including photons, which have undergone at least one inelastic scattering (or reflection)
process.

Rtot(λ) = Rel (λ) + Rinel,in (λ) − Rinel,out (λ) (2)

Rel(λ) describes the radiance for the (hypothetical) case that all photons were only elas-15

tically scattered, Rinel,in(λ) describes the contribution which was inelastically scattered
from the incident sun light (from various wavelengths) to the measured signal at wave-
length λ, Rinel,out(λ) describes the inelastically scattered photons which originated from
the sun at wavelength λ, and reached the detector at a wavelength different from λ.

We are primarily interested in the atmospheric Ring effect caused by rotational20

Raman scattering (RRS) on air molecules. Thus, as contributions to Rinel,in(λ) and
Rinel,out(λ) we will in the following consider only photons, which have undergone RRS
events along their path through the atmosphere (besides possible other elastic pro-
cesses). Note that this concept can be extended to the description of other inelastic
processes like e.g. vibrational Raman scattering in the oceans.25
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2.2 Calculation of the Ring spectrum

In the application of the DOAS method it is common practise to correct for the spec-
tral structures caused by the Ring effect by including a Ring spectrum in the spectral
retrieval process. Usually the Ring spectrum is defined as (e.g. Solomon et al., 1987;
Bussemer, 1993; Vountas, 1998; de Beek et al., 2001):5

f (λ) =
Rinel,in (λ) − Rinel,out (λ)

Rel (λ)
(3)

A Ring spectrum can e.g. be derived from polarised measurements under clear sky
conditions (Solomon et al., 1987). Sometimes the term Rinel,out(λ) is not considered
for the calculation of the Ring spectrum leading to a different amplitude of the Ring
spectrum but similar spectral shape (e.g. Bussemer, 1993). For more details on the10

definition of Ring spectra and the underlying assumptions please refer to (Vountas,
1998).

In the following we apply 2 approximations in order to transform the above equation
into a more suitable form. The errors caused by these approximations are typically
rather small (below 1%); they are discussed and quantified in a separate section (2.3)15

below.
The first approximation is that for the terms including rotational Raman scattered

light, we consider only light paths which have experienced exactly one RRS event. For
most situations, the probability for multiple Raman scattering and the associated error
are rather small (see Sect. 2.3).20

The second approximation is that the dependence of the transmission on λ is ne-
glected over the relevant spectral range of about λ±2 nm. Over this wavelength range
the probability for scattering events and the surface reflectivity typically varies only
slightly (see Sect. 2.3).
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With these assumptions the terms including RRS in Eq. (2) can be approximated by
the following expressions:

Rinel,in (λ) ≈ Tinel (λ) ·
λ+∆λ∫
λ−∆λ

I(λ′)
π

· F (λ, λ′)dλ′ (4)

Rinel,out (λ) ≈ Tinel (λ) ·
I(λ)
π

λ+∆λ∫
λ−∆λ

F (λ′, λ)dλ′ (5)

Here Tinel (λ) describes the transmission for photon paths of single Raman-scattered5

photons under the assumption that their wavelength wouldn’t have changed after the
RRS event. F

(
λ′, λ

)
describes the probability that a photon with the initial wavelength

λ is scattered to a new wavelength λ′ after a RRS event. F
(
λ′, λ

)
is derived from the

Raman scattering cross section σRaman(λ′, λ) by normalisation:

F (λ′, λ) =
σRaman

(
λ′, λ

)∫
σRaman (λ′, λ)dλ′

→
λ+∆λ∫
λ−∆λ

F (λ′, λ)dλ′ = 1 (6)10

Note that the integrals have to be evaluated only over a small wavelength interval
around λ, for which F

(
λ′, λ

)
6=0.

