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Abstract. We present a new technique for the quantitative 1 Introduction

simulation of the “Ring effect” for scattered light observa-

tions from various platforms and under different atmosphericThe Ring effect describes the so-called “filling-in” of solar
situations. The method is based on radiative transfer calcuFraunhofer lines in the spectra of scattered light compared
lations at only one wavelengtly in the wavelength range to direct sun light observations. It was first observed by
under consideration, and is thus computationally fast. TheShefov (1959) and Grainger and Ring (1962). Today, it is
strength of the Ring effect is calculated from statistical prop-commonly agreed that rotational Raman scattering (RRS) on
erties of the photon paths for a given situation, which makesatmospheric molecules is the dominant source for the Ring
Monte Carlo radiative transfer models in particular appro-effect (Brinkmann, 1968; Kattawar et al., 1981; Solomon et
priate. We quantify the Ring effect by the so called rota- al., 1987; Bussemer 1993). Note that also the signal of vibra-
tional Raman scattering probability, the probability that antional Raman scattering in ocean water has been observed in
observed photon has undergone a rotational Raman scattegatellite spectra (Vasilkov et al., 2002; Vountas et al., 2003),
ing event. The Raman scattering probability is independentvith typically much smaller amplitude than that of atmo-
from the spectral resolution of the instrument and can easilyspheric RRS. In many atmospheric remote sensing applica-
be converted into various definitions used to characterise th@ons that make use of scattered solar radiation (e.g. from
strength of the Ring effect. We compare the results of ourground based, airborne or satellite based observations), the
method to the results of previous studies and in general goodccurate correction of the Ring effect is an important pre-
quantitative agreement is found. In addition to the simulationrequisite for the precise retrieval of atmospheric trace gas
of the Ring effect, we developed a detailed retrieval strategyabsorptions (Noxon et al., 1979; McKenzie and Johnston,
for the analysis of the Ring effect based on DOAS retrievals,1982; Solomon et al., 1987; Chance et al., 1991; Platt and
which allows the precise determination of the strength of theStutz, 2008; Chance and Spurr 1997; Vountas et al., 1998;
Ring effect for a specific wavelength while using the spectralSioris and Evans 2000; Aben et al., 2001; de Beek et al.,
information within a larger spectral interval around the se-2001; Wagner et al., 2002, 2004). Usually, for that purpose
lected wavelength. Using our technique, we simulated syna so called Ring spectrum is calculated and included in the
thetic satellite observation of an atmospheric scenario withspectral fitting process; it can be obtained from observations
a finite cloud illuminated from different sun positions. The using polarisation filters or can be computed from measured
strength of the Ring effect depends systematically on thesolar spectra (Solomon et al., 1987; Bussemer 1993; Voun-
measurement geometry, and is strongest if the satellite pointgas, 1998; de Beek et al., 2001).

to the side of the cloud which lies in the shadow of the sun.  Apart from the complicating effects of RRS on atmo-

spheric trace gas retrievals, observations of the Ring effect
can also be used to investigate details of atmospheric ra-
diative transfer. The filling-in of Fraunhofer lines depends

in particular on the presence and properties of clouds and
aerosols. Thus from the measured strength of the Ring ef-
fect information on these quantities can be obtained (Park
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van Deelen et al., 2007). However, this information has sobut depends also on the distribution and properties of scatter-
far been only partly utilised because especially the numeriing processes and reflection on the earth’s surface.
cal modelling of the Ring effect is difficult and usually very  For observations of scattered sun light in the earth’s atmo-
time-consuming. sphere, the signal measured at a selected wavelengim

Here we present a new method for the precise and faspe described as follows:
modelling of the Ring effect for various observation geome-
tries and atmospheric scenarios. It is based on the full spherR(A) = I(X) - — - Tam (A) Q)
ical Monte-Carlo radiative transfer models TRACY-2 and its T
successor McArtim (Deutschmann, 2008; Deutschmann anéHere R(A) is the spectral radiance (e.g. in units of
Wagner, 2008; Wagner et al., 2007). In contrast to existingW/m2/sr/nm) measured by a specified detector (located
methods for the simulation of the Ring effect (e.g. Joiner ete.g. on the ground or in space)) is the solar irradiance
al., 1995; Joiner and Bhartia, 1995; Vountas et al., 1998; dde.g. in units of W/mM/nm) andTxm()) is the atmospheric
Beek et al., 2001; van Deelen et al., 2005; Spurr et al., 2008);transmission”. For observations of reflected lighfim(1)
our method is not based on the full simulation of the mea-is also referred to as normalised radiance.
sured spectra. Instead, from a simulated ensemble of photons In the atmosphere, not only elastic processes occur, but
that contribute to a given measurement, the average probaalso inelastic processes like Raman scattering, which change
bility of photons that have undergone RRS is calculated. Fotthe wavelength of the scattered photon. To account for
such an evaluation of the scattering statistics, Monte Carlasuch processes, the measured radiance can be split into three
models are particularly well suited. Our model simulations terms, one term including photons having undergone only
are performed at only a single wavelength within the selectectlastic processes and two additional terms including photons,
wavelength range. The method is based on the idea that thehich have undergone at least one inelastic scattering (or re-
strength of the Ring effect is directly proportional to the per- flection) process.
centage of all simulated photons that have undergone a RRS
event (e.g. Joiner et al., 1995; Wagner et al., 2004; Lang®Rtot(A) = Rei () + Rinel,in (1) — Rinel,out (A) (2)
ford et al., 2007). This fraction can be easily obtained from
Monte Carlo simulations by forming the ratio of the rotation-
ally Raman scattered photons to all photons. Monte Carl
radiative transfer models are especially well suited for the
simulation of 3-dimensional gradients of atmospheric prop-

erties like e.g. clouds. X X ! A
inelastically scattered photons which originated from the sun

