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Abstract. Rotational Raman scattering in the Earth’s atmo- sure information from satellite measuremenisifer and
sphere explains the filling-in of Fraunhofer lines in the so- Bhartig 1995 Joiner et al.2004 201Q Joiner and Vasilkoy
lar spectrum. A new model including first-order rotational 2006 e.g.) and aerosol properties from both surface and
Raman scattering has been developed, based on a reimplsatellite observationdNagner et al.2009h 2010. Radia-
mentation of the versatile discrete ordinate radiative transfetive transfer models that include RRS are thus needed for the
(DISORT) solver in the C computer language. The solverinterpretation and analysis of radiation measurements of the
is fully integrated in the freely available libRadtran radia- Earth’s atmosphere.
tive transfer package. A detailed de_scrlptlon IS given O.f the Many numerical models exist for the treatment of elastic
model including the spectral resolution and a spectral inter- . . . ,

; . . multiple scattering of photons in the Earth’s atmosphere. The
polation scheme that considerably speeds up the CalCU|at'on|Snclusion of inelastic scattering is more demanding and tvo-
The model is used to demonstrate the effect of clouds on top 9 g b

L : ically RRS is treated as a perturbation with only first-order
a_md bo_ttom of the atmosphere filling-in fa_ctors an_d d'ﬁeren'RRS being accounted for. Several authors have developed
tial optical depths. Cloud effects on vertical profiles of the

filling-in factor are also presented. The spectral behaviourofraldiative transfer models that account for RRS, including
g P ) P Joiner et al.(1999; Vountas et al(1998; Landgraf et al.

the model is compared against measurements under thunders . } )
storm and aerosol loaded conditions. (2004), van Deelen et al2005; Spurr et al(2008; Wagner

et al.(20093.

The model ofJoiner et al.(1995 is a vector successive
order of scattering code including first-order RR®untas
et al. (1998 described a first-order RRS finite difference
Rotational Raman scattering (RRS) explains the filling-in of model that treated clouds and aerosols explicitly. This model
Fraunhofer lines in solar spectra measured both from théVas used byle Beek et al(2007) to study the effect of RRS
Earth’s surface and onboard satellitéaawar et al.1987). ~ ©n both ground-based and satellite measuremersipurr
The filling-in is also called the “Ring effect” afteBrainger gt al.(2008 described a discrete ordlnatgs met.hod modgl for
and Ring(1962. RRS is of importance because it affects the flrst-order RRS and pr_esented m_odel_ simulations of filling-
retrieval accuracy of both column amounts and profiles ofin factors due to RRS in cloudy situations. Results for both
trace gases (e.@olomon et a.1987 Hoogen et a].1999 satellite geometries and vertical profiles of f|II|ng—!n factors
Hasekamp and Landgra?00% Vountas et al.1999. Fur-  Were shown.Wagner et al(20093 presented the first 3-D

thermore, the RRS signal may be used to estimate cloud preé\ﬂonte Carlo simulations of first-order RRS in the presence
of horizontally inhomogeneous (cubical) clouds. This model

) has been used to determine aerosol properties from both sur-
Correspondence toA. Kylling face multi-axis differential optical absorption spectroscopy
BY (arve.kylling@nilu.no) (MAX-DOAS) observations of the Ring effedf\agner et al.
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20091 and satellite observations of the Ring effédtagner  and scattering of aerosols and clouds. The Rayleigh scatter-
etal, 2010. ing consists of the central Cabannes line and rotational Ra-
All the above codes except the codelofner et al(1995, man scatteringfoung 1981). The absorption coefficient in-
are scalar, that is, they do not include polarizatidrand- cludes absorption by clouds, aerosols and various molecular

graf et al.(2009 presented a first-order RRS vector radia- species. Finally

tive transfer model based on the Gauss-Seidel approxima-

tion. They found that the inclusion of polarization on Ra- SIF;RS(V’Q”\)Z

man scattering is of minor importance for most applications.x— Brrs(r, A5, ) / / /

van Deelen et al(2005 developed a doubling-adding code Z 47 /dQ I(r.82.45) Prr(§2. 82, 1)

including multiple elastic scattering and multiple inelastic

RRS. They found that multiple RRS contributes about 0.2—— M/dsz’l(r, Q1) Prrs($2, 2, 1), 3
0.6 % to the radiance (including all orders of RRS) for the s=1 4r

cases they investigated. where Brrs is the RRS coefficient and the Raman

In this paper a new discrete qrdinates radiative transferpr1ase functionPrrs(©) = 3/40(13+ co£®) with cos® =
model including first-order RRS is presented. The model

is based on a recent re-writ®yras et al. 2013 of the  —H# +y/1—u?/1—p2cog® — ). The first term on the
discrete—ordinate—method radiative transfer algorithm (DIS-ight hand side of Eq.3) represents photons that are Raman
ORT, Stamnes et 311988. The main difference between scattered from other wavelengthgsinto the wavelength of
this work and the discrete-ordinate model furr et al. interest. Similarly, the second term represents photons that
(2008 is in the solution of the particular integrals for the &ré Raman scattered out of the wavelengtand into the
Raman scattering gain and loss terms. Calculations includRaman linesi;. Itis noted that the last term on the right-
ing RRS are computer intensive due to the large number oftand side of Eq.3) is not a real physical source of radia-
Raman lines involved. A simple method for increasing thetion. Rather, it is due to the use of the Rayleigh scattering
computing speed with minimal loss of accuracy is also pre-Cross section instead of the Cabannes cross sectigf®h
sented. (van Deelen et al2005 Spurr et al. 2008. Neglecting Ra-
The paper is organized as follows: First a detailed descrip/han scattering and settingrs(r,€2.1) =0, gives the stan-
tion is given of the radiative transfer model. Secondly, exam-dard 1-D radiative transfer equation for elastic scattering, see
ples are given of RRS effects in cloudy atmospheres. This-g- Chandrasekhaf1960. From the radiance(z, u, ®),
is followed by a comparison of model results and measureshe diffuse up- £¥) and down-welling £7) irradiances may
ments for a thunderstorm situation and an aerosol case. ~ P€ calculated through:

s=1

2m 1
Eirzf dd)/dlr,i,d). 4
2 Inclusion of RRS in the libRadtran radiative @ ) | (t.£u1,P) 4)

transfer model The solution of Eq.J) starts with the splitting of the global

S(direct plus diffuse) radiation field in a direct and a diffuse
component. By expanding the radiance in a Fourier co-
sine series/ (t, +u, ®) = Y5V 11, (t, £ 1) cosn (g — )
where ®¢ is the azimuth incidence angle of the direct so-
lar beam, writing the phase function in terms of Legendre
polynomials, applying the addition theorem for spherical har-
monics and replacing the integral overin Eq. (1) with a
RI(r,2,A) =¢erRrs(r, 2,1), Q) sum using double Gaussian quadrature, the discrete ordinate

