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Abstract. A new multiple-scattering Monte Carlo 3-D radia- 1 Introduction
tive transfer model named McSCIA (Monte Carlo for SCIA-

machy) is presented. The backward technique is used to efin recent years the chemical composition of the atmosphere
fiCiently simulate narrow field of view instruments. The Mc- has become an important concern (eg Jacab, 1999) Due to
SCIA algorithm has been formulated as a function of the human activities the composition of the atmosphere is chang-
Earth’s radius, and can thus perform simulations for bothing, not only on a local scale, but also on a global scale.
plane-parallel and spherical atmospheres. The latter geomeyany of these changes are related to trace gases present in
try is essential for the interpretation of limb satellite measure-the atmosphere (e.g.3ONO,, COy). To increase our know-
ments, as performed by SCIAMACHY on board of ESAS |edge on sources and sinks of these trace gases long time se-
Envisat. The model can simulate UV-vis-NIR radiation. ries of measurements are needed on a global scale, which can

First the ray-tracing algorithm is presented in detail, andnot be provided by ground stations only. Therefore, there has

then successfully validated against literature references, botfecently been an Increase In new satellites with new Instru-
in plane-parallel and in spherical geometry. A simple 1-D ments anq capabilities. 'The aim of these new instruments
model is used to explain two different ways of treating ab- IS 0 monitor our changing atmosphere and understand, in
sorption. One method uses the single scattering albedo whildY"€rgy with chemical models and ground observations, the
the other uses the equivalence theorem. The equivalence th82€chanisms behind the changes in atmospheric composition.
orem is based on a separation of absorption and scattering. It Many satellite instruments are designed to sample the at-
is shown that both methods give, in a statistical way, identicalmospheric composition using the UV-vis-NIR part of the
results for a wide variety of scenarios. Both absorption meth-spectrum. Employing the gas absorption spectral features
ods are included in McSCIA, and it is shown that also for ait is possible to retrieve the total column gas concentration
3-D case both formulations give identical results. McSCIA of Oz, NOz, SG;, CO, CH;, CO, from the backscattered
limb profiles for atmospheres with and without absorption solar radiation. Using the backscattered UV-vis-NIR solar
compare well with the one of the state of the art Monte Carloradiation, for instance, GOME on board of ESAs ERS-2
radiative transfer model MCC++. (Burrows et al., 1999) employs a differential optical absorp-
o o tion spectroscopy (DOAS) method to obtain global distribu-
A simplification of the photon statistics may lead to very tions of various trace gases. Also the more recent instru-
fast calculations (_)f absorp_tlon featurgs m_the atmosp_)here,.nemS SCIAMACHY (Bovensmann et al., 1999) (launched
However, these simplifications potentla_lly mFrod_uce blase_zsl March 2002 onboard of ESAs Envisat), and OMI (Levelt
in the results. McSCIA dpes not use _S|mpl|f|cat|on_s and iset 1. 2006: Stammes et al., 1999) (launched 15 July 2004
therefore a relatively slow implementation of the equivalenceg, poard of NASAs EOS-Aura) use DOAS-like techniques

theorem. to retrieve trace gas concentrations.
Whereas GOME and OMI are nadir viewing instruments,
SCIAMACHY scans the atmosphere also in limb mode, giv-
Correspondence tdr. Spada ing the possibility to obtain stratospheric profiles and conse-
(francesco.spada@gmail.com) quently tropospheric trace gas columns.
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The limb view enables the retrieval of vertical profiles of state-of-the-art MC RT model MCC++ (Postylyakov, 2004)
trace gases (see e.g. Rusch et al., 1984; Mount et al., 1984yill be done in Sect. 5, where we will show that the SSA and
Flittner et al., 2000; Kaiser, 2002; von Savigny et al., 2003; ET approach give statistically the same results in a wide va-
Kaiser et al., 2004; Sioris et al., 2004; Rozanov et al., 2005riety of scenarios. After a discussion in Sect. 7 on the earlier
Segers et al., 2005), but it raises some radiative transfer (RTyise of the ET and the comparison with our approach, we will
modelling issues. While for nadir geometry a plane-parallelsummarise in Sect. 8 our results and draw some conclusions.
description of the atmosphere normally suffices, in limb it
is essential to consider the sphericity of the Earth. One ap- i
proach to solve this problem is the use of a Monte Carlo?2 MCSCIA ray-tracing module

(MC) RT model (Oikarinen etal., 1999). Monte Carlo meth- McSCIA is a scalar (no polarisation) backward (or time-

ods are in principle an accurate way of solving RT pTOb' reversed, or adjoint) MC RT model (see Fig. 1), in which
fmi’)aacnhdesar(i ofts\rllalltjes?gn?js;nb(;anrc;?mz?)rgsf)or Aelllp gtrr?;(;n;atﬁhotons are tracked from their starting position in the satel-
pp 9. grat, : b lite, until the end their trajectories in space. The implemen-

proaches work with some assumption to solve the RT equac i cinilar to SIRO (Oikarinen et al., 1999), but the re-

tion in spherical geometry (see Lenoble, 1985; Marshak anciractive bending is not implemented. The basis of MC (see