Our paper is structured as follows: first in Sect. 2 the the-
oretical basis of the new method is outlined. In Sect. 3 theat wavelengthi, and reached the detector at a wavelength

details of the implementation in our Monte-Carlo radiative different froms.

transfer models is described. In Sect. 4 the results of our We are primarily mt_erested in the atmo_sphenc Ring
. : . effect caused by rotational Raman scattering (RRS) on
method are compared to previous studies. Finally, the po-

tential of the Monte-Carlo simulation of the Ring effect is air molecules. -T.hus, as cor)trlbutlon§ Binelin(%) and
Rinel,out(*) we will in the following consider only photons,

demonstrated for the case of a finite cloud. In two appen- hich have undergone RRS events along their path through

dices we discuss (a) the uncertainties of the technique an&e atmosphere (besides possible other elastic processes)
(b) describe how the strength of the Ring effect can be anal- b P P '

: . Note that this concept can be extended to the description of
ysed from DOAS measurements in an universal way. . ; . L
other inelastic processes like e.g. vibrational Raman scatter-

ing in the oceans.

R.; (1) describes the radiance for the (hypothetical) case that
0aII photons were only elastically scatterelinei,(1) de-
scribes the contribution which was inelastically scattered
from the incident sun light (from various wavelengths) to the
measured signal at wavelength Rinelout(r) describes the

2 Theoretical basis of the new method 2.2 Calculation of the Ring spectrum

using transmission terms to correct for the spectral 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.,

If Monte-Carlo models are applied for the simulation of the ) _ _
Ring effect, it is convenient to describe the atmospheric ra-1987; Bussemer, 1993; Vountas, 1998, de Beek etal., 2001):

diative transfer using atmospheric transmission terms. Here Rinelin (%) — Rinel.out (1)
we use the term transmission in an broader sense than for obt (%) = : R (M) :
servations with a well defined geometrical absorption path: o

the atmospheric transmission includes not only the extinc-A Ring spectrum can e.g. be derived from polarised mea-
tion along the light path (due to scattering and absorption),surements under clear sky conditions (Solomon et al., 1987).

®)
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Sometimes the terminelout(2) is Not considered for the cal- 5%
culation of the Ring spectrum leading to a different amplitude

of the Ring spectrum but similar spectral shape (e.g. Busse-
mer, 1993). For more details on the definition of Ring spec- &% |
tra 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 v\
errors caused by these approximations are typically rather v | [ratio of scattering
small (below 1%); they are discussed and quantified in the 2 cross sections
first appendix of this paper.

The first approximation is that for the terms including ro- . ‘ ‘ ‘ ‘ ‘
tational Raman scattered light, we consider only light paths 300 350 400 450 500 550 600
which have experienced exactly one RRS event. For most sit- Wavelength [nm]
uations, the probability for multiple Raman scattering and the
associated error are rather small (see section first appendix)ig. 1. Wavelength dependence of the RRS probabilgdmair))

The second approximation is that the dependence of théor satellite observations for clear skies (magenta line). The satellite
transmission on. is neglected over the relevant spectral results are obtained using our radiative transfer model assuming a
range of about.+2nm. Over this wavelength range the surface albedo of 5% and a solar zenith angle 6t Zbr compar-

probability for scattering events and the surface reflectivityisonf also the ratio of the cross sections for rotational Raman and
typically varies only slightly (see first appendix). Rayleigh scattering are shown (blue line) (values taken from Kat-

With these assumptions the terms including RRS in Eq. (2)t‘"’“"’"’Ir etal,, 1981).

can be approximated by the following expressions:

from radiative transfer
model for satellite geometry

4% |

FRraman

MAL The Ring spectrum is now expressed by two terms: the first
1) i ili .
Rinelin (V) ~ Tinel (1) - / F (A, /\/) v &) term describes the pr'ol:.)ablllt.y of a photon tp have under
gone a RRS process; it varies smoothly with wavelength
roA and we refer to it as rotational Raman scattering probability
10 A+AL Pramadr) (see Fig. 1):
Rinel,out (A) = Tinel (A) - —— F ()\/’ )») dx’ (5) Tinel (M)
T Praman(A) = ——— (8)
A=A Ter (A)