) . version of Eq. {) is obtained Chandrasekhat 96Q Stamnes
where{Q} = {u,#}, w is the cosine of the polar angle apd 4 4 1988 Spurr et al, 2008
is the azimuth angle. The integro-differential operaton a ’ '

The radiative transfer equation including first-order RRS, ha
been derived by for exampMountas et al(1998 andLand-
graf et al.(2004). For radiation,! (r,£2,), at wavelength
A, locationr, and travelling in the directiof, the radiative
transfer equation including RRS may be written ¥suntas
etal, 1998 Eqg. 10)

one dimensional atmosphere is idl’"‘(lr;, i) _ ™t i)
d | ext B>Ar, 1) / / E(p ) i=N
R = 'ud_r +B8 (r,)»)—T/dQ P(r,Q,2,0). (2) @ (21 ) D e i )™ (T 2 )
j=—N
. . j#0
Here P(r,2, ', 1) is the phase functiong® = gabs4 gsca W (z A)I{j’

BN 1) =32, B, 1), B ) =ni (o0 and sim- —=—7 @ S0, 1 (i ai po)e T
ilarly for the scattering coefficiert>*r, 1) (Stamnes1986. i
The vertical profile of specieds denoted by:; (r), ando; (1)
is the corresponding absorption or scattering cross section.
The summation over for 85¢@includes Rayleigh scattering,

— 0" (th, i), 5)
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0" (o, i) = wherex = E,RRS. For the Raman phase function only terms
NS R (r a0 N . with m = 0,1,2 contribute in the above sums. The phase
*;f ,_ZNCJ'“d (@ i )T (T 125 function expansion coefficients are defined by
" Ti#0 1 1
NS (R (7,30, 1) I . e g ()= 5/ P} (COS®)IT* (1,c080)d cosO (13)
Y@= I (T s o) -1
s=1 , where P;(cos®) is the /th Legendre polynomial. For
_a)RL;r,)») ’iN TR (e s i) TE™ (23 0) ngéeigh and Ra?:;n scatterigg =1 and g1 =.O, while
=N g5 ~=1/20 andg, = (1-p)/(2+ p) wherep is the de-
AL (J)# polarization ratio. For the Rayleigh and Raman scattering
—M(z—sov",)nf(n,m,Mo)e—ﬂm, (6) phase functions all higher terms are zero.
(i= iff..,:tN;m =0,1,2,...,2N - 1), The solar beam transmissi@t(z) is calculated in pseudo-

spherical geometry to account for the sphericity of the
The three different single scattering albedos for the elasEarth’s atmosphereéDahlback and Stamng$991). The op-
tic (E), Raman gain R) and Raman loss (RL) scattering tical depth at wavelengthis denoted byt;.

terms are calculated according3tamne$1986); Spurr et al. In Egs. 6)—(6) the number of quadrature points aré and
(2008 as: u; andc¢; are quadrature angles and weights respectively. If
559z, ) not otherwise noted, all calculations were performed with 16
of(z.0)= m (7 streams, o = 8. Strongly peaked phase functions are han-
’ dled with an improved version of thdakajima and Tanaka
() (L0055 s 1) + Ny (s, 1)) :
R (1,3, = 2000 Bz )NZUNZ (8) (1988 correction methodRuras et al.2011).

Equation b)—(6) are a system of ® coupled differential
equations for which analytic solutions do not exist due to the
NSo, NS, 7 dependence of the phase function and the single scattering
pair(T) (4“02 > o8R0 A + N, ZGEZRS(A,M)) albedo. By the assumption that the atmosphere consists of
oRY(1.0) = =1 s=1 (9) L adjacent layers where the single scattering albedo and the
pT.1) phase function are assumed to be constant, analytic solutions
wherepair(7) is the density of air and the relative abundances™ay be obtained for each layer. The analytic solutions for
of O, and N are set tozp, = 0.2095 andzy, = 0.7905. each layer are coupled by requiring the intensity to be con-
A total of NS= 233 Raman lines, N§ = 185 for G and tinuous across Iay_er mterfaf:es._General boundary con_d|t|ons
NSy, = 48 for Ny, are considered followin@hance and are applied including a bidirectional reflectance function at
Spurr(1997 andde Haan(2003. The elastic single scat- the bottom of the atmosphere, séamnes et a(198§ for
tering albedav? is the same as used in the elastic calcula-further details. _ _
tion and includes the Rayleigh cross section. The RRS cross Only a small fraction- 4 %) of the photons in the Earth’s
section is denoted byRRS and is given by (se€hance and atmosphere are Raman scattered. Followibgntas et al.

Spurr(1997; Spurr et al(2008 and references therein) (199&3, £RRS IS tregted as a perturbation and an iter_ative
solution of Eq. ) is sought. The zeroth order solution,

19, Q1) =1E(1,9Q,2), is then the solution of Eq.5)

with Q" (1), u;) =0. It is solved with the discrete ordi-

) . nate method ofStamnes et al(1988 including pseudo-

where fy(T) is the temperature dependent state fraCt'Onalspherical geometry using an exponential-linear in optical

popu_lation, C_J_)J/ is the Placzek-Teller coefficients and depth approximationffahlback and Stamng$991 Kylling

v (1) is the anisotropy factor. _ _ and Stamnes1992. The first order solution] ¥ (z,Q,1) =
The phase function is expanded in associated Legendr§(0)(1’9’k)+R718§F){S(T7Q7A), is calculated in the next it-

1 m
polynomialsA;* (w) as eration using @ (t, 2, 1) to calculateQ™ (z;., 11;).