Davis, 2005, for a review of different methods)._Desplte thealso Cashwell and Everett, 1959: Spanier and Gelbard, 1969:
fact that a Monte Carlo approach can be very time consum- . ) . .
L . o oh . Lenoble, 1985; Marshak and Davis, 2005) is that every inter-
ing, it also gives statistical information that allows to evalu-

ate the error of the results. Another advantage that will beact|on of a photon in the atmosphere can be described via

S ; o - “a probability density function (PDF), the integral of which
explored in this paper is the possibility to separate scatterin . .
. an be linked to a random numbRr (see the Appendix for
from absorption. The separate treatment of these processes . o
. . . : Some examples). By generating enough random realisations,
is achieved using the Equivalence Theorem (ET). Although : ) . .
. . : . the physical process can be simulated in a statistical sense.
it was already introduced by Irvine (1964) and illustrated by - . . .
: . Once the probability of one event is known, it is possible to
van de Hulst (1980), only recently a rigourous implementa- -
. ) ) : calculate the probability of a sequence of events as a Markov
tion, also for nontrivial cases, was published (Partain et al., | .
: chain, because the events are independent.
2000). In short, the ET states that it does not matter whether : L .
. . . : .~ For a more in depth description of the ray-tracing module,
the constituents doing the scattering and doing the absorption : .
are identical, i.e. absorption can be treated as only ha eninalease refer to Fig. 2 and Appendix A4,
T P Yy happ The whole ray-tracing algorithm has been formulated as a

at the scattering points or only along the photon paths. Ir?function of the Earth’s radiu®eartn This enables McSCIA

previous works on ET (van de Hulst, 1980; Feigelson, 1984’to increase the Earth’s radius to very large values, effectivel
Cahalan et al., 1994; Partain et al., 2000) normalised prob- ylarg ' y

ability distribution functions (PDFs) of photons paths were res_ult|r_19 in a plane-parallel atmosph_erlc mpdel. In this way a
derived, using Monte Carlo models. These PDFs were use alldat!on of th_e backward MC a_lgonthm with plane-parallel
o .~ RTMs is a straightforward exercise.
to calculate the absorption in the atmosphere. In the studies
of the radiation in a cloudy atmosphere presented by Feigel-
son (1984), she proposes instead to derive equivalent tra3 Scattering in a spherical atmosphere: validation of
jectories that can be convoluted with absorption profiles of  ray-tracing module
gases. Since this approach is only valid in the weak absorp-
tion limit, this kind of treatment of absorption introduces a The current implementation of the model atmosphere con-
new approximation that we would like to avoid. sists of an arbitrary number of homogeneous spherical
The purpose of this work is to introduce the MC RT model shells. The depth of each layer is specified independently.
named McSCIA and to illustrate the use of the ET. For theThe model can treat molecular scattering (Rayleigh phase
first time we will show that the ET and the single scattering function, see Eq. A9) and aerosol and droplet scattering
approach (SSA) give identical results in a 3-D spherical RT(Henyey-Greenstein phase function with asymmetry param-
model, both in nadir and limb geometry. eter xg<1, see Eq. A13). Since absorption is treated later
We will describe in Sect. 2 the ray-tracing part of McS- (see Sect. 4), here it is assumed that the atmosphere is con-
CIA, without absorption, and perform a validation (Sect. 3) servatively scattering, so the single scattering albedo (SSA),
of this module. We will introduce absorption in Sect. 4 and w, is set to one. The ground reflection is assumed Lamber-
illustrate the two approaches that we will exploit in the pa- tian, and the ground albedo can have a 2-D variability (see
per: the SSA and the ET. After a theoretical illustration on Sect. A3.3). Since absorption will be considered in Sect. 4,
how to apply absorption in a MC model (Sect. 4.1), we will surface reflection is assumed, just for now, to be conserva-
use a simple 1-D model, in Sect. 4.2, to introduce the readetive. The changes in the model formulation to account for
to a MC RT model with absorption. We will show that the surface or atmospheric absorption are explained in Sect. 4.
SSA and the ET approach give identical results in 1-D. The Ground reflection is considered non-absorbing for two rea-
validation of the 3-D implementation of McSCIA against the sons:

Atmos. Chem. Phys., 6, 4823-4842, 2006 www.atmos-chem-phys.net/6/4823/2006/
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Fig. 1. lllustration of the backward Monte Carlo calculation. The photon leaves the satellite, enters the atmosphere at gadsisoattered

at pointsx 1, x3, x4 in the atmosphere (blue stars) and is scattered at pojntss on the ground (black stars). After these 5 scattering events

it ends its trajectory leaving the atmosphere. As an example the supplement of the scatteringyaisgidotted. The relation between

the old direction, the scattering angles and the new direction is explained in the Appendix in Sect. A3.5. At each scattering position the
probability is calculated that the new direction after scattering would be towards the sun. The supplement of the angle used in Eq. (A26) is
plotted for the first scattering event with the symholds,. The points;cl.OUt represent the exit positions of the photons if they would leave

the atmosphere at thieth scattering event in the direction of the sun. The radiance contributions are dendied/ggsee also Eqgs. A25

and 1). The first of these contributions is also used to calculate the radiance for single scakigjingtfe curly brace betweerg and

x§“t, marked withrz is an example of the trajectory used to calculakg, in Eq. (A27) andrex; in EQ. (2). The dashed lines represent the
projections of the scattering points on the Earth surface.