HereTine (1) describes the transmission for photon paths ofIn Fig. 1 Pramad?) is shown for satellite nadir observa-
single Raman-scattered photons under the assumption th&ens under clear sky conditions. For comparison, also the
their wavelength wouldn’t have changed after the RRS eventratio of the total rotational Raman cross section and the
F (V, 1) describes the probability that a photon with the ini- Rayleigh cross section is shown. The wavelength depen-
tial wavelengtht is scattered to a new wavelengthaftera ~ dence ofPramaf2) is stronger for the satellite observation
RRS event.F ()J, A) is derived from the Raman scattering because of two effects: at small wavelengths the RRS proba-
Cross section ramar(1’,A) by normalisation: bility is enhanced because of the higher probability for mul-

, tiple scattering. At large wavelengths the RRS probability
URaman()L ) )»)

F(V, %)= is decreased because of the higher probability of surface re-
J orRaman(X, 4) d2! flection (increasing the number of photons which have only
. undergone elastic processes).
, , The second term of Eq. (7) contains the high frequency
=> / F(V.2)dx =1 (6)  spectral features of the Ring spectrum and we refer to this
A—AA term as normalised Ring spectrufiorm(A) (see Figs. 2, 3):
Note that the integrals have to be evaluated only over a small A+AL
wavelength interval arount, for which F (3’, 1) #0. |: [ I - F (A L) -dk’} —I(0)
i i . A—AL
Now, the Ring spectrum (Eg. 3) can be described as: From(%) = e ©)
A+AL A+AL
Tinel (1) - +/ PP (3, ) - dN = Tiet () - 12 +/ F (3, 2)-dn A+AL
A—AX r—AL /
fo = W 7,0 [ IO) - F (A ) -dn
A=A 1
AAL - I(\)
[ Iy - F (A N)-dX — 1) _
Tinel (M) 2—an Jfrnorm () can be derived from a solar spectrum (e.g. mea-
= T (L) ' i) ) sured by the same instrument as used for the analysis) and
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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
A+AA
spectral resolution 0£0.17 nm is shown. Also shown (blue line) is the Raman spectiggh{an= [ 1(X) - F (1, 1') - d)/), see Eq. 7).
A—AN
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.

the Raman cross section taken from literature (e.g. Kattawacoefficient for the Ring spectrum. lorm (1) is used in the
et al., 1981). With these definitions, Eq. (7) can be written DOAS analysis, the fit coefficient directly yields the Raman
as: scattering probabilityPramar()-

While in principle any measurement of the solar spectrum
S ) = Praman(2) - fnorm (1) (10) (with a spectral resolution better than that of the measure-
A split into a high-frequent and low-frequent terms was Ments to be analysed) can be used for the calculation of
also discussed in Joiner et al. (1995) and Joiner andfnorm(%) (Sée also Joiner et al., 1995), the use of a spectrum
Vasilkov (2006). It is interesting to note thazamarf(}) measured by the same instrument as used for the analysis
for a given wavelength can be derived using radiative trans{With limited spectral resolution) has an important advantage.
fer simulations restricted to only this wavelength (with the Using such a spectrum as input ensures that the derived nor-
second approximation mentioned above). Moreover, sincénalised Ring spectrum (and thus also the Ring spectrum it-
Pramad}) itself varies only weakly with wavelength (see Self) has the appropriate spectral resolution and spectral sam-
Fig. 1), the Ring effect for wavelength ranges in the orderPling to be used in the DOAS analysis of the atmospheric
of a few nanometers can be well approximated by calculatingsPectra measured with the same instrument. Usually, Ring
Pramad) for only a single wavelengthg within the selected ~ SPectra calculated from such spectra lead to smaller residu-

Wave|ength interval. Then Eq (10) becomes: als in the DOAS retrieval (See also Liu et al., 2005) The
mathematical justification for the use of a measured spec-
F () & Praman(*0) - frorm (A) (11)  trum (with reduced spectral resolution) instead of a highly

) ) resolved solar spectrum is that both convolutions (the convo-
Th.IS largely re.duces the computatlonal_effort for the ,Calcu'lution caused by the RRS and the convolution caused by the
lation of the Ring spectrum. As shown in the appendix, theband-pass of the instruments) can be exchanged.
wavelength dependence A) can be well accounted . . .

9 P Bhama(?.) If instead a highly resolved solar spectrum is used (foy,

for when the results of the radiative transfer calculations areboth the denominator and the numerator in Eq. (9) first have

compared to measurements of the Ring effect. o b luted with the inst ¢ functi £ th
It might be interesting to note that the content of Eq. (11) 0 be convoluted wi € Instrument function ot the own
spectrometer before the ratio is calculated.

has been implicitly used for several years in typical DOAS i )
analyses, where a Ring spectrum (containing the high- The new formulation of the Ring effect has several advan-
frequency part of the filling-in) is included in the spectral tages:

retrieval procedure (Solomon et al., 1987). In such cases the (a) The motivation and important consequence of this for-
strength of the filling-in is quantified by the determined fit mulation is that from radiative transfer models including
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RRS, this term can be directly calculated. The determina-

tion of PramarfA) becomes especially easy for Monte-Carlo WMWMwW
radiative transfer models (see Sect. 3). One important (be- —Cir > —
cause time saving) advantage of this formulation is that for lsolar Re'

the determination oPramar(%) radiative transfer simulations s a0 w0 s 4[,0\ w0 30 w0 w0 40
can be restricted to a single wavelengthwithin the wave- Wavelength [m] Ci

length interval of interest. C foorm (€q. 9)