RRS,, .5,  2567° 2
o (A A = 5704 INn(M)y M)Cyy, (10)

2M-1 As shown inSpurr et al.(2008 Eq. 26), all the terms on
" (o) = ) (2 +Dgf (DA (WAT (o) (11)  the right hand side of Eq6) have exponential in optical
2;4::”1 depth dependence. However, using an exponential substi-
M ()= Y @+ DgH A WA (), (12)  tution method fpr the RRS particular integral solution leads
i=m to degenerate linear algebra problems Sperr et al(2008

for details). Spurr et al (2008 overcame the degeneracy by
adopting a Green'’s function solution without the need for any
approximations. To avoid the degeneracy here, the source
O™ (7, i) in EQ. 6) is assumed to be constant over individ-
ual layers. Thus, the source is allowed to vary from layer to

www.atmos-chem-phys.net/11/10471/2011/ Atmos. Chem. Phys., 11, 113Wa5-2011
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60— : ; ; where Egjasiic and Einelastic are the calculated irradiances
. — 1st source term without and with RRS, respectively. A similar expression is
11— 2nd source term - . .
sol ' -- 3rd source term used to calculate the filling-in factor from radiandes, 1).
n -- 4th source term For vertical profiles the filling-in is calculated locally, that is,
1 — Total source term .
a0 both Egjasticand Einelasticare calculated at the same altitude.
£ \ To compare model results with irradiance measurements
s 30 t the differential optical depth, DOD, was calculated,
o] [y 1]
> [
: ; DOD(1) = IN(E(%)/ Eref(1)) — P(%.). (16)
Here, E™fis the reference spectrur,the spectrum of inter-
10, 1 est, andP a third degree polynomial that accounts for broad-
Rt band features including Rayleigh scattering, aerosol absorp-
'\ tion and scattering, and cloud scattering in the wavelength

O L L L L
—0.2. 0.0 0.2 0.4 0,6 08 L0 region under investigation.

The number of photons that are Raman scattered depends
Fig. 1. The total RRS source terr@®(z;, ;) in Eq. ©6) (black on both the concentration of the air molecules, that is, alti-
line) and the individual terms on the right hand side of E).ig  tude, and the pathlength traversed by the photons. Itis illus-
the order they occur. The source is shown for a quadrature angl&rative to look at the change in photon pathlength when for
u; =0.02. The shape of the full source and source terms are similaexample clouds and aerosol are present in the atmosphere.
for the other quadrature angles. The wavelength is 393.37 nm, clos@n effective pathlengthie; may be defined as (sedayer
to the center of the calcium K line. A water cloud of optical depth et al.(1998 and references therein)
10.0 is included between 5 and 6 km. The solar zenith angleis 33
and the surface albedo is 0.03.

Source term (photons/cm? sr nm)

Eaps= Eno ab£XP(—Tabdef/d) = Eno abEXP(—Tabdefr).  (17)

Here, the macroscopic effective pathlength enhancement,
layer, but has no dependence of optical depth within a layeréqg = lefr/d, whered is the geometrical height of the cloud or
For a given layer the source is calculated as the mean value aferosol layer. Furthermorépsis the radiation quantity of
Eqg. 6) at the bottom and top of the layer. An example of the interest calculated with an additional absorber of small opti-
approximated total RRS source tei@t (z, ;) in Eq. (6), cal depthrapswhile Eng apsis the same quantity without the
is shown in Fig.1 together with the four individual source extra absorber.
terms on the right hand side of E)(

A particular solution of the form 2.2 Solar spectrum and spectral considerations

1" (t, i) =Y" (u;) (14)  calculations including RRS require an extra-terrestrial (ET)
solar spectrum. Here the revised high-resolution Kurucz

IS sought f(_)r each Iayer._ The cqeﬁiciem@}(ui) are found solar spectrum is adoptedifrucz, 1992 Fontenla et a.
by solving linear algebraic equatiorStmnes and Swanson 1999. The spectrum was obtained from the “Solar source

198). The solution of E,q'5) mchdmg the RRS SOUrCe fynction” of Clough et al.(2005. In the spectral region
term Q(z;. i) has been included in the new C-version of ¢, 316 7 to 415 nm the absolute magnitude of the revised
the DISORTStam_nes et a(1988) algonthm_ Buras_ etal. Kurucz spectrum exhibits absolute broad wavelength devia-
2011). This algorithm has been adopted in the I|bRadtrantions compared with other established specBariit et al,
radiative transfer packaghlyer and Kylling 2003 to solve 2005. The Kurucz spectrum was therefore scaled to the At-
Eq. (@) for first-order RRS including absorption and multiple las 3 spectrum\Woods et al. 199§. For comparison with

elastic scattering of molecules, aerosols and clouds. ground-based measurements the spectrum was resampled to
air wavelengths using the refractive index for air frauide
(2009. Following Chance and Spui1997 the spectrum

The filling-in factor FI is often used to describe the magni- Was resampled at even 0.01 nm increments using a triangular

tude of RRS. Itinvolves the ratio of modelled radiation quan- filter with full-width at half-maximum (FWHM) of 0.02 nm.
tities with and without RRS. Several definitions of the filling- 10 calculate the radiation at wavelengththe elastically
in factor are used in the literaturddiner and Bhartial 995 scattered radiation is needed at the wavelengths of the 233
Spurr et al,2009. Here, the definition oBpurr et al(2008 Raman lines. The radiation field at these wavelengths may
is adopted either be obtained by solving the zeroth order radiative trans-
fer equation for each wavelength, or, to save computer time,
EelastidA) by solving the radiative transfer equation at a coarser spectral
o0 )’ (15) lution and | lating the radiation field to the R
EinelastidA) resolution and interpolating the radiation field to the Raman

2.1 Filling-in factor and other quantities

FI(h) = 100 %(1—

Atmos. Chem. Phys., 11, 104718485 2011 www.atmos-chem-phys.net/11/10471/2011/
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lines. Both approaches have been implemented. Compar 30

isons of the two approaches in the Ca H and K lines region,
with “coarse” resolution taken to be 0.01nm, showed that  25f
the differences between them are negligible. The interpo- _
lation approach significantly reduces the computation time. & 29}
The reduction depends on the application, but is on the order g
of 10-100. !
The output from the present solution is provided at the < |,
same wavelength grid as the input ET-spectrum. Internally 2
the zero order simulation is made at the resolution of the ET- £ s}
spectrum and the results stored in memory. As the resolu-
tion of the ET-spectrum determines the resolution of the sim- Offfy
ulation, species with sharp spectral absorptions may easily
be considered by simply using an ET-spectrum with a suffi- 399 392 394 396 398 200
ciently high resolution to resolve the spectral absorption fea- Wavelength (nm)
tures.