1. we are evaluating only the ray-tracing part of the model.the KNMI (de Haan et al., 1987; Stammes, 2001), a plane-
Absorption (both by molecules and the surface) will be parallel RT model. The comparison was satisfactory, giving
considered later (see Sect. 4); results with differences less than the statistical error of McS-

0,

2. absorption will be computed, anyhow, by reducing thecIA (0.1%).
weight of the photons reflected by the surface (see Next, as in Oikarinen et al. (1999), we compared McSCIA
Sect. 4). results with results from Adams and Kattawar (1978) and

Since the algorithm is formulated as a function of Earth ra-Kattawar and Adams (1978) to verify the implementation of

dius, the first validation of the ray-tracing was performed by the spherical geometry. For the comparison, the Earth ra-

increasing the radius of McSCIA to 100Q4th and com-  dius was set to 6371 km, and the atmosphere was considered
paring our results with the Doubling and Adding model of as a homogeneous spherical shell with a height of 100 km.

www.atmos-chem-phys.net/6/4823/2006/ Atmos. Chem. Phys., 6, 4823-4842, 2006
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Fig. 2. Photon “life cycle” algorithm of one photon for the &) and SSA(b) approaches. The boxes with a WRyindicate the use of

random numbers. Note that if absorption is considered, the methods use a different vertical coordinate: the ET method uses a scattering-only
coordinate {scg while the SSA method uses the total extinctiogkf). S; is calculated with Eq. (A26) while the transmission facipuses

Eqg. (2). The albedo weight is calculated using Eq. (4). The lowest two boxes show another major difference in the radiance calculation: the
ET method uses an exponential decrease (Eq. 5) while the SSA method uses the single scattering albedo (Eq. 6). While the SSA approac
calculate the absorption in-line, the ET approach calculate it off-line. First the statistics is calculated by the first part (ray-tracing) of the
model (I) and stored, then the second part of the model (Il) calculate the absorption accessing the stored statistics.

The atmosphere was assumed to be conservatively scatterirfimed by the relative azimuth angle valugs¢syn—¢sa=0°

and the ground albedo was set to zero. In this case the ph@®@r ¢p=¢syn—psa=18C, ¢satis assumed to be 0. In the first
tons end its trajectory when they touch the Earth’s surfacecase the setup looks like the one in Fig. 3, while in the lat-
The satellite viewing zenith angbas;at TOA was varied be-  ter the sun is in the left quadrant behind the satellite. As in
tween 0 and 88in the principal plane. This plane is de- Adams and Kattawar (1978), five values have been chosen

Atmos. Chem. Phys., 6, 4823-4842, 2006 www.atmos-chem-phys.net/6/4823/2006/
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R

atm

Fig. 3. Global coordinate reference system employed in McSCIA. The figure represents the satellite viewing zenéikpaiidle satellite
viewing azimuth angl@satis chosen to be zero, thus for the relative azimuth angle hptegsyn—opsa=dsun In case of limb view, the
tangent altitude TA is a function of the earth radiusdRd the satellite viewing angle. The atmospheric radtigg, is defined from the Earth
centre to the top of atmosphere. The line of sight (LOS) is also depicted.

for the solar ;emth anglésun and azimuth anglésun (see Table 1. Angles used for the comparison of Fig. 5 as defined in

Table 1 and Fig. 4). Adams and Kattawar (1978) and Kattawar and Adams (1978). The
As an example of the comparison we show the resultsSntercomparison geometries are also illustrated in Fig. 4.

for two Rayleigh scattering atmospheres of optical thickness

0.25. Inthe top panel of Fig. 5 we show the normalised single Osun 0° 70° 70° 84 84

scattering (SS) radiance values, while in the bottom panel the ¢sun 0°  0° 180 0° 18C°

normalised multiple scattering (TS) radiance values at top of

atmosphere (TOA) for all the three solar positions.