(b) Our formalism allows a direct comparability between Ram \ MM\AMM/W\AM
the results from radiative transfer modelling and from the . . .
DOAS analysis: if the normalised Ring spectrum is included P from % 0 3 30 400
in a DOAS analysis, the derived fit coefficient directly yields Raman 1
the RRS probabilityPramaf}), Which can be directly com- RTM (ed.8) | ———*Ppg.man
pared to the results from radiative transfer modelling (note v
that the derived fit coefficient foform(A) does not depend m
on whether the terml()) is included in the calculation of -

Jfrorm(2) in Eg. (9) or not, because it only adds a constant
(unity) to fnorm()h))' 360 ' 3;0 ' 3;;0 ' 3:70 ' 400

(c) The description of the strength of the Ring effect us-

ing the RRS probabilityPramadA) provides an universal for-

I
: : - | Strength of +
mulation, which can be easily transferred to other existing X ¥
definitions of the “filling-in" (see Sect. 2.3). Probably more Rlng effect
important, it becomes independent on the spectral resolution | for various | «———
of the instrument.

defintions Rt (eq. 12)

T
360 370 380 390 400

2.3 Relation of the new method to other definitions of Wavelength [nm]
the strength of the Ring effect

Fig. 3. Scheme for the determination of the relation of the Raman

The strength of the Ring effect has been quantified in differ-scattering probability’ramar) and the strength of the Ring effect
ent studies using different definitions. In the study of Joineraccording to different definitions (for details see texq); r and
et al. (1995) a so callefilling-in factor is defined, which CRamin_dicate convolution with the instrume_nt slit function and the
describes the relative change of the measured radiance at"@rmalised Raman cross sections, respectively.
wavelength (e.g. in the center of a Fraunhofer line) caused
by RRS compared to a case without RRS. A similar defi-
nition is used by de Beek et al. (2001), but they determine (a) First a “measured” spectrum is approximated accord-
the so calledlifferential filling-in as difference between the ing to the spectral resolution of the instrument, and the spec-
line center and the line shoulders, which is typically slightly ified viewing geometry and the atmospheric properties. This
larger than the filling-in factor used by Joiner et al. (1995). despectrum is calculated as follows:
Beek et al. (2001) refer to their definition as Ring differential | ,
optical depth (Ring DOD). A more complex definition for Rigt (2) = Ry (1) - [1+ f ()] (12)
the filling-in is used by Langford et al. (2007). They define g, /(1) is calculated from a high resolution solar spectrum by
the fractional filling-in, which describes the relative change convolution with the slit function of the instrument. The Ring
of the depth of a Fraunhofer line due to RRS. Common to allspectrumf(y.) is calculated according to Egs. (9) and (10)
these definitions is that the derived filling-in depends on thepy substituting() by R.;/(%) and usingPramar{}) obtained
spectral resolution of the instrument. This in particular com-fom the radiative transfer simulation.
plicates the direct comparison of observational results from  Note thatr,;/(1) and Rior/(2) are different from the quan-
instruments with different spectral resolutions. tities used in Eq. (2) and following, sinc®,;/(1) does not

In contrast, the formulation of the strength of the Ring ef- contain the effects of atmospheric elastic scattering, reflec-
fect given in this study (the RRS probabilitramadr), @s  tion on the surface and absorption, which would cause mod-
defined in Eqg. 8) is independent on the spectral resolutionifications of the amplitude. For simplicity here the true elas-
In addition it can be easily converted into the correspond-tically transmitted radiance is instead approximated by the
ing values according to the various definitions of the filling- convoluted solar spectrum. However, for the quantification
in, if the spectral resolution of the respective instrument isof the Ring effect according to the above mentioned defi-
known. The general procedure for this conversion is indi-nitions only relative quantities are important, which do not
cated in Fig. 3 and is briefly outlined below: depend on the absolute value of the amplitude.

www.atmos-meas-tech.net/2/113/2009/ Atmos. Meas. Tech., 212432009
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Table 1. Relationship between the Raman scattering probabititymarf2) and other definitions of the filling-in.

Study Instrument & spectral resolution  wavelength  Definition of filling-in  RelationshRRrtgnardr)
Joiner et al. (1995) SBUW1.1nm 393.37nm  Filling-in factor PRramanx0.74
Joiner et al. (2004) GOME0.17 nm 393.37nm  Filling-in factor PRamanx2.92
Joiner et al. (2006) OM#H0.50 nm 393.37nm  Filling-in factor Praman<1.79
de Beek et al. (2001) GOMEO0.17 nm 393.37nm  Ring DOD PRramanx3.02
Langford et al. (2007) Ground based.33 nm 344.1nm Fractional filling-in PRramanx1.01

(b) In the second step, the various definitions for the quan-by forming the ratio of the number of rotational Raman scat-
tification of the Ring effect (see above) can be applied to thetered photons to all photons. We use the full spherical Monte-
calculated spectra. For the above mentioned examples th€arlo atmospheric radiative transfer models TRACY-2 and
following procedures have to be applied: its successor McArtim (Deutschmann, 2008; Deutschmann