Now, the Ring spectrum (Eq. 3) can be described as:

f (λ) =

Tinel (λ) ·
λ+∆λ∫
λ−∆λ

I(λ′)
π · F

(
λ, λ′

)
· dλ′ − Tinel (λ) · I(λ)

π

λ+∆λ∫
λ−∆λ

F
(
λ′, λ

)
· dλ′

I(λ)
π · Tel (λ)

=
Tinel (λ)

Tel (λ)
·

λ+∆λ∫
λ−∆λ

I(λ′) · F
(
λ, λ′

)
· dλ′ − I(λ)

I(λ)
(7)15
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The Ring spectrum is now expressed by two terms: the first term describes the proba-
bility of a photon to have undergone a RRS process; it varies smoothly with wavelength
and we refer to it as rotational Raman scattering probability PRaman(λ) (see Fig. 1):

PRaman (λ) =
Tinel (λ)

Tel (λ)
(8)

In Fig. 1 PRaman(λ) is shown for satellite nadir observations under clear sky conditions.5

For comparison, also the ratio of the total rotational Raman cross section and the
Rayleigh cross section is shown. The wavelength dependence of PRaman(λ) is stronger
for the satellite observation because of two effects: at small wavelengths the RRS
probability is enhanced because of the higher probability for multiple scattering. At
large wavelengths the RRS probability is decreased because of the higher probability10

of surface reflection (increasing the number of photons which have only undergone
elastic processes).

The second term of Eq. (7) contains the high frequency spectral features of the Ring
spectrum and we refer to this term as normalised Ring spectrum fnorm(λ) (see Figs. 2,
3):15

fnorm(λ) =

[
λ+∆λ∫
λ−∆λ

I(λ′) · F
(
λ, λ′

)
· dλ′

]
− I(λ)

I(λ)
=

λ+∆λ∫
λ−∆λ

I(λ′) · F
(
λ, λ′

)
· dλ′

I(λ)
− 1 (9)

fnorm (λ) can be derived from a solar spectrum (e.g. measured by the same instrument
as used for the analysis) and the Raman cross section taken from literature (e.g. Kat-
tawar et al., 1981). With these definitions, Eq. (7) can be written as:

f (λ) = PRaman (λ) · fnorm (λ) (10)20

It is interesting to note that PRaman(λ) for a given wavelength can be derived using
radiative transfer simulations restricted to only this wavelength (with the second ap-
proximation mentioned above). Moreover, since PRaman(λ) itself varies only weakly with
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wavelength (see Fig. 1), the Ring effect for wavelength ranges in the order of a few
nanometers can be well approximated by calculating PRaman(λ) for only a single wave-
length λ0 within the selected wavelength interval. Then Eq. (10) becomes:

f (λ) ≈ PRaman (λ0) · fnorm (λ) (11)

This largely reduces the computational effort for the calculation of the Ring spectrum.5

As shown in Sect. 4, the wavelength dependence of PRaman(λ) can be well accounted for
when the results of the radiative transfer calculations are compared to measurements
of the Ring effect.

It might be interesting to note that the content of Eq. (11) has been implicitly used for
several years in typical DOAS analyses, where a Ring spectrum (containing the high-10

frequency part of the filling-in) is included in the spectral retrieval procedure (Solomon
et al., 1987). In such cases the strength of the filling-in is quantified by the determined
fit coefficient for the Ring spectrum. If fnorm (λ) is used in the DOAS analysis, the fit
coefficient directly yields the Raman scattering probability PRaman(λ).

While in principle any measurement of the solar spectrum (with a spectral resolution15

better than that of the measurements to be analysed) can be used for the calculation
of fnorm (λ), the use of a spectrum measured by the same instrument as used for the
analysis (with limited spectral resolution) has an important advantage. Using such a
spectrum as input ensures that the derived normalised Ring spectrum (and thus also
the Ring spectrum itself) has the appropriate spectral resolution and spectral sampling20

to be used in the DOAS analysis of the atmospheric spectra measured with the same
instrument. The mathematical justification for the use of a measured spectrum (with
reduced spectral resolution) instead of a highly resolved solar spectrum is that both
convolutions (the convolution caused by the RRS and the convolution caused by the
band-pass of the instruments) can be exchanged.25

If instead a highly resolved solar spectrum is used for I(λ), both the denominator and
the numerator in Eq. (9) first have to be convoluted with the instrument function of the
own spectrometer before the ratio is calculated.