The results of our simulations agree very well with the ra-
diance values obtained by Adams and Kattawar (1978). In
most cases results agree to the last digit given in the paper§lso some part of ground beyond the terminator. This ef-
Otherwise differences are normally smaller than 1%. In somdect increases the difference between the radiance values for
cases differences amount to 3-5%. Since in the original pa®=0" and¢=180". Another important feature that McSCIA
pers there is no indication of the statistical error or of the "eéproduces is that the radiance values increase uritia6@

number of photons used, the differences can be due to poorélecrease for greater angles. This feature it is characteristic
statistics of the old models. of the spherical geometry: in this scenario aftet 8(plane-

Figure 5 shows that we can capture several important feaPaallel model would have only a monotonous increase of
tures for the case of optical thickness of 0.25. First of all, (h€ radiance for increasing VZA (see Adams and Kattawar,
the dotted and dashed curves are not symmetric due to th@:g?s)'
solar position, that is not on nadir. For the case in which These findings are also similar to those obtained by the
the solar zenith angle is 8F° the incoming solar radiation  SIRO model (Oikarinen et al., 1999). Therefore, we are con-
doesn'’t intersect the earth anymore, and the satellite can sdealent that our spherical implementation is correct.

www.atmos-chem-phys.net/6/4823/2006/ Atmos. Chem. Phys., 6, 4823-4842, 2006
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n
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|
I
0=180" : 0=10°

Fig. 4. Geometries used for the comparison with Adams and Kat-
tawar (1978). The position of the sun (sun symbols) and of the
satellite (red bullets) are indicated. See also Table 1.

4 Absorption: Equivalence Theorem and Single Scat-
tering Albedo

The Equivalence Theorem (ET) of Irvine (1964) is a power-
ful way to include absorption in RT models. As discussed
by van de Hulst (1980), the ET states that it does not matte
whether the constituents doing the scattering and those doin
absorption are identical. This means that if we distinguish
two atmospheric constituents

— haze, that causes conservative scattering,

— gas, that causes absorption along the path between scatex; =

tering points;

we can decide to treat absorption as if it would occur

F. Spada et al.: McSCIA: Monte Carlo Equivalence Theorem Radiative Transfer model

case with a vertical profile of an absorbing trace gas. How-
ever, these applications are not suitable for a full 3-D study
case. So we decided to explore a solution that could work
in this case, as proposed, but not used, by O’Hirok and Gau-
tier (1998). Nevertheless, the current implementation of the
model is still bounded to a spherical shell atmosphere.

In McSCIA the atmosphere is formed by homogeneous
spherical shell layers defined by the scattering coefficient
ksca the absorption coefficierts the phase functio® (1)
and the geometrical extension of each layer.

Using the ET approach (see the flowchart Fig. 2a), we per-
form a simulation of the model in a scattering-only atmo-
sphere with ground albedo equal to 1, as described in Sect. 2,
and we store all the scattering and ground reflection posi-
tions. Once this scattering-only case has been computed,
the contribution of each scattering event to the radiance can
be evaluated, using a combination of the local estimate and
weight techniques (e.g. see Marchuk et al., 1980; Davis et al.,
1985; Marshak and Davis, 2005). If we follow only the j-th
photon, similar to Eq. (A25), the value for the i-th event is
given by:

L, =8 T - wl-alb~ w?bs

@)

wheres; is the scattering probability towards the sun defined
in Eq. (A26). The other quantities are defined below.

The transmittance from the photon position to the sun is
T = e en

P = 2
! )

where ey is the optical thickness travelled by the photon
from its current position to the sun, calculated integrating
kext along the photon path

/kext(s)ds = /‘(kscaﬁs) + kapg(s)) ds. (3

The difference between Eg. (2) and Eqg. (A27) is that now
also absorption is included in the transmission, as can be seen

1. only at the scattering points, using a single scatteringby the difference between Eq. (3) and Eq. (A28). In the ET

albedo {) of the haze particles less than one, or

2. only along the path between scattering points with con-due to surface reflectionsy

method this factor is calculated off-line, after the ray-tracing.
To account for a surface albedo less than unity, the weight
ab js the cumulative ground

i

servative scattering, using an exponential decrease ofilbedo at position;

the radiancd along the trajectory following Lambert-
Beers law.

From now on we will call case 1 the SSA approach, and case

2 the ET approach.

4.1 McSCIA in a 3-D spherical atmosphere with absorp-
tion

In the book of van de Hulst (1980), it is spelled out how to use
the ET for one layer, while in the work of Feigelson (1984)
and Partain et al. (2000) possible uses of it for a multilayer
geometry are explored. Partain goes as far as applying it to

Atmos. Chem. Phys., 6, 4823-4842, 2006

(4)

w

i
Ib
ia = 1_[ a(xp).
k=1

The coefficienta(x;)=1 if x; is in the atmosphere, and
a(xp)=a(xy) if x; is on the Earth surface, witla(x;) the
ground albedo at point;. With this approach the effects of
a 2-D variable ground albedo can be easily evaluated.
The cumulative atmospheric absorption weighf®s is
the product of the transmission function from point to point

[ e ™. (5)

k=1,i

w?bs —
a

www.atmos-chem-phys.net/6/4823/2006/
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Fig. 5. Comparison between McSCIA results (bullets) and those of Adams and Kattawar (1978) (lines). The normalised radiance for an
incoming solar flux ofr as a function of the satellite viewing angle at TOA (101 km) is plotted for three different solar zenith angles. The
view angle scan is done through the principal plane0® (right part of the figures, VZA0) andp=180 (left part of the figures, VZA0).