Thefilling-in factor (Joiner et al., 1995) at a given wave- and Wagner, 2008; Wagner et al., 2007). Currently, 3-
length is directly represented by the Ring spectrigim at dimensional effects (see Sect. 5) are only implemented in
that wavelength. TRACY-2, while McARTIM is optimised for effective and

Thedifferential filling-in (de Beek et al., 2001) is also de- quick computing in 1-D geometry. All results shown in this
termined from the Ring spectruftk). For the chosen Fraun- study for horizontal homogenous cases are based on McAR-
hofer line the values of(A) at the line center and the line TIM; the 3-dimensional modelling results shown in Sect. 5
shoulders have to be taken into consideration. were determined with TRACY-2. We compared the results

Thefractional filling-in (as defined e.g. in Langford et al., of both models for horizontal homogenous cases and no sig-
2007) is derived from the ratio of the optical depths of the nificant deviations were found.
selected Fraunhofer line iRior/(1) andR.;/(%), respectively. The models allow the simulation of ensembles of indi-

Note that in case, also other quantification schemes for thg;igyal photon trajectories for a given atmospheric situation.
Ring effect can be applied to the spectra calculated in the firsErom these trajectories the average frequency of the mod-
step. elled photons for certain interactions with atmospheric con-

(c) The comparison of the determined strength of thegtjtyents or with the Earth’s surface are determined. The scat-
Ring effect in step (b) and the Raman scattering probabiltering events are modelled individually, according to their
ity Pramaf2) used for the calculation of the spectra in step respective scattering cross sections and phase functions. In-
(a) then yields the relationship between our model results angeraction with the Earth’s surface is treated as a Lambertian
other definitions. reflection. In addition to elastic processes (the reflection at

For the three definitions discussed above, a linear relationie surface, Rayleigh scattering at molecules, scattering on
ship with the Raman scattering probability is found. The spe-aerosol and cloud particles), also RRS events are modelled.
cific values of the proportionality factor are summarised in However, in our model, RRS events are formally treated as
Table 1. 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 smallLo, see dis-
cussion of the second approximation in the appendix).

From the output of the Monte Carlo simulations we deter-
The rotational Raman scattering probabil®gamaf{A) can  mine the fraction of all observed photons, which have under-
be derived from atmospheric radiative transfer simulations,gone a RRS event. This fraction represents the RRS prob-
which include RRS. Since the simulations have to be per-ability PramadA) as defined in Eq. (8). Another important
formed for only one wavelength (within the wavelength inter- advantage of a Monte Carlo radiative transfer model is that
val of interest), the calculations can be performed with rather3-dimensional gradients can be easily implemented. Thus, in
limited computational effort. While in principleéPramar{*) particular the effects of finite clouds on the Ring effect can
can be determined from any radiative transfer model, Montebe studied (see Sect. 5). The computational speed depends
Carlo models are in particular suited for that purpose, be-both on the complexity of the modelled scenario and on the
cause they allow to quantify the relative amount of photonsrequired precision. To achieve an precision of 10% for the
which have undergone RRS in a very direct and simple waysimulation of a satellite observation for a cloud-free scenario

3 Determination of the rotational Raman scattering
probability Pramanfrom Monte-Carlo radiative trans-
fer models including Raman scattering
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Joiner et al., 2004 / 2006 This study
Ring effect as function of cloud top pressure
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Fig. 4. 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.

about 20 s are required on a state of the art PC (dual corege gecket al. [2001] This study
processor, 2.4 GHz). For complex cloud scenarios like that Rino effect as function of cloud optical depth
. . . . 14% 14%
presented in Sect. 6, the computation requires about 20 min. — ~
129 '.Q\’\.\’ 12% A \\\
10% - \\.\ 10% - \
4 Comparison of the results to previous studies g o g 1
-:5: 6% 1—+0D 2 — ,;EED 6% 1{—+0D 2
. . -=-0D5 -=-0D5 \
We compared our results to results from other studies (Joiner 4, 1 ~op 10 4% 4 +0D 10
and Bhartia, 1995; Joiner et al., 1995, 2004, 2006; de Beek ., |- ooz 206 |~ 0050
et al, 2001). For these comparisons we adapted the ex- =% ‘ o | ‘
act model properties (e.g. surface albedo, solar zenith angle 0 2 4 6 8 0 2 4 6 8
Cloud top Height [km] Cloud top Height [km]

(SZA), surface pressure, cloud top height) where possible.
We treated ClO.UdS either a.s Lambertlan reﬂ.eCtorS or as exI_:ig. 5. Comparison of the strength of the Ring effect from de Beek
tended scattering layers with single scattering albedo of 1

d £0.8. | | d I.et al. (2001) and calculated with the new method as function of
and an asymmetry parameter of 0.8. In general good qualigqq top pressure and cloud optical depth. A possible reason for

tative and often also quantitative agreement was found. TwQne gifferences might be a different treatment of the optical proper-

examples of this comparison are shown in Figs. 4 and 5. tjes of the cloud particles. The results are adopted from de Beek et
For the comparison with the results from the model of al. (2001).