The new formulation of the Ring effect has several advantages:
95
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a) The motivation and important consequence of this formulation is that from radia-
tive transfer models including RRS, this term can be directly calculated. The de-
termination of PRaman(λ) becomes especially easy for Monte-Carlo radiative trans-
fer models (see Sect. 3). One important (because time saving) advantage of this
formulation is that for the determination of PRaman(λ) radiative transfer simulations5

can be restricted to a single wavelength λ0 within the wavelength interval of inter-
est.

b) Our formalism allows a direct comparability between the results from radiative
transfer modelling and from the DOAS analysis: if the normalised Ring spectrum
is included in a DOAS analysis, the derived fit coefficient directly yields the RRS10

probability PRaman(λ), which can be directly compared to the results from radiative
transfer modelling (note that the derived fit coefficient for fnorm(λ) does not depend
on whether the term −I(λ) is included in the calculation of fnorm(λ) in Eq. (9) or not,
because it only adds a constant (unity) to fnorm(λ)).

c) The description of the strength of the Ring effect using the RRS probability15

PRaman(λ) provides an universal formulation, which can be easily transferred to
other existing definitions of the ‘filling-in’ (see Sect. 2.4). Probably more impor-
tant, it becomes independent on the spectral resolution of the instrument.

2.3 Errors of the new method

The approximations made in the previous section introduce errors in the simulation of20

the Ring effect using our new method. These errors are discussed and quantified in
this section.

Assumption 1: Neglect of multiple rotational Raman scattering events

To estimate the resulting error, the probability of the measured photons for multiple
scattering events on molecules has to be determined. For that purpose we used our25
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radiative transfer model TRACY-2 (see Sect. 3). For satellite observations in the UV,
the average number of molecular scattering events is typically between 1 and 3 per
photon, depending mainly on wavelength, surface albedo, presence of clouds, viewing
direction and solar position (for observations at longer wavelengths, especially from
satellite instruments, this probability decreases and is typically <1 at 500 nm). If e.g.5

the average number of molecular scattering events is 2, the relative amount of multiply
Raman scattered photons compared to single rotationally Raman scattered photons is
typically <2%; for an average number of molecular scattering of 3, it increases up to
about 5%.

However, it should be noted that the resulting error of the Ring spectrum is much10

smaller, because also multiple rotational Raman scattered photons cause a filling-in
of Fraunhofer lines. The additional wavelength shift caused by the second RRS event
further smoothes the Raman spectrum F (λ) (see Fig. 2, right) and the resulting Ring
spectrum for two RRS events is similar to that for one RRS event. From the small
difference between both Ring spectra (<10% of the amplitude of the Ring spectrum)15

and the low probability for a second RRS event (<5%), we estimate the resulting total
error to be far below 1%.

It might be interesting to note that in future analyses of satellite spectra with a strong
filling-in, it would be an option to include both Ring spectra (for single and double
RRS) in the DOAS analysis. Thus it might even be possible to separate the spectral20

features between both spectra and thus determine experimentally the probabilities of
the observed photons to have undergone RRS once or twice. But this will of course
be only possible for the analysis of the strongest Fraunhofer lines. For example for the
Fraunhofer lines around 390 nm, the optical depth of the difference at 397 nm might be
up to 0.5%, which should be clearly detectable.25

Finally, it might be interesting to note that within the framework of our formalism, the
effect of double RRS photons could be addressed in a similar way as for the single RRS
photons. However, for practical applications, this extension might not be necessary.
Usually, the relative error caused by the multiple scattering is well below 1%.
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Assumption 2: Wavelength independence of the atmospheric transmission

For large differences (a few nm) between λ′ and λ the deviation of Tinel(λ) from the true
value can be of the order of a few percent. Only for very high average numbers of
molecular scattering the resulting error can increase to about 10%. However, this error
estimate would be only valid for cases where the intensity of the solar spectrum would5

be completely zero at one side of wavelength λ. For practical cases the average solar
irradiance at both sides of the received wavelength λ shows much smaller variations
over the relevant wavelength range of a few nm around λ. Thus the higher partial
transmission for λ′<λ and the lower partial transmissions for λ<λ′ will mainly cancel
each other. Even for large average numbers of molecular scattering events, the errors10

caused by this approximation is therefore typically <1%.