The values of the angles used, are in Table 1 as illustrated by Fig. 4. The atmosphere is a homogeneous, conservative, Rayleigh scatterin
layer with optical thickness of 0.25. Top panel: single scattering. Bottom panel: total scattering.

where tapg = fs kapg(s)ds ands is the line connecting;_1 tion of absorbers, as long as the scattering properties remain
andxy. unchanged.

In the ET approach the atmospheric absorption is ac- Now that the differences between the two approaches of
counted for in calculating the extinction from the scattering calculating absorption have been spelled out, we will show
position towards the sun (Egs. 2, 3) and from scattering pointhat they give equivalent results with a simple 1-D MC RT
to scattering point (Eq. 5). Both these factors are calculatednodel.
off-line.

If we use, instead, the SSA algorithm to account for ab-4.2 Simple 1-D demonstration of the Equivalence Theorem
sorption, we follow the flowchart of Fig. 2b. Now the scat-
tering of the photons is calculated in a scattering and absorbTo demonstrate the use of the ET we have developed a simple
ing atmosphere. The contribution of each scattering evenene-dimensional MCRT model. The only aim of this model
is given, like for the ET case, by Eq. (1), but this time the is to illustrate the ET, and would be ideal as a classroom ex-
absorption termul.absis given by ample for RT. It is fully described in Appendix B and it can
perform simulations in both SSA and ET methods.

To compare the level of agreement between the two
methods many scenarios were simulated (see Table B1 and
Fig. B1). The basic scenario was that of Rayleigh scatter-
Inspecting the flowcharts of Fig. 2 it is easy to see that the abing with an ozone-like absorber. The absorption peak alti-
sorption is calculated “off-line” for the ET method (a), while tude was alwaysmax=22km. In each of these scenarios,
itis calculated “on-line” for the SSA case (b). Thus, itis clear the amount of absorption was varied in depthgnd absorp-
that the results of the SSA simulations cannot be re-used ifion peak value d,) (see Table B1) giving more that three
we change the absorption properties of the atmosphere. Wiiousand different scenarios, with absorption optical thick-
should in this case also re-calculate all the scattering posiness ranging from 0 to 7.4 and scattering optical depth rang-
tions, since they depend on the absorption coefficients iring from 0.08 to 8.0.
the 3-D atmosphere. However, the ET calculation with a To evaluate the statistical erras Y 10 simulations, each
scattering-only atmosphere can be applied to any distribuwith 10° photons, were performed. The average of these 10

wPs = 1—[ w(xy). (6)

k=1,i

www.atmos-chem-phys.net/6/4823/2006/ Atmos. Chem. Phys., 6, 4823-4842, 2006
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Table 2. Cross section used for the comparison between McSCIA
and MCC++ (from Loughman et al., 2004).

Wavelength [nm]

325 345
Rayleigh scattering cross section ~F3[cn?] 0.4022  0.3120
Ozone absorption cross section ~ ~E8[cm?]  1.451 0

The agreement between two MC models depends criti-
cally on the way the optical properties of the atmosphere are
discretised (Postylyakov et al., 2003). The model MCC++
(Postylyakov, 2004) was chosen as a reference model since it
uses a piece-wise constant distribution function with discon-
tinuities at grid points which the same as in our implemen-
tation. As outlined by Postylyakov et al. (2003), differences
between the models up to 1% are acceptable since the opti-
cal properties are derived in different ways. However, while
the atmospheric layering difference may not be the dominant
source of differences, during the intercomparison of McS-

Fig. 6. Frequency distribution of the standardised difference (Eq. 8)CIA with the model of H. Walter (Walter et al., 2006), we

between the SSA and ET approaches for the simple 1-D model
Scenarios are listed in Table B1. The data are well approximated b
a standardised normal distribution. The results are for a thousand

simulations of one million photons each.

intensities represents the radiance and the sample standar
deviation is used to estimate the spread of the radiance. Th

error is, thus, calculated via the formula
err=o/I-100 [%]. 7

Then, the results of the ET{+o01) and SSA (>+o02) cases
were compared calculating the standardised differengg (
between the two models

I — 1

[ 2, 2
Ul+02

Figure 6 shows thé g values of the different realisations de-

Ag (8)

Y,

have noticed that a small difference in the pointing of the
atellite, along with slightly different optical properties of the
atmospheres, could cause differences of more than 1%.

We compared with the first case of Loughman et al. (2004,
Sdect. 3.2, Fig. 4): a limb scan in an aerosol free atmo-
sphere, forA=345nm andi=325nm. We use the MOD-
TRAN (Berk et al., 1989) tropical atmospheric density and
O3 profiles, with the cross section for Ozone and Rayleigh
provided in the Loughman et al. (2004) (see also Table 2).
The vertical profiles okscaandkey: are shown in Fig. 7.

The atmosphere was discretized in 100 homogeneous lay-
ers equally spaced (1 km depth each), with the Earth radius
set to 6377.640 km. For scattering the Rayleigh phase func-
tion was used. Polarisation was neglected (scalar case).