Joiner et al. (2004, 2006) (Fig. 4) deviations are mostly found

for large SZA. These differences are most probably related

to the specific treatment of the earth’s sphericity. For theheight. The reasons for these discrepancies are currently not

comparison with de Beek et al. (2001) (Fig. 5) deviations areclear, but might be partly related to the specific choice of the

mostly found for low cloud optical depth at high cloud top optical parameters of the cloud particles.
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For SZA of 70 the highest radiance is observed from the
illuminated side, since 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 indicat-
ing the increased importance of molecular scattering. Inter-
estingly, 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
Fig. 6. Position of the satellite “footprints”, cloud, and sun for the Viewing directions become smaller indicating that an increas-
case study. ing fraction of the solar photons is scattered by molecules

before they reach the cloud. Again, the Ring effect is largest
for the observation pointing to the shadow side.

Also for the comparison with the results of Joiner and  Our results show that including 3-D effects can be impor-
Bhartia (1995) and Joiner et al. (1995) (not shown here) overtant for the proper interpretation of satellite observations of
all good agreement was found. the Ring effect and the observed radiance. More research is
needed to investigate these effects in sufficient detail, espe-
cially their dependence on the size of the satellite footprint.

5 Effects of 3-dimensional clouds

Monte-Carlo radiative transfer models allow a rather sim-6 Conclusions
ple treatment of 3-dimensional effects like e.g. the Earth’s
sphericity or three-dimensional gradients of atmosphericWe presented a new technique for the gquantitative simula-
trace gases, clouds or aerosols. Also complex surface taion of the Ring effect for scattered light observations from
pography can be included. In this section we show a cas&arious platforms. The method is based on radiative transfer
study demonstrating the potential effects of 3-dimensionalcalculations at only one wavelength within the wavelength
cloud structures on the Ring effect and the normalised raditange of interest and is thus computationally fast. It makes
ance (am(r) in EQ. 1). We chose a finite cloud (horizontal use of several simplifications, but the associate errors are typ-
extension: 2680 kn?, vertical extension: 10km) which is ically below 1%. In principle the method can be applied
illuminated by the sun at different solar zenith angles, alter-for all radiative transfer models which include the effects of
natively from two sides (referred to as illuminated side andRRS. However, since it is based on statistical properties, it
shadow side, see Fig. 6). The single scattering albedo of thés particularly well suited for Monte Carlo radiative trans-
cloud particles is set to 1, the asymmetry parameter to 0.8fer models. We implemented the new method in our Monte
and the vertical optical depth is 10. The satellite points eitherCarlo radiative transfer models TRACY-2 and McARTIM.
to the side or the top of the cloud (see Fig. 6): for the view Both models are full spherical models; TRACY-2 also allows
on the cloud side the viewing angle wa41° from nadir, for ~ to simulate 3-dimensional fields of clouds, aerosols, trace
the view on cloud top it was-13°; the satellite altitude was gases or other properties like the surface topography.
400km. The surface albedo was assumed to be 5% and the Our new method describes the Ring effect by an universal
atmosphere to be free of aerosols. quantity, the so called RRS probabiliBrama{*), which is

The results are shown in Fig. 7. Both, the normalised ra-independent from the spectral resolution of the instrument. It
diance and the strength of the Ring effect depend systemean, however, be easily converted to match different defini-
atically on the measurement geometry (viewing angle andions of the strength of the Ring effect. The detailed steps for
SZA). such a conversion are described. Using these conversions,

For low SZA (20) the highest radiance is observed from the results of our method are compared to the results of pre-
the cloud top. Note that the results for the cloud top are av-vious studies and in general good quantitative agreement is
erages for simulations with relative azimuth angle &fod found.
180; the results for both cases are, however, very similar. In addition to the method for the simulation of the Ring
The radiance received from the sides of the cloud are smalleeffect, we also developed a detailed strategy for the analysis
than from the top, with the lowest values from the shadowof the Ring effect based on DOAS retrievals (see appendix).
side. The opposite dependence is found for the Ring efit allows the precise determination of the strength of the Ring
fect indicating that for the observations with lowest radianceeffect at a specific wavelength while using the spectral infor-
the relative importance of molecular scattering (and thus alsanation within a larger spectral interval around the selected
RRS) is highest. wavelength. The method can be applied for various viewing
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Fig. 7. Model results of the Ring effe¢tPraman and the normalized radiance at 370 nm for the case study described in Fig. 6.

geometries and atmospheric situations with different contri-Appendix A
butions from scattering on molecules, particles as well as re-
flection of the surface. Errors of the new method