2.4 Relation of the new method to other definitions of the strength of the Ring effect

The strength of the Ring effect has been quantified in different studies using different
definitions. In the study of Joiner et al. (1995) a so called filling-in factor is defined,
which describes the relative change of the measured radiance at a wavelength (e.g.15

in the center of a Fraunhofer line) caused by RRS compared to a case without RRS.
A similar definition is used by de Beek et al. (2001), but they determine the so called
differential filling-in as difference between the line center and the line shoulders, which
is typically slightly larger than the filling-in factor used by Joiner et al. (1995). de Beek
et al. (2001) refer to their definition as Ring differential optical depth (Ring DOD). A20

more complex definition for the filling-in is used by Langford et al. (2007). They define
the fractional filling-in, which describes the relative change of the depth of a Fraunhofer
line due to RRS. Common to all these definitions is that the derived filling-in depends
on the spectral resolution of the instrument. This in particular complicates the direct
comparison of observational results from instruments with different spectral resolutions.25

In contrast, the formulation of the strength of the Ring effect given in this study (the
RRS probability, PRaman(λ), as defined in Eq. (8)) is independent on the spectral reso-
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lution. In addition it can be easily converted into the corresponding values according to
the various definitions of the filling-in, if the spectral resolution of the respective instru-
ment is known. The general procedure for this conversion is indicated in Fig. 3 and is
briefly outlined below:

a) First a “measured” spectrum is approximated according to the spectral resolu-5

tion of the instrument, and the specified viewing geometry and the atmospheric
properties. This spectrum is calculated as follows:

R′
tot (λ) = R′

el (λ) · [1 + f (λ)] (12)

R′
el(λ) is calculated from a high resolution solar spectrum by convolution with the

slit function of the instrument. The Ring spectrum f (λ) is calculated according to10

Eqs. (9) and (10) by substituting I(λ) by R′
el(λ) and using PRaman(λ) obtained from

the radiative transfer simulation.

Note that R′
el(λ) and R′

tot(λ) are different from the quantities used in Eq. (2) and fol-
lowing, since R′

el(λ) does not contain the effects of atmospheric elastic scattering,
reflection on the surface and absorption, which would cause modifications of the15

amplitude. For simplicity here the true elastically transmitted radiance is instead
approximated by the convoluted solar spectrum. However, for the quantification
of the Ring effect according to the above mentioned definitions only relative quan-
tities are important, which do not depend on the absolute value of the amplitude.

b) In the second step, the various definitions for the quantification of the Ring effect20

(see above) can be applied to the calculated spectra. For the above mentioned
examples the following procedures have to be applied:

The filling-in factor (Joiner et al., 1995) at a given wavelength is directly repre-
sented by the Ring spectrum f (λ) at that wavelength.

The differential filling-in (de Beek et al., 2001) is also determined from the Ring25

spectrum f (λ). For the chosen Fraunhofer line the values of f (λ) at the line center
and the line shoulders have to be taken into consideration.
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The fractional filling-in (as defined e.g. in Langford et al., 2007) is derived from
the ratio of the optical depths of the selected Fraunhofer line in R′

tot(λ) and R′
el(λ),

respectively.

Note that in case, also other quantification schemes for the Ring effect can be
applied to the spectra calculated in the first step.5

c) The comparison of the determined strength of the Ring effect in step b) and the
Raman scattering probability PRaman(λ) used for the calculation of the spectra in
step a) then yields the relationship between our model results and other defini-
tions.

For the three definitions discussed above, a linear relationship with the Raman10

scattering probability is found. The specific values of the proportionality factor are
summarised in Table 1.

3 Determination of the rotational Raman scattering probability PRaman from
Monte-Carlo radiative transfer models including Raman scattering

The rotational Raman scattering probability PRaman(λ) can be derived from atmospheric15

radiative transfer simulations, which include RRS. Since the simulations have to be
performed for only one wavelength (within the wavelength interval of interest), the cal-
culations can be performed with rather limited computational effort. While in principle,
PRaman(λ) can be determined from any radiative transfer model, Monte Carlo models
are in particular suited for that purpose, because they allow to quantify the relative20

amount of photons which have undergone RRS in a very direct and simple way. We
use the full spherical Monte-Carlo atmospheric radiative transfer models TRACY-2 and
its successor McArtim (Deutschmann, 2008; Deutschmann and Wagner, 2008; Wag-
ner et al., 2007). Currently, 3-dimensional effects (see Sect. 6) are only implemented
in TRACY-2, while McARTIM is optimised for effective and quick computing in 1-D ge-25

ometry. All results shown in this study for horizontal homogenous cases are based on
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McARTIM; the 3-dimensional modelling results shown in Sect. 6 were determined with
TRACY-2. We compared the results of both models for horizontal homogenous cases
and no significant deviations were found.