As discussed bgpurr et al.(2008 one may either use a Fig. 2. The filling-in calculated from simulated irradiances at
high-resolution ET spectrum as input and convolve the resulfhe Earth's surface using an ET-spectrum with 0.01nm resolu-
with the instrument response function; or one may use an E-Itlon (green line), and ET-spectrum convolved with an instrument
spectrum measured by the instrumer’n to be simulated a{the Bentham spectroradiometer in Garmisch-Partenkirchen with

t tivelv to the last h ve the hi hint function FWHM of 0.5 nm, see sectichl) response function
ernatively to the 1ast approach one may convolve the hig “prior to simulation at 0.05nm resolution (red line). Simulations

resolution ET spectrum with the instrument response funCyii, ET.spectrum with 0.01nm resolution and results convolved

tion prior to the simulation. This latter approach is attractive yith an instrument spectral response function, and the ET-spectrum
for ground-based instruments for which ET spectral mea-convolved with the instrument response function prior to simula-

surements are not available. To investigate possible differiion at 0.01 nm resolution (not shown), are indistinguishable from
ences between the various approaches, the following simthe red line on the present scale. The solar zenith angle®iai&
ulations were carried out for the Bentham spectroradiome<he surface albedo is 0.0.

ter in Garmisch-Partenkirchen with a slit function FWHM of
0.5 nm, (see Sedd.1for further details), for the 390-400 nm

interval which includes the strong calcium K and H lines: 3 Bxamples of RRS

1. Simulation with an ET-spectrum with 0.01 nm resolu- Below the new RRS radiative transfer model is used to inves-
tion. The spectrum was generated as described abovéigate the effects of clouds on DODs and filling-in factors.
The simulated spectrum was convolved with the instru- )
ment response function. 3.1 Cloud top height

2. The high-resolution ET spectrum from 1) was con- de Beek et al(2001) showed how the differential optical
volved with the instrument response function prior to depth varied with cloud top height for various cloud opti-
the simulation. The simulation was carried out at cal depth. Their Fig. 4 is reproduced in F&a (solid lines)
0.01 nm resolution. for the same cloud optical depths and cloud top height. The

cloud was taken to be 1 km thick in the vertical and moved

upwards as the cloud top height increased. The DODs are
derived from top of the atmosphere (TOA) upwelling radi-
ances for zero viewing angle (nadir radiances). The depen-

For the simulations the solar zenith angle wa$, e sur-  dence on the cloud optical depth and cloud top height are

face albedo was set to zero and neither clouds nor aerosalimilar for the two models. Also shown in Figa are DODs

were included. Filling-in factors were determined from for the cloud bottom fixed at 0.5km and increasing cloud
downwelling BOA irradiances calculated with and without top height (dashed lines). For all cloud vertical thicknesses

RRS. In Fig.2 the filling-in factors are shown for the various the DOD decreases with increasing cloud top height. As the

spectral approaches. The high-resolution result without anyloud top height increases fewer photons makes it down to

instrument response function is shown by the green line. Theéhe denser lower atmosphere due to scattering in the cloud.
other results involve the various approaches of treating thédence, fewer photons experience RRS with increasing cloud
instrument spectral response function and are indistinguishtop height. The shallow cloud (solid lines) is more effective
able. Hence, all further simulations are performed with anin reducing the penetration of photons into the lower part of

ET-spectrum at 0.05 nm resolution convolved with the appro-the atmosphere compared to the optically less dense extended

priate instrument response function unless otherwise noted.cloud (dashed lines). Hence, RRS is lower for the shallow

3. The high-resolution ET spectrum was convolved with
the instrument response function prior to the simulation.
The simulation was made at 0.05 nm resolution.

www.atmos-chem-phys.net/11/10471/2011/ Atmos. Chem. Phys., 11, 113Wa5-2011
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13 . . . . . . . 12
;\; 128 e __ Ay e /
- 10k 7
£ 11 =
*g R
S 10’ B 8F
T 9 9]
9 _ & 6t
§ 8 — Tw~ c

— Twe= o P
E 7 — Twe™ S 4r ST =
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QL — 5= 2 — Zenith radiance, BOA ]
"5 a4k e Global downward irradiance, BOA
- - Diffuse downward irradiance, BOA
S e UL A I AR
Cloud top height (km) Cloud optical depth (unitless)

17 ; ; . : : : .

160 — Cloud bottom 1km below cloud top ~__-- Fig. 4. The filling-in factor at 393.37 nm as a function of cloud op-

15 -- Cloud bottom fixed at 0.5km __--~~ b) tical depth for a solar zenith angle of 45Cloud bottom is at 1 km

and cloud top at 2 km with the surface at 0.0 km and the albedo is
0.03. The ET-spectrum was convolved with a triangular response
function with FWHM of 0.26 nm. The filling-in factors were calcu-
lated from top of the atmosphere (TOA) nadir radiances and diffuse
upward irradiances, and bottom of the atmosphere (BOA) global
(direct plus diffuse) and diffuse downward irradiances and zenith
radiances.