The results of the intercomparison are shown in Figs. 8
and 9 for 345nm and 325 nm, respectively, both for single
scattering and total scattering, using the ET method.

scribed by Table B1. The differences are well approximated The percentage difference between the two models is de-

by a normal distribution and the agreement between the tw

Gined as

models does not seem to be related to the optical thickness.

Thus, we can conclude that the two different approaches givéuym = 100 (Imcscia — Imcc++)/IMcC++
statistically equivalent results and that the remaining differ-
ences are caused by statistical fluctuations, that are an intrin-

sic part of every MC process.

5 Performance of McSCIA in 3-D

5.1 Validation of McSCIA in 3-D

©)

The standard deviatiosyy of the comparison is defined as

_ [ 2 2
OMM = 4/ OpMcscia T OMcct+ (10)

Generally the agreement between the two models is within
two omm (shaded region) and is better without (345 nm) than
with (325 nm) @Q absorption. The agreement is worse in the
upper part of the scan than in the lower part for the case of

The validation of McSCIA in a full 3-D case was performed 325 nm.
by a comparison to the results of a MC reference model deWe think that these features have a common cause: we had to
scribed in Loughman et al. (2004). generate our own optical atmosphere for the Loughman et al.
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100 Table 3. Parameters for Eq. (B1) used to generate the atmospheric

profiles for the scenarios ET/SSA comparison for the 3-D case. The
total scattering optical thickness is about 0.8. The total absorption
optical thickness varies from 0 to 7.4.

Zscale 8.0km
Zmax 22.0km

-y
S

¢s  0.1kml
ca  0.0001,0.001, 0.01, 0.05, 0.1, 0.2, 0.3%M
d 0.1,1.0,5.0,10.0km

Altitude [km)]

IS
S

proaches are rarely larger than 6.,5and always smaller than
oneco. More importantly, Fig. 10 shows a tendency towards
a normal distribution of SD, like in Fig. 6. However, in 3-
D the computation time is much longer than in 1-D, so we
: : could not make a similar number of runs as was made in the
?o*” ' 1ol'm ' 1<I)"‘ 10° 10° 1-D case.
Scattering and absoption coefficients [m ] Both approaches give the same results for different sce-
narios with a variable amount of absorber, concentrated in
I_:ig. 7. Vertical profile o_f the Ra_yl_eigh scattering coefficient (full  gne thin layer or spread over many layers. With McSCIA
line) and ozone absorption coefficient (dashed line) at 325nm. The: ic yow possible to study several 3-D absorption scenarios

scat'terlng coefficient profile for 345 nm is identical to the 325 nm ith one simulation, thanks to the power of the Equivalence
profile but scaled by a factor 0.77573347, whereas ozone absorptlo%eorem

is assumed to be negligible at 345 nm.

(B
LE
L
[
L
v
[

6 A 3-D example: sensitivity of measured radiance

(2004) intercomparison ¢ ase, so that some small differenceg proplem that is crucial at this point in history of satellite
exist between the two model set-ups. Another issue is thagjevelopment, is determining where the radiation measured
the geometries used in McSCIA and in the intercomparison,y 5 satellite is absorbed in the 3-D atmosphere. This is, in
paper are not the same: we use angles at the top of the afact, strictly related to the maximum resolution that a space
mosphere instead of angles at the tangent altitude, and smallorn instrument can achieve.

numerical errors can be introduced in the conversion. The ope approach to understand this problem, is to calculate
differences between the two models are well under 0.2% fofpe fraction of absorption that is occurring in the pixel mea-
most cases and always smaller than 0.5%. sured by the satellite (black cone in Fig. 11). This can be

In conclusion we are confident that we correctly imple- efficiently calculated using the equivalence theorem in McS-
mented absorption and the spherical geometry in our MCSCIA to derive the sensitivity of each layer to changes in trace
CIA model, and we have already a proof that the ET methodgas concentrations.

gives good results. Having kept all the photon statistics, it is now possible to
_ . calculate this sensitivity by just applying the correction factor
5.2 Comparison between ET and SSA in 3-D exp(—tp) to Eq. (1), wherer, is the optical thickness added

to perturb the gas concentration. Moreover, from Eq. (1) itis

Here we want to investigate whether the ET approach giveglear that the code can also efficiently calculate these values
equivalent results as the SSA approach in 3-D for a wideas a function of ground albedo.
range of scenarios with different absorption profiles. In par- Table 4 gives the fraction of absorption that is taking place
ticular we want to analyse extreme cases from very thininside the pixel at 1 km and 30 km of altitude, and for ground
to very thick atmospheres for tangent altitudes from 20 toalbedo a=0.05 and a=1.0. The results are calculated using the
60 km, descibed in Table 3. McSCIA simulations were per-same atmospheric profile as described in Fig. 7, for 325 nm.
formed with 1 million photons and the atmospheric profiles The satellite is looking in nadir with a circular ground pixel
were generated with Eq. (B1) using the parameter values 0bf 24 km of diameter, while the solar zenith angle i$ 4§ee
Table 3. Fig. 11).