The models allow the simulation of ensembles of individual photon trajectories for a
given atmospheric situation. From these trajectories the average frequency of the mod-5

elled photons for certain interactions with atmospheric constituents or with the Earth’s
surface are determined. The scattering events are modelled individually, according
to their respective scattering cross sections and phase functions. Interaction with the
Earth’s surface is treated as a Lambertian reflection. In addition to elastic processes
(the reflection at the surface, Rayleigh scattering at molecules, scattering on aerosol10

and cloud particles), also RRS events are modelled. However, in our model, RRS
events are formally treated as elastic processes. But the respective scattering cross
sections (integrated over the wavelength range which is relevant for RRS) and phase
functions of RRS are used. The effect of leaving the wavelength unchanged is small
(<1%, see discussion of the second approximation in Sect. 2.3).15

From the output of the Monte Carlo simulations we determine the fraction of all ob-
served photons, which have undergone a RRS event. This fraction represents the
RRS probability PRaman(λ) as defined in Eq. (8). Another important advantage of a
Monte Carlo radiative transfer model is that 3-dimensional gradients can be easily im-
plemented. Thus, in particular the effects of finite clouds on the Ring effect can be20

studied (see Sect. 6).

4 Determination of the rotational Raman scattering probability PRaman from a
DOAS analysis

Like various trace gas cross sections, also a Ring spectrum can be included in a DOAS
fitting routine (Solomon et al., 1987; Vountas, 1998; Platt and Stutz, 2008). This pro-25

cedure is widely used for the correction of the Ring effect while performing the spectral
analysis. If a normalised Ring spectrum (as defined in Eq. 9) is included in the DOAS
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fit procedure, the fit coefficient directly yields the RRS probability PRaman(λ). One spe-
cific advantage of this procedure compared to the determination of the filling-in for a
selected Fraunhofer line (like e.g. in Langford et al., 2007) is that in the DOAS analysis
the complete information from a more extended wavelength range is used (see e.g. also
Joiner et al., 2004). Thus, also the strength of the Ring effect for wavelength ranges5

with weak Fraunhofer lines can be well determined. However, the use of an extended
wavelength range has also one important disadvantage: the wavelength dependence
of the amplitude of the Ring spectrum fits perfectly only to cases dominated by (single)
Rayleigh scattering. For cases with high probability for multiple Rayleigh scattering
events, or with strong contributions of surface reflection or scattering on cloud and10

aerosol particles, the amplitude of the Ring spectrum will have different wavelength
dependencies.

Thus, if extended wavelength regions are included in the DOAS fit, the different wave-
length dependencies might not well be represented by the normalised Ring spectrum
(according to Eq. 9) and the fit errors can increase.15

However, there is an elegant way to circumvent this problem. In addition to the nor-
malised Ring spectrum (according to Eq. 9) a second Ring spectrum can be included in
the DOAS fit, for which the amplitude has a different wavelength dependence (Wagner
et al., 2002; Langford et al., 2007). Such a second Ring spectrum can be calculated
from the original normalised Ring spectrum by multiplication with a term which changes20

smoothly with wavelength. Probably a polynomial of degree 4 is best suited because it
can compensate for the difference between the wavelength dependencies of Rayleigh-
scattering and scattering on cloud particles. Then an orthonormalisation of the second
Ring spectrum with respect to the original one has to be performed. This orthonormal-
isation has to be applied in a way that at the wavelength of interest (for which the RRS25

probability was calculated) the amplitude of the second Ring spectrum is zero (see fig-
ure 4). Then the fit coefficient determined for the (original) normalised Ring spectrum
directly yields the RRS probability PRaman(λ) at the wavelength of interest. By includ-
ing two Ring spectra in the spectral analysis, the spectral residual of the DOAS fit can
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be minimised. In addition, the fit coefficients determined for both Ring spectra in the
spectral fitting procedure can even provide information on the presence of clouds or
high surface albedo. In this way the advantage of an extended wavelength range can
be combined with the possibility to analyse the strength of the Ring effect at a specific
wavelength.5