Differential optical depth (%)
=
o

ence RRS in the lower part of the atmosphere with increasing
cloud optical depth when the extended cloud is present there
compared to the shallow cloud. Thus, for extended clouds
the likelihood of a RRS event increases with increasing op-
Fig. 3. The differential optical depth calculatdd) from top of  tical depth. The results presented in F8a and b clearly
the atmosphere nadir radiances, gbjbottom of the atmosphere demonstrate that both TOA and BOA DODs depend on the
zenith radiances for a wavelength of 393.37 nm. The solar zenithvertical extent and location of the cloud.
angle is 529° and the surface albedo is 0.05. For the solid lines the
cloud is 1 km thick in the vertical. For the dashed lines the cloud3.2 Cloud optical depth
bottom is at 0.5km and the cloud vertical extent increases as the
cloud top height increases. The variation of FI with cloud optical depth is shown in Fg.
for a solar zenith angle of 45 The cloud bottom is at 1 km
and the cloud top at 2km. The cloud optical depth is var-
cloud, except for the case of lowest cloud top height. How-ied from 0 to 500. Although a cloud optical depth of 500 is
ever, in this case the shallow cloud extends from the surfacghysically unrealistic for a cloud extension of 1 km, this case
to 1km while the extended cloud goes from 0.5 to 1.0 km. s instructive since it closely approximates the idealized case
Thus, the behaviour is expected. of a semi-infinite bidirectionally reflecting medium. Filling-

In Fig. 3b DODs calculated from bottom of the atmo- in factors are shown for TOA diffuse upward irradiance and
sphere (BOA) downwelling radiances for a°3flevation an-  nadir radiance (blue lines) and BOA global and diffuse irra-
gle (zenith radiances) are shown for the same clouds as idiances and zenith radiance (red lines).

Fig. 3a. Generally the BOA DODs vary less with cloud top  The TOA filling-in from the nadir radiance and diffuse up-
height than the TOA DODs. For the shallow cloud (solid ward irradiance (blue lines Figh) decrease with increasing
lines) a decrease with increasing cloud top height is causedloud optical depth. It starts to level off at optical depths
by decreased photon pathlengths within the cloud, and hencketween 10 and 20 and reaches values of 6.5 and 7.7 % re-
decreased likelihood for RRS, as the shallow cloud is movedspectively for a cloud optical depthy =500. A similar
upwards. For the extended cloud (dashed lines) a similar belevelling for nadir radiance derived filling-in factors may be
haviour is seen for cloud optical depths less then 20. For theeen in the results of Fig. de Beek et al(200]) (see also
cloud optical depths of about 20 or larger, the DODs increasd-ig. 3a present paper).

with increasing cloud top height. As the cloud optical depth The BOA FI factors from the zenith radiance and global
increases fewer photons traverses the cloud from top to botdownward irradiance show no sign of levelling off with in-
tom. Those who do, are increasingly more likely to experi- creasing cloud optical depth (red lines F#). When the

Cloud top height (km)

Atmos. Chem. Phys., 11, 104718485 2011 www.atmos-chem-phys.net/11/10471/2011/
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Fig. 5. The upper row shows the BOA radiances [photon/(€ om sr)] at 393.37 nm for cloudlessyc = 0.0, and cloud optical depths of
0.5 and 10.0. The simulations were made for the same conditions as i Hie lower row shows corresponding FI factors. The circles
indicate polar angles of 10, 30, 50, 70, and @@bving outwards. The azimuth angles are shown on the plots.

cloud optical thickness increases the cloud increasingly reper row in Fig.5 for a cloudless situation and two cloud
sembles a semi-infinite scattering medium. Thus, the patheases with optical depths of 0.5 and 10.0. The direct beam
length increase of photons backscattered into the upper hemgontribution is not included in the figure. The correspond-
sphere will level off and the filling-in factor behaves corre- ing filling-in factors are shown in the bottom row. For the
spondingly at TOA. Below the cloud, the photon path length cloudless sky the smooth Rayleigh and Raman phase func-
will increase as long as the cloud optical depth increasestion gives a correspondingly smooth radiance field (upper
A larger photon path length increases the chance for RRSleft plot, Fig.5). For the optically thin cloud (upper center
Hence, the FI factors increase with increased cloud optiplot, Fig.5) the strongly forward peaked phase function of
cal depth for surface based zenith-viewing and global irra-water droplets gives a correspondingly strong maximum in
diance instruments. Obviously, the absolute zenith radiancéhe direction of the sun. For the optically thicker cloud, this
and global downward irradiance are rather small for optically maximum is no longer seen, as multiple scattering within the
very thick clouds, see for example Fgbelow. cloud has removed nearly all original directional information

The zenith radiance and global downward irradiance de{from the photons (upper right plot, Fig). The filling-in
rived filling-in factors at the BOA behave very differently plots (lower row Fig.5) reflects the behaviour of the radi-
for small cloud optical depths (red lines Fi#). The zenith  ances. The filling-in factors have minima in the direction of
radiance-based FI factor have a minimum of 4 % for a cloudthe sun for the cloudless and optically thin cloud. For the
optical depth slightly less then 10 and increases for smallepoptically thicker cloud the minimum is less pronounced and
optical depths to the cloudless value of 10.8 %. The filling- slightly offset towards the zenith as similar for the radiance.
in factor from the global downward irradiance at the BOA
exhibits no minimum, but decreases with decreasing cloud3.3 Vertical profiles of filling-in factors
optical depth. The global irradiance has two components,
the direct and the diffuse downward irradiance. The relativeSimilar to the model oSpurr et al(2008, the present model
magnitude of the direct irradiance increases with decreasingan calculate the radiation field anywhere in the atmosphere.
cloud optical depth. As the direct beam does not contributeln Fig. 6 vertical profiles of the filling-in factor are shown
to the filling-in factor, the filling-in factor based on the global for the same cloud as iBpurr et al.(2008 Fig. 8). The
irradiance will decrease with decreasing cloud optical depthcloud layer was between 2 and 3 km, with a single scatter-
This is also readily seen from the filling-in factor calculated ing albedo of 0.9999 and a Henyey-Greenstein phase func-
from the diffuse downwelling irradiance (dashed red line, tion with asymmetry factor 0.8. The solar zenith angle
Fig. 4). was set to 45 Spurr et al.(2008 displayed the filling-in