As can be seen from Fig. 10 the ET and SSA results agree The values of Table 4 show that there is a smoothing effect
very well. The standardised differences between the two apand a geometrical effect. While the latter is mainly due to the
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McSCIA and MCC++ profiles Single Scattering differences Total Scattering differences
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Fig. 8. Comparison of limb profiles of radiandebetween McSCIA (ET) and MCC++ at=345 nm, for an aerosol-free atmosphere. The
solar zenith angle is 32933 and the relative azimuth is 1746 at LOS. In the left panel the radiance values of McSCIA (lines) and
MCC++ (filled circles and diamonds) are shown. In the centre panel the single scattering percentage dbi{gye(eg. 9) is shown, with
the erroromy (EQ. 10) represented by the shaded area and the 0% difference shown with a dashed line. In the righf\pasehown for
total scattering. See also Loughman et al. (2004, Fig. 4).

McSCIA and MCC++ profiles Single Scattering differences Total Scattering differences
60[ 60
|}
\
1
501 50
A
AY
E X
= \
Ay
% 40 <>\ 40
= \
£ %
=]
< \
T 30 % 30
S <
on 1}
§ \
= e
\
20 S 20
AY
\
>
\
\
10 I L3 1 I 1 10
0.00 0.01 0.02 0.03 0.04 -0.6 -0.4 02 1.0
I[sr']
------ McSCIA (SS)
< MCC++ (SS) Syim Sy
MCSCIA (TS) Snm Omm
° MCC++ (TS)

Fig. 9. Same as Fig. 8 but at=325 nm.
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Total optical thickness Fig. 11. Schematic illustration of the light paths of measured pho-

tons in a non scattering atmosphere (not at scale). The black cone
Fig. 10. Standardised difference (Eg. 8) between the SSA and ETrepresents the 3-D pixel observed by the satellite instrument. The
of McSCIA (3-D), for the cases of Table 3 and tangent altitudes black circle filled in gray represents the instrument ground pixel.
20, 30, 40, 50, 60 km. The simulations were performed with solarThe layer in which are depicted the two circles represents the geo-
zenith angle 37 and azimuth 101 metrical setup for the case studied at 30 km of altitude. Note that on
this layers the two circles do not overlap.

geometry of the problem and to single scattering, the former
is due to multiple Rayleigh scattering.

The single scattering photons follow a straight line sun-Table 4. Fraction of absorption inside the pixel. In the no scatter-
scattering point-satellite that at some altitudes does not crosisig case the only processes taking place are absorption and ground
the satellite pixel (see red and black circle in Fig. 11). This reflection.
geometrical effect is more important in the higher levels of

atmosphere, as can also be seen by the differences between a=0.05 a=0.8 no scattering
1km and 30 km, espeC|a_IIy in the case of no scattering atmo- 1km 61%  57% 97%
sphere. In fact the two circles almost completely overlap on 30km  51%  48% 43%

the 1 km layer, while they are completely separated at 30 km
of altitude (the layer represented in Fig. 11).

The differences in fraction of absorption for the cases with
ground albedos of 0.05 and 1.0 show clearly that the increase
of multiple scattering decreases the fraction of absorption
taking place in the pixel. However, the total amount of ab- absorption (the other circle is bigger and the photons cross
sorption taking place is larger for larger albedos. it with a slant path). However, if we consider an atmosphere

If we compare the no scattering case with the a=0.05 cas&ith Rayleigh scattering, a lot of bright single scattering pho-
at 1km of altitude, it is possible to see the smoothing ef-tons would cross in the pixel circle without crossing the other
fect due the Rayleigh scattering. This effect increases as thene.
ground albedo increases. However, at 30 km we can see a
strange behavior: the fraction of absorption is lower in the These section shows how the ET in McSCIA can be used
case without scattering than in the other two. This can beto speed up calculations in which we have 3-D variation of
explained by the fact that the geometry that we chose is veryrace gas absorbers. With this method we are able to calculate
similar to the one depicted in Fig. 11: the two circles (red andthe fraction of absorption that is occurring inside the pixel
black) are just next to each other. In that case, without scatebserved by a space born instrument. The results that we
tering, the photons would cross the level only through the twofound show that this quantity is very important and that it is
circles and the pixel would account for less than half of thecomposed by a geometrical and a scattering part.
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7 Discussion age number of times that a model layer has been crossed ver-
tically by the “average” photon. In principle, such an aver-
In this section we discuss different implementations of theage photon path calculated for a scattering-only atmosphere
ET used in literature and the one used in McSCIA. might be convolved with different absorption profiles. How-
The aim of this paper is to show the validity of the ET ever, it can be shown that this approach is only valid in the
approach in 3-D RT problems. This power of the ET ap- weak absorption limit (i.e. eXp-Tan9=1—Tand. Apart from
proach has been recognised earlier. For instance, van d@e approximate nature of these approaches, they suffer also
Hulst (1980) states that RT can be defined in terms of inerffrom the limitation that they cannot be used for 3-D varying
parameters, i.e. variables that determine the radiance field bihsorption features.
remain constant in many equivalent situations. These inert None of these implementations of the ET compared the
parameters may be clouds, geometrical setting, phase fungse of the ET and the traditional SSA approach for a 3-D
tion, etc. case. Thus, we extended the ideas outlined above by retain-
Considering an atmosphere in which the haze providesng all information of the scattering photons in a 3-D spher-
scattering and absorption and a gas provides absorption, thga| atmosphere. Although such an approach is not efficient
ET can be summarised by (van de Hulst, 1980, p. 576) (storage of the scattering positionse10° photons) this ap-
_ _ n proach allowed us to prove the validity of the ET. However,
Tety)= Xn: i@y =00 many possible improvements to this brute force approach can
be considered. For example, modern (multi-processor) com-