5 Comparison of the results to previous studies

We compared our results to results from other studies (Joiner and Bhartia, 1995; Joiner
et al., 1995; de Beek et al., 2001; Joiner et al., 2004; Joiner et al., 2006). For these
comparisons we adapted the exact model properties (e.g. surface albedo, solar zenith
angle (SZA), surface pressure, cloud top height) where possible. We treated clouds10

either as Lambertian reflectors or as extended scattering layers with single scattering
albedo of 1 and an asymmetry parameter of 0.8. In general good qualitative and often
also quantitative agreement was found. Two examples of this comparison are shown
in Figs. 5 and 6.

For the comparison with the results from the model of Joiner et al. (2004, 2006)15

(Fig. 5) deviations are mostly found for large SZA. These differences are most probably
related to the specific treatment of the earth’s sphericity. For the comparison with de
Beek et al. (2001) (Fig. 6) deviations are mostly found for low cloud optical depth at
high cloud top height. The reasons for these discrepancies are currently not clear, but
might be partly related to the specific choice of the optical parameters of the cloud20

particles.
Also for the comparison with the results of Joiner and Bhartia (1995) and Joiner et

al. (1995) (not shown here) overall good agreement was found.
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6 Effects of 3-dimensional clouds

Monte-Carlo radiative transfer models allow a rather simple treatment of 3-dimensional
effects like e.g. the Earth’s sphericity or three-dimensional gradients of atmospheric
trace gases, clouds or aerosols. Also complex surface topography can be included. In
this section we show a case study demonstrating the potential effects of 3-dimensional5

cloud structures on the Ring effect and the normalised radiance (Tatm(λ) in Eq. 1). We
chose a finite cloud (horizontal extension: 20×80 km2, vertical extension: 10 km) which
is illuminated by the sun at different solar zenith angles, alternatively from two sides
(referred to as illuminated side and shadow side, see Fig. 7). The single scattering
albedo of the cloud particles is set to 1, the asymmetry parameter to 0.8, and the10

vertical optical depth is 10. The satellite points either to the side or the top of the cloud
(see Fig. 7): for the view on the cloud side the viewing angle was ∼11◦ from nadir, for
the view on cloud top it was ∼13◦; the satellite altitude was 400 km. The surface albedo
was assumed to be 5% and the atmosphere to be free of aerosols.

The results are shown in Fig. 8. Both, the normalised radiance and the strength of15

the Ring effect depend systematically on the measurement geometry (viewing angle
and SZA).

For low SZA (20◦) the highest radiance is observed from the cloud top. Note that the
results for the cloud top are averages for simulations with relative azimuth angle of 0◦ or
180◦; the results for both cases are, however, very similar. The radiance received from20

the sides of the cloud are smaller than from the top, with the lowest values from the
shadow side. The opposite dependence is found for the Ring effect indicating that for
the observations with lowest radiance the relative importance of molecular scattering
(and thus also RRS) is highest.

For SZA of 70◦ the highest radiance is observed from the illuminated side, since25

the solar photons hit the cloud side at a steeper angle than the top. The smallest
radiance is found from the shadow side. Again, the strongest Ring effect is found
for the observation with the smallest radiance indicating the increased importance of
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molecular scattering. Interestingly, the Ring effect for observations from the top and the
illuminated side are similar. The relatively small values for the cloud top observation is
probably caused by the shielding effect of the cloud.

For large SZA of (87◦) the differences for the different viewing directions become
smaller indicating that an increasing fraction of the solar photons is scattered by5

molecules before they reach the cloud. Again, the Ring effect is largest for the ob-
servation pointing to the shadow side.

Our results show that including 3-D effects can be important for the proper inter-
pretation of satellite observations of the Ring effect and the observed radiance. More
research is needed to investigate these effects in sufficient detail, especially their de-10

pendence on the size of the satellite footprint.