To further illustrate the behaviour of the filling-in factor for several wavelengths and cloud optical depths. Here the
at the BOA, the downwelling radiance is shown in the up- filling-in is shown for one wavelength, 393.37 nm, and for
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Fig. 6. Profiles of the filling-in factor as calculated from radiances (top row) and irradiances (bottom row). Solid lines represents filling-in
factors calculated from radiances (upper row) and diffuse upward and downward irradiances (lower row). Dashed lines are filling-in factors
calculated from the global (direct plus diffuse downward) irradiance. ASpuarr et al.(2008 the cloud layer was located between 2 and

3km and the surface at 0.0 km. Altitude resolution 0.1 km.

both irradiances and radiances. Filling-in factor profiles arederstand these results it is instructive to look at the radiance
shown for cloud optical depths of 0.1, 1.0, 2.0 and 10.0 asin the solar principal plane at various altitudes below, inside
calculated from both radiances (upper row Fgand irradi-  and above the cloud. Fig.shows the radiances calculated
ances (lower row Fig6). The results for the diffuse down- with and without Raman scattering at BOA, 1.9, 2.1, 2.3, 2.5,
ward and upward irradiance based filling-in irradiance fac-2.7, 2.9, and 3.1 km, and at TOA. The angular distribution of
tors (solid lines in the lower row Figh) agree reasonably diffuse radiation changes dramatically with altitude and es-
well with those presented ypurr et al (2008 Fig. 8). pecially within the cloud. At the TOA (upper left plot Fig)
Concerning the downwelling radiation it is clear that the there is no downwelling diffuse radiation and the upwelling
cloud has little impact on the filling-in factor calculated from diffuse radiation is fairly homogeneous. Just above the cloud
the global (direct plus diffuse) irradiance (dashed lines, lowertop, at 3.1km, a majority of the diffuse radiation is in the
row, left plot Fig.6). The filling-in factors calculated from upward direction, but some radiation is also scattered down-
the nadir radiance and the upward irradiance clearly exhibitvards by the above atmosphere. Once inside the cloud the
the signature of the cloud. For the global downwelling field, picture changes dramatically. The strongly forward scatter-
the radiation above the cloud is dominated by the directing water droplets gives rise to a strong lobe in the direction
beam, hence the filling-in is small. In and below the cloud of the direct sun ray. As one moves deeper into the cloud the
the radiation field becomes diffuse and the global filling-in lobe broadens due to multiple scattering. But at the bottom
approaches the diffuse filling-in for clouds of optical thick- of the cloud there is still an asymmetry in the radiance field.
ness greater than 1. For the upwelling irradiance filling-in Thus, within a cloud of optical depth 10, there should be lit-
factor the clouds decrease the filling-in above the cloud. Thigle problem to distinguish up from down based on the diffuse
is caused by a decrease in the photon pathlength due to thadiation field. Due to the low surface albedo (0.05), there
presence of the cloud. is little diffuse upwelling radiation below the cloud. At the
The behaviour of the filling-in factors calculated from the BOA there is still some asymmetry in the radiation field.
zenith and nadir radiances, upper row Fg.is similar to
that calculated from the irradiances, lower row FgTo un-
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Fig. 7. The radiance [photons/(s émm sr)] in the solar principal plane for various altitudes. The solar principal plane is defined to be the
plane laid out by the incoming solar beam with azimuth ardgle= 180° and radiation scattered in the forward directidn= 0°. The polar

angle gives the direction of the radiation in the plane. A polar angl& giv@s radiation travelling in the zenith direction. The sun is incident

at 45. The atmospheric conditions are as in Fgvith a cloud of optical depth of 10 located between 2 and 3 km. Note that the scales on
the various plots differ.

From the radiances with and without RRS, filling-in fac- 4 Comparison with surface measurements
tors may be calculated as shown in R&g.The angular be-
haviour of the filling-in reflects the pathlength travelled by To demonstrate the spectral behaviour of RRS effect, model
the individual photons. In the direction of the direct sun ray simulations were compared with two different experimen-
near the top of the cloud, some photons have been scatterqg| cases. The first case involved a thunderstorm over
once and thus the chance of RRS is small. For the other digarmisch-Partenkirchen, Germany (47.48 11.07 E, and
rections, the photons have increasingly been scattered severabo m above sea leveMayer et al.(1999). The second
times and hence the chance of RRS increases. This is seen #3se from Nea Michinanona,, Greece (40.88 22.5F E,
the correspondingly large filling-in factors in the upper hemi- and 30 m above sea level), utilizes measurements made under
sphere within the cloud. The filling-in varies considerably 5 neavy aerosol loadylling et al., 2003. For both cases,
with viewing angle and the minima at 2.5, 2.7 and 2.9km, input parameters for model simulations were obtained from
in the direction of the direct sun ray stand out in particular. jndependent measurements. They represent the most com-
Results are shown for one solar zenith angle. Clearly, the picp|ete knowledge of input parameters available for the studied

situations. Specifically, within the upper part of the cloud for this paper.

the radiance calculated filling-in will vary with solar zenith

angle For the simulation of the measurements, the high-

resolution ET spectrum was convolved with the respective
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Fig. 8. The filling-in factor [%] in the principal plane for various altitudes. The polar angle gives the direction of the radiation. Calculated
from the radiances in Fig.. Note that the scales on the various plots differ.