o
/ pn(t,y =0,2) e " da. (11)  puters can handle these problems adequately for some se-
0 lected scattering scenarios.
wherew is the haze single scattering albedothe optical An issue that deserves improvement in McSCIA is the

path-length and is the ratio of the gas absorption to haze quality of the statistical information of photons. When at-
extinction. The equation tells that the radiance in an ab-mospheric absorption is strongly dominant over scattering,
sorbing atmosphere(w, y) can be calculated as a weighted simulations of a scattering-only atmosphere are not represen-
sum over the number of scattering evemtef the radiance tative for the true situation. For instance, in a scattering-only
I, (y=0) due to each scattering order calculated in a non-case many photons will travel to the surface while in reality
absorbing atmosphere. The weight contains the absorptiommost of the photons would be subject to atmospheric absorp-
which is calculated from the statistical part of the informa- tion. A way to circumvent this problem is the use of a mixed
tion in the form of the normalised probability distribution SSA and ET approach. The conventional SSA method is
(pdf) of photon path-lengthg, (y=0, 4), calculated foreach  used to simulate photon paths in an absorbing and scattering
scattering order. The important point here is that the pdf isatmosphere (e.g. employing a standard absorption profile).
calculated in an atmosphere without absorption and is subseafterwards, 3-D absorption perturbations can be studied us-
quently used to calculate the absorption contribution. ing the ET approach. Using this approach, the statistical pho-
In the work of Partain, Heidinger and Stephens (Partainton path information that is stored represents the actual situ-
et al., 2000; Stephens and Heidinger, 2000; Heidinger anction more efficiently.
Stephens, 2000, 2002) the ET, as expressed by Eq. (11), has A strong point of our implementation is the possibility of
been presented and employed, extending the original formuysing a 2-D varying ground albedo in a simple way. This is
lation of van de Hulst (1980). The use of geometrical insteaddue to the fact that the ground albedo only appears in Eq. (4);
of optical photon paths allow Partain et al. (2000) to extendit is very simple to relate its value to an albedo map.
the ET to multlple homogeneous |a.yers. The ET is aCtuaIIy The gain of Speed due to the use of the ET depends criti-
extended also in a way that takes into account ground albedQ)a"y on how it is used. In fact, the gain of speed in McSCIA
the single scattering albedo and a vertical gas profile. Thejepends on the amount of statistical information retained af-
problem is solved by the introduction of a pdf that representsier the ray-tracing part. With a small amount of information
the statistics for gas, particle and ground absorption. Sincgetained it would be possible to build a very fast model but
storage of the complete pdf would make the model sloweryithout too much flexibility (e.g. as done by Partain et al.,
than performing SSA calculations, an approximate pdf is2000). Otherwise, if more information would be saved, in
constructed. The authors recognised that such an approaitder to study more complex cases (e.g. 2-D absorber fields
introduces a bias, i.e. an overestimate of the spectral absorgspada et al., 2039), then the gain of speed would be less.

tion. o . Partain et al. (2000) retained the statistical information as a
For the work of Cahalan et al. (1994) holds similar consid- ppr, This condensed form of information works efficiently,
eration as for the one of Partain. but is only an approximation. So, we decided to retain all

Another approach was introduced by Feigelson (1984)yay tracing information. At the moment the ray tracing part
The concept of equivalent trajectories is used to condense the

information of all the individual photon trajectories in an “av- 1 Spada, F., Krol, M. C., and Landgraf, J.: 3D weighting func-
erage” trajectory. Basically this quantity represents the avertions and radiative smoothing, in preparation, 2006.
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of the model is written in FORTRAN-90 and all statistical 1978) simulating a homogeneous spherical single shell at-
information is stored (scattering position, scattering anglesmosphere, as described in their paper.

photon weight). A post-processing code is written in Interac- | McSCIA the absorption has been implemented using
tive Data Language (IDL) which provides good visualization o different methods. The traditional SSA methods which
tools. From this choice it is clear that computing speed is notyses the scattering and absorption optical depth as vertical
a consideration at the moment. coordinate and employs the single scattering alhedbthe

The traditional way to use the ET is to employ the fact that simulated scattering positions to take into account absorption
scattering varies much less with wavelength than absorptionef radiation. The ET approach which simulates photons in a
especially in spectral windows with sharp absorption lines.scattering-only atmosphere and treats absorption afterward
This allow a fast calculation of