7 Conclusions

We presented a new technique for the quantitative simulation of the Ring effect for
scattered light observations from various platforms. The method is based on radiative
transfer calculations at only one wavelength within the wavelength range of interest15

and is thus computationally fast. It makes use of several simplifications, but the asso-
ciate errors are typically below 1%. In principle the new method can be applied for all
radiative transfer models which include the effects of RRS. However, since it is based
on statistical properties, it is particularly well suited for Monte Carlo radiative transfer
models. We implemented the new method in our Monte Carlo radiative transfer models20

TRACY-2 and McARTIM. Both models are full spherical models; TRACY-2 also allows
to simulate 3-dimensional fields of clouds, aerosols, trace gases or other properties
like the surface topography.

Our new method describes the Ring effect by an universal quantity, the so called
RRS probability PRaman(λ), which is independent from the spectral resolution of the25

instrument. It can, however, be easily converted to match different definitions of the
strength of the Ring effect. The detailed steps for such a conversion are described.
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Using these conversions, the results of our new method are compared to the results of
previous studies and in general good quantitative agreement is found.

In addition to the new method for the simulation of the Ring effect, we also devel-
oped a detailed strategy for the analysis of the Ring effect based on DOAS retrievals.
It allows the precise determination of the strength of the Ring effect at a specific wave-5

length while using the spectral information within a larger spectral interval around the
selected wavelength. The method can be applied for various viewing geometries and
atmospheric situations with different contributions from scattering on molecules, parti-
cles as well as reflection of the surface.

Finally we presented a case study for satellite measurements of a situation with a10

finite cloud. The strength of the Ring effect depends systematically on the measure-
ment geometry, and is strongest if the satellite points to the side of the cloud which
lies in the shadow of the sun. Measurements of the Ring effect should be used in syn-
ergy with measurements of the absorptions of O2 and O4 and the radiance at different
wavelengths (de Beek et al., 2001; Wagner et al., 2004; Joiner et al., 2004) to make15

optimum use of the spectral information provided by sensors like GOME, SCIAMACHY
and OMI.

Acknowledgements. We like to thank Michael Grzegorski, Andreas Richter, Joanna Joiner,
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Table 1. Relationship between the Raman scattering probability PRaman(λ) and other definitions
of the filling-in.

Study Instrument &
spectral resolution

wavelength Definition of filling-in Relationship to PRaman(λ)

Joiner et al. (1995) SBUV
∼ 1.1 nm

393.37 nm Filling-in factor =PRaman×0.74

Joiner et al. (2004) GOME
∼0.17 nm

393.37 nm Filling-in factor =PRaman×2.92

Joiner et al. (2006) OMI
∼0.50 nm

393.37 nm Filling-in factor =PRaman×1.79

de Beek et al. (2001) GOME
∼0.17 nm

393.37 nm Ring DOD =PRaman×3.02

Langford et al. (2007) Ground based
∼0.33 nm

344.1 nm Fractional filling-in =PRaman×1.01
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Fig. 1 Wavelength dependence of the RRS probability (PRaman(λ)) for satellite observations 
for clear skies (magenta line). The satellite results are obtained using our radiative transfer 
model assuming a surface albedo of 5% and a solar zenith angle of 20°. For comparison, also 
the ratio of the cross sections for rotational Raman and Rayleigh scattering are shown (blue 
line) (values taken from Kattawar et al. [1981]). 
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Fig. 1. Wavelength dependence of the RRS probability (PRaman(λ)) for satellite observations for
clear skies (magenta line). The satellite results are obtained using our radiative transfer model
assuming a surface albedo of 5% and a solar zenith angle of 20◦. For comparison, also the
ratio of the cross sections for rotational Raman and Rayleigh scattering are shown (blue line)
(values taken from Kattawar et al. (1981)).

111

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/87/2009/amtd-2-87-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/87/2009/amtd-2-87-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
2, 87–118, 2009

New method for Ring
effect simulation

T. Wagner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 

320 340 360 380 400
Wavelength [nm]

In
te

ns
ity

 [a
rb

. u
ni

ts
]

-1

1

3

320 340 360 380 400

320 340 360 380 400
Wavelength [nm]
In

te
ns

ity
 [a

rb
. u

ni
ts

]