Finally we presented a case study for satellite measure-
ments of a situation with a finite cloud. The strength of The approximations made in Sect. 2.2 introduce errors in the
the Ring effect depends systematically on the measuremergimulation of the Ring effect using our new method. These
geometry, and is strongest if the satellite points to the sideerrors are discussed and quantified in this appendix.
of the cloud which lies in the shadow of the sun. Since
the typical satellite ground pixels of the satellite instrumentsA1l  Assumption 1: Neglect of multiple rotational Ra-
used for the observation of the Ring effect is of the order of man scattering events
several tens of kilometres, very often partially cloudy scenes
are observed in a single measurement, and the cloudy pamto estimate the resulting error, the probability of the mea-
can contain complex 3-dimensional structures. Future studsured photons for multiple scattering events on molecules
ies should simulate and systematically investigate the depemas to be determined. For that purpose we used our radia-
dence of the Ring effect for various possible 3-dimensionaltive transfer model TRACY-2 (see Sect. 3). For satellite ob-
scenarios and compare these simulations to 1-dimensionaervations in the UV, the average number of molecular scat-
cases. Thereby, the uncertainties of cloud retrievals based ofering events is typically between 1 and 3 per photon, de-
1-dimensional simulations of the Ring effect could be deter-pending mainly on wavelength, surface albedo, presence of
mined. 3-dimensional simulations should also systematicallyclouds, viewing direction and solar position (for observations
be compared to satellite observations. at longer wavelengths, especially from satellite instruments,

Moreover, measurements of the Ring effect should be useghis probability decreases and is typicalyl at 500 nm).
in synergy with measurements of the absorptions 8@d  |f e.g. the average number of molecular scattering events is
04 and the radiance at different wavelengths (de Beek et al.2, the relative amount of multiply Raman scattered photons
2001; Wagner et al., 2004; Joiner et al., 2004) to make opticompared to single rotationally Raman scattered photons is

mum use of the spectral information provided by sensors liketypically <2%; for an average number of molecular scatter-
GOME, SCIAMACHY and OMI. ing of 3, it increases up to about 5%.
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strongest Fraunhofer lines. For example for the Fraunhofer
- _ lines around 390 nm, the optical depth of the difference at
1 Original Ring spectrum ‘ ' 397 nm might be up to 0.5%, which should be clearly de-
tectable.

Finally, it might be interesting to note that within the
framework of our formalism, the effect of double RRS pho-
tons could be addressed in a similar way as for the single
RRS photons. However, for practical applications, this ex-
tension might not be necessary. Usually, the relative error
caused by the multiple scattering is well below 1%.

A2 Assumption 2: Wavelength independence of the at-
mospheric transmission

For large differences (a few nm) betwegnand . the de-
viation of Tihe(A) 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 would be
completely zero at one side of wavelength For practical
cases the average solar irradiance at both sides of the received
wavelengthi. shows much smaller variations over the rele-
vant wavelength range of a few nm aroundrl'hus the higher
partial transmission fok/<A and the lower partial transmis-
Fig. Al. lllustration of the normalisation procedure if two Ring sions fora <’ will mainly cancel each other. Even for large
spectra are included in the spectral DOAS analysis. The upper pa”@iverage numbers of molecular scattering events, the errors

shows the original normalised Ring spectrum. In the center, a modx4;5e( by this approximation is therefore typicatiy%.
ified Ring spectrum with a different wavelength dependence of the

amplitude (appropriate for bright surfaces) is shown. At the bot-
tom this Ring spectrum is shown after normalisation with respect dix B
to the original Ring spectrum. The normalisation has to be choseﬁA‘ppen X

such that the amplitude of the normalised spectrum is zero at the o . .
wavelength at which the Ring effect is calculated. Determination of the rotational Raman scattering

probability Pramanfrom a DOAS analysis

320 340 360 380 400
Wavelength [nm]

_ i Like various trace gas cross sections, also a Ring spectrum
However, it should be noted that the resulting error of the .5 be included in a DOAS fitting routine (Solomon et al.,

Ring spectrum is much smaller, because also multiple rotay gg7: \ountas, 1998; Platt and Stutz, 2008). This proce-
tional Raman scattered photons cause a filling-in of Frauny e is widely used for the correction of the Ring effect
hofer lines. The additional wavelength shift caused by they ije performing the spectral analysis. If a normalised Ring
second RRS event further smoothes the Raman spectruhectrum (as defined in Eq. 9) is included in the DOAS fit
F(%) (see Fig. 2, right) and the resulting Ring spectrum for yrocedure, the fit coefficient directly yields the RRS proba-

two RRS eyents is similar to that fo_r one RRS eovent. Frombility Prama}). One specific advantage of this procedure
the small difference between both Ring spectrd@% ofthe  comnared to the determination of the filling-in for a selected

amplitude of the Ring spectrum) and the low probability for g5 nhofer line (like e.g. in Langford et al., 2007) is that in
a second RRS evenkb%), we estimate the resulting total e poAS analysis the complete information from a more
error to be far below 1%. extended wavelength range is used (see e.g. also Joiner et al.,
It might be interesting to note that in future analyses of 2004). Thus, also the strength of the Ring effect for wave-
satellite spectra with a strong filling-in, it would be an op- length ranges with weak Fraunhofer lines can be well deter-
tion to include both Ring spectra (for single and double mined. However, the use of an extended wavelength range
RRS) in the DOAS analysis. Thus it might even be pos-has also one important disadvantage: the wavelength depen-
sible to separate the spectral features between both spectdence of the amplitude of the Ring spectrum fits perfectly
and thus determine experimentally the probabilities of theonly to cases dominated by (single) Rayleigh scattering. For
observed photons to have undergone RRS once or twice. Budases with high probability for multiple Rayleigh scattering
this will of course be only possible for the analysis of the events, or with strong contributions of surface reflection or
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scattering on cloud and aerosol particles, the amplitude oBussemer, M.: Der Ring-Effekt: Ursachen und EinfluR auf die Mes-

the Ring spectrum will have different wavelength dependen- sung stratosfrischer Spurenstoffe, Diploma thesis, University of
cies. Heidelberg, 1993.