instrument response function and regridded to 0.05nm res4.1 Thunderstorm case
olution. On-site measurements of atmospheric profiles were
not available. Instead, standard profiles frAnderson etal.  The thunderstorm took place over Garmisch-Partenkirchen
(1986 were used. To minimize uncertainties caused by miss0n 19 June 1994, and has been described/layer et al.
ing knowledge of the ozone profile, the wavelength region(1998. The sky was relatively cloudless in the morning al-
340-410 nm, where ozone absorption is small, was investilowing the recording of a reference spectrum. A large thun-
gated. Absorption by ozone was included using the crosglerstorm developed during the day with a maximum optical
section ofDaumont et al(1992, while the absorption cross depth around 14:10 UTC. The cloudless, 07:46 UTC, and
sections for Q were taken fronGreenblatt et a(1990. Fur- fully thunderstorm, 14:10 UTC, situations were simulated.
thermore, absorption by NQ(Burrows et al. 1999 was in-  Model input data were taken frofdayer et al.(1998 Ta-
cluded with a column amount of 0.22 Dobson units. ble 1) For the fU”y developed thunderstorm at 14:10 UTC
Both measurements are oversampled by factor of 2 in acthe solar zenith angle was 33The cloud was assumed to ex-
cordance with the Nyquist-theorem. When spectra are retend from 1 to 9 km with optical depthc = 340. The effec-
Samp|ed into the same Wa\/e|ength gr|d h|gher frequency intive droplet radius was setto 10.5 um and the water cloud op-
formation may be aliased into the spectruBhénce et a).  tical properties were calculated from the parameterization of
2005. The wavelength accuracy for the measured spectrdiu and Stamne€l993. In addition sensitivity studies were
are about 0.01-0.02 nm. In the worst case this correspond®ade with optical properties from Mie calculations based
to a shift of 0.02nm which translates into an interpolation ©n Mie water cloud optical property tables available from
error in the DODs of about 0.01-0.0R@scoe et a]1996. http://www.libradtran.org
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Fig. 9. (a) The measured (red and blue lines) and simulated (black line) spectra under cloudless (blue) and thunderstorm (red) situations.
The measured and modelled thunderstorm spectra have been multiplied by a factdbdfTte measured and simulated DOD. Simulations

with both a Henyey-Greenstein phase function (blue) and an exact Mie phase function (green) are shown. The input parameters to the mode
simulation are described in the text.

For the cloudless case at 07:46 UTC the solar zenith anglevas measured with narrow field-of-view entrance optics au-
was 57. The wavelength dependent aerosol optical depthtomatically aligned to the Sun. Calibrations were carried
Taero Was calculated using théngstrbm formula, taero= out on a weekly basis using 100 W tungsten-halogen stan-
BAT*, with « =1.147 andB = 0.20, as determined from di- dard lamps traceable to the Physikalisch Technische Bun-
rect sun measurements by the same instrument. The aerostésanstalt (PTB, Braunschweig, Germany). The instrument
single scattering albedo was set to 0.95 and the aerosol asynias a slit width of 0.5nm (FWHM) and a step width of
metry factor to 0.7. The aerosol was included in both the0.25nm between 285 and 410nm. For this study a very
cloudy and cloudless situations. high wavelength alignment is required. Therefore the wave-

It is noted that both the cloud geometry and the inclu- Iength -accuracy (uncertainty typi_cally _0.05 nm, carefully
sion of aerosol for the cloudy situation are somewhat arbi-maintained by a spectral calculation with Mercury lamps)
trary. Mayer et al.(1998 used an earlier version of the li- was further improved with the foIIOW|_ng procedure:. The
bradtran model to analyse the effects of varying the aerosoyV@velength-dependent wavelength shift was determined by

and cloud optical depths for the cloudy situation. The val- cross-correlation of the measured spectrum and a model cal-

ues adopted here, while not unique, are similar to those deSulation based on the ATLAS3 spectrum. The wavelength

rived from the model/measurement comparison described it was then added to each individual spectral point and
Mayer et al(1998. For both situations a Lambertian surface finally the spectrum was spline interpolated to a regular

albedo of 0.03 was assumed and the US midlatitude summé}-25 "M grid. The remaining wavelength uncertainty was of
atmosphere was adoptetinderson et a).1986. the order of 0.01-0.02 nm. It is noted that for the spectrum

recorded during the thunderstorm, concurrent recordings by
The measurement platform was located at the Fraunhofeg, jjjuminance meter showed that the illuminance was stable

Institute, Garmisch—Partenkirchen, Germany. The systemyithin +5 9% (+10) for the duration of the scan, thus indicat-

for measuring spectral UV irradiance comprises a Bentharr]ng that no rapid changes in the cloud took place during the
double monochromator DTM 300 with a photomultiplier gcgn

as detector. Spectra of global irradiance were measured
with a quartz cosine diffuser, and direct spectral irradiance
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Fig. 10. (a)The measured spectra at 11:20 UTC (blue line) and 16:15 UTC (red line). The corresponding model simulations are shown in
black. (b) The measured (red line) and simulated (blue line) DODs. Note difference in y-axis scale fro@b.Fithe input parameters to
the model simulation are described in the text.

Figure9a shows the measured and modelled downwellingstantial. To investigate the effects on irradiances, the simu-
global (direct plus diffuse) irradiances for the cloudless andlations were repeated with phase functions from Mie theory
thunderstorm cases (solid lines). The thunderstorm spectraalculations. The cloud droplet sizes were assumed to be de-
have been multiplied by a factor of 15 for better visualiza- scribed by a gamma-distribution with= 7 and the effective
tion. Mayer et al.(1998 compared a measured cloudless radiusresf = 10 um. For more details séamde et al(201Q
spectrum recorded at a similar solar zenith angle, but on anSect. 2.3). The Henyey-Greenstein phase function was used
other day, with the thunderstorm cloud spectrum and foundwhile deriving the cloud optical depth of 340. Changing to
that the thunderstorm irradiance was reduced to about 2.5 %he Mie phase function will also affect the derived cloud op-
of its cloudless value. tical depth. Simulations with the Mie phase function were

For comparison of measured and modelled RRS effecténade both with the cloud optical depth of 340 and a value of
the DOD is calculated. The cloudless spectrum is taken a$32 which was derived using the Mie phase function. Both
Eref and E is the thunderstorm spectrum. The DODs cal- simulations changed the DOD in a similar manner. The re-
culated from the measured and calculated spectra are showstliting DOD is shown in green in Figh. Using the exact
in Fig. 9b. The agreement between the measured and calPhase function reduces the DOD by up to 25 % for the inves-
culated DODs is better than 0.01 with only few exceptions.tigated case. There are two reasons for this. The effective
These may partly be caused by instrumental noise which wapathlength of the photons may be calculated as explained
smaller than 1 % corresponding roughly to an uncertainty inin Sect.2. For photons that travel through the cloud, the
the DOD of 0.01. pathlength increases by about 2% when changing from the