-1

1

3

320 340 360 380 400

 
Fig. 2 Left: calculation of the normalised Ring spectrum according to Eq. 9. In the upper 
panel a solar spectrum (black) for the GOME spectral resolution of ~0.17nm is shown. Also 
shown (blue line) is the Raman spectrum ( ), see Eq. 7). The red 

spectrum in the lower panel shows the ratio of both spectra. The blue spectrum is the 
normalised Ring spectrum according to Eq. 9. Right: similar as left, but including two RRS 
events in the calculation. The magenta curve at the bottom right is the difference between the 
Ring spectra for one and two RRS events. 
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Fig. 2. Left: calculation of the normalised Ring spectrum according to Eq. (9). In the upper
panel a solar spectrum (black) for the GOME spectral resolution of ∼0.17 nm is shown. Also

shown (blue line) is the Raman spectrum (IRaman=
λ+∆λ∫
λ−∆λ

I(λ′)·F
(
λ, λ′

)
·dλ′), see Eq. 7). The

red spectrum in the lower panel shows the ratio of both spectra. The blue spectrum is the
normalised Ring spectrum according to Eq. (9). Right: similar as left, but including two RRS
events in the calculation. The magenta curve at the bottom right is the difference between the
Ring spectra for one and two RRS events.
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Fig. 3 Scheme for the determination of the relation of the Raman scattering probability 
PRaman(λ) and the strength of the Ring effect according to different definitions (for details see 
text). CIF and CRam indicate convolution with the instrument slit function and the normalised 
Raman cross sections, respectively. 
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Fig. 3. Scheme for the determination of the relation of the Raman scattering probability
PRaman(λ) and the strength of the Ring effect according to different definitions (for details see
text). CIF and CRam indicate convolution with the instrument slit function and the normalised
Raman cross sections, respectively.
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Fig. 4 Illustration of the normalisation procedure if two Ring spectra are included in the 
spectral DOAS analysis. The upper panel shows the original normalised Ring spectrum. In the 
center, a modified Ring spectrum with a different wavelength dependence of the amplitude 
(appropriate for bright surfaces) is shown. At the bottom this Ring spectrum is shown after 
normalisation with respect to the original Ring spectrum. The normalisation has to be chosen 
such that the amplitude of the normalised spectrum is zero at the wavelength at which the 
Ring effect is calculated. 
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Fig. 4. Illustration of the normalisation procedure if two Ring spectra are included in the spectral
DOAS analysis. The upper panel shows the original normalised Ring spectrum. In the center, a
modified Ring spectrum with a different wavelength dependence of the amplitude (appropriate
for bright surfaces) is shown. At the bottom this Ring spectrum is shown after normalisation
with respect to the original Ring spectrum. The normalisation has to be chosen such that the
amplitude of the normalised spectrum is zero at the wavelength at which the Ring effect is
calculated.
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Fig. 5 Comparison of the strength of the Ring effect using the model settings according to 
Joiner et al. [2004] but for the properties of the OMI instrument (Joiner et al. [2006]). Clouds 
are treated as Lambertian surfaces. Most probable reason for the differences is a different 
treatment of the Earth’s sphericity. Results are kindly provided by Joanna Joiner. 
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Fig. 5. Comparison of the strength of the Ring effect using the model settings according to
Joiner et al. (2004) but for the properties of the OMI instrument (Joiner et al., 2006). Clouds
are treated as Lambertian surfaces. Most probable reason for the differences is a different
treatment of the Earth’s sphericity. Results are kindly provided by Joanna Joiner.
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Fig. 6 Comparison of the strength of the Ring effect from de Beek et al. [2001] and calculated 
with the new method as function of cloud top pressure and cloud optical depth. A possible 
reason for the differences might be a different treatment of the optical properties of the cloud 
particles. The results are adopted from de Beek et al. [2001]. 
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Fig. 6. Comparison of the strength of the Ring effect from de Beek et al. (2001) and calculated
with the new method as function of cloud top pressure and cloud optical depth. A possible
reason for the differences might be a different treatment of the optical properties of the cloud
particles. The results are adopted from de Beek et al. (2001).
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Fig. 7 Position of the satellite ‘footprints’, cloud, and sun for the case study.  
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Fig. 7. Position of the satellite “footprints”, cloud, and sun for the case study.
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Fig. 8. Model results of the Ring effect (PRaman) and the normalized radiance at 370 nm for the
case study described in Fig. 7.

118

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/87/2009/amtd-2-87-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/87/2009/amtd-2-87-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