Thus, if extended wavelength regions are included in theChance, K. V., Burrows, J. P., and Schneider, W.: Retrieval and
DOAS fit, the different wavelength dependencies might not molecule sensitivity studies for the Global Ozone Monitoring

- . Experiment and the SCanning Imaging Absorption spectrometer
well be represented by the normalised Ring spectrum (ac- . b .
. . . for Atmospheric CHartographY,” in: Remote Sensing of Atmo-
cording to Eq. 9) and the fit errors can increase.

) 3 ) spheric Chemistry, edited by: McElroy, J. L. and McNeal, R. J.,
However, there is an elegant way to circumvent this prob-  proc. SpIE, 1491, 151-165, 1991.

lem. In addition to the normalised Ring spectrum (accord-Chance, K. V. and Spurr, R. J. D.: Ring effect studies: Rayleigh

ing to Eq. 9) a second Ring spectrum can be included in the scattering, including molecular parameters for rotational Raman
DOAS fit, for which the amplitude has a different wavelength  scattering, and the Fraunhofer spectrum, Appl. Optics, 36, 5224—
dependence (Wagner et al., 2002; Liu et al., 2005; Langford 5230, 1997.

et al., 2007). Such a second Ring spectrum can be calcuPeutschmann, T.: Atmospheric radiative transfer modelling using
lated from the original normalised Ring spectrum by mul- Monte Carlo methods, Diploma thesis, University of Heidelberg,

tiplication with a term which changes smoothly with wave- Dei(t)gfﬁmann T. and Wagner, T.. TRACY-Il Users man (
length. Probably a polynomial of degree 4 is best suited be- //joseba.mpch-mainz.mpg.de/Strathngstranspor),lﬁﬁOLISEm. P

cause it can compensate for the difference between the WaVer, Beek R.. Vountas. M.. Rozanov. V. V.. Richter. A.. and BUrrows

length dependencies of Rayleigh-scattering and scattering on j p. The Ring effect in the cloudy atmosphere, Geophys. Res.

cloud particles. Then an orthonormalisation of the second | et 28, 721724, 2001.

Ring spectrum with respect to the original one has to be perGrainger J. F. and Ring, J.: Anomalous Fraunhofer line profiles,

formed. This orthonormalisation has to be applied in a way Nature, 193, 762, 1962.

that at the wavelength of interest (for which the RRS proba-Joiner, J., Bhartia, P. K., Cebula, R. P., Hilsenrath, E., McPeters,

bility was calculated) the amplitude of the second Ring spec- R. D., and Park, H.: Rotational Raman scattering — Ring effect

trum is zero (see Fig. A1). Then the fit coefficient determined  in satellite backscatter ultraviolet measurements, Appl. Optics,

for the (original) normalised Ring spectrum directly yields 34, 4513-4525, 1995. ' o

the RRS probabilityPramar{%) at the wavelength of interest. Jo'f?errnjr' ?nt(ij ?hfllglar‘l’lth” Ith‘;:efﬁrm'mti'tonbm l((:louct;lt prreftsru\r/‘ies

By including two Ring spectra in the spectral analysis, the om rotational kaman scattering in satefiite backscatter ullravi-
. . .. olet measurements, J. Geophys. Res., 100, 23019-23026, 1995.

spectral residual of the DOAS fit can be minimised. In ad-

L . _ . : Joiner, J., Vasilkov, A., Flittner, D., Buscela, E., and Glea-
dition, the fit coefficients determined for both Ring spectra ¢, ;. Retrieval of Cloud Pressure from Rotational Ra-

in the spectral fitting procedure can even provide informa- man Scattering, in: OMI Algorithm Theoretical Basis Doc-
tion on the presence of clouds or high surface albedo. In ument Volume llIl: Clouds, Aerosols, and Surface UV Ir-
this way the advantage of an extended wavelength range can radiance, edited by: Stammes, P., ATBD-OMI-03, Version
be combined with the possibility to analyse the strength of 2.0, Aug. 2002 ffttp://www.knmi.nl/omi/documents/data/OMI
the Ring effect at a specific wavelength. For DOAS analyses ATBD_Volume.3.V2.pdf), 31-46, 2002.

using large wavelength ranges it might be interesting to in-Joiner, J., Vasilkov, A. P., Flittner, D. E., Gleason, J. F., and Bhar-

clude additional Ring spectra representing weak wavelength tia, P. K. .Retrieval of cloud pressure and oceanic chlorophyll
dependencies like e.g. for aerosol scattering content using Raman scattering in GOME UV measurements, J.

Geophys. Res., 109, D01109, doi:10.1029/2003JD003698, 2004.
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