At the time of Mayer et al.(1998 it was quite common Henyey-Greenstein phase functiqn to the Mie phase function.
to use the Henyey-Greenstein phase function, e.g. as in th the model atmosphere, absorbing aerosols are also present
parameterization byHu and Stamne€1993, to describe N the cloud. Thus, the increase in pathlength leads to in-
cloud optical properties for irradiance calculations. For ra-Ccreased absorption of photons and hence less Raman scatter-
diances, differences between results computed with Henyeyid- By excluding aerosols there is still a difference in the
Greenstein and Mie-calculated phase functions may be sug?ODs calculated using either the Henyey-Greenstein phase
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function or the Mie phase function, with a smaller DOD for (PTB, Braunschweig, Germany). The integration time when
the Mie phase function. It is estimated that for the presentreading out the photomultiplier current is adapted to the ab-
case the aerosol accounts for about two thirds of the reducsolute level of the signal in order to achieve a good signal
tion in the DOD. The remaining difference is caused by dif- to noise ratio at each wavelength. For wavelengths above
ferences in the phase functions. The Mie phase functiorB40 nm this is usually 20 ms, which leads to a statistical noise
has a larger back-scattering part, see for exarfglger and  in the order of 0.3 %. The overall spectral noise, when com-
Kylling (2005 Fig. 6), thus less photons make it through the paring two consecutive spectra in the wavelength range be-
cloud. This implies that less photons are available for scattween 340 nm and 410 nm is in the order of 0.5 %.

tering into the wavelength of interest compared to a Henyey- The measured and simulated aerosol spectra are shown in
Greenstein phase function. Hence, the DOD is further reFig. 10a. The measured and modelled DODs for the aerosol

duced for the Mie phase function. case are shown in Fid.0d. As for the thunderstorm case
the measured and modelled DODs show the same spectral
4.2 Aerosol case behaviour. The effect of RRS is significantly smaller for the

aerosol case than for the thunderstorm case. This is so even if
The aerosol case was based on a situation that occurred duf the thunderstorm case the direct optical path increases by a
ing the Actinic flux determination from measurements of ir- factor of 1.54 when the solar zenith angle increases from 33
radiance (ADMIRA) measurement campaign, August 2000to 57, while for the aerosol case the pathlength increases
at Nea Michaniona, Greec®\ebb et al. 2009. Two irra-  py 3.71 when the solar zenith angle increases fromta6
diance spectra on the 5th of August were simulated. The7e°. The larger differential optical depth for the thunder-
first spectrum was measured at 11:20 UTC and the solagtorm case is caused by multiple scattering within the cloud
zenith angle varied from 25.69t 340nm to 25.82at  which increases the photon pathlength and thus the likeli-
410nm. The aerosol optical depth was estimated from di-hood of a Raman scattering event. It is noted that the filling-
rect sun measurements by the same instrument and reportedl may be attributed to either changes in the aerosol content
in terms ofAngstiom coefficients. For the first spectrum the or the solar zenith angle between the spectra. Simulations
Angstiom coefficients werer = 2.14 andg = 0.038 giving  were made of the two spectra with varying aerosol content
Taerd A =400nm = 0.27. The second spectrum was mea- but similar solar zenith angle, and similar aerosol content but
sured at 1615UTC and the solar zenith angle varied fromdifferent solar zenith angles. The simulations clearly demon-
76.08 at 340nm to 76.52at 410 nm, witha =2.05 and  strated that the filling-in is due to the difference in the solar

B =0.027, givingraerd A =400 nm = 0.18. The Lambertian  zenith angle between the two spectra.
surface albedo was set to a constant value of 0.03, the value

adopted byKylling et al. (1998 for a similar situation. The

US standard atmospherar{derson et a).198§ was used 5 Conclusions

and the aerosol single scattering albedo and asymmetry fac-

tor were taken from the rural spring-summer parameterisaA new radiative transfer model including first-order RRS has

tion of Shettle(1989. In this parameterisation the aerosol P€€N presented. The model is based on a reimplementation
single scattering albedo and asymmetry factor vary with al-" the C computer language of the discrete ordinate radia-
titude and wavelength. The single scattering albedo takedVe transfer (DISORT) algorithm. The solution allows the

on values between 0.94-0.98 while the asymmetry factor i§omputation of the radiation field including RRS in pseudo-
about 0.67—-0.70. spherical geometry, at any altitude in the atmosphere and at

any viewing angle. An interpolation scheme allows speed-up

The spectra for the aerosol case were measured with ) ) :
Bentham DTM300 double monochromator spectroradiome-'f1 computer time between 10-100 depending on the applica-

ter Blumthaler et al. 2009. For these measurements the t'?n'l Tge mogieRllggs begrut#sec:ftotlnve?_tlllgate_ thfe Tteractl(cj)n
instrument was equipped with gratings with 2400 lines perO clouds an , and the etffect on iling-in tfactors an

mm, resulting in a slit width of 0.48 nm (FWHM). The spec- differerlltiall opéi?al depths: Itdyvas founddthactj.fillindg-in facj
tra were recorded with a step size of 0.25 nm. tors calculated from BOA irradiances and nadir radiances in-

The spectral calibration was routinely checked against therease with increasing cloud optical depth due to the increase

structure of the Fraunhofer lines, which resulted in an over—:cn Fih(r)tof? ﬁt? Igin%ths. P)?La;tr)i?lo:? ?]f radlarr:r:sstfimd 2”'”9';2
all absolute uncertainty of the spectral alignment of less thanactors rom radiances e SToNg asymmetries deep

0.1nm. The precision of the spectral alignment is better thanside and below clouds. Differential optical depths calculated

0.05nm. For further improvement of the spectral alignment,Wlth the model shows the same spectral dependence as mea-
the spectra were corrected using the ShicRIVM algorithmsuremems of the same quantity for both thunderstorm and

: : P aerosol loaded cases.
Slaper et al(1995, which yields a reproducibility of the i . S .
wavelength setting of the spectra on the level of 0.01 nm. av;irllaebrlzcilr?)trl;/ﬁt: ri?mrﬁg:jaiir:ﬁlg?mg first-order RRS, is
The absolute calibration is based on a 1000 W halogen P ' 019

lamp, traceable to the Physikalisch Technische Bundesanstalt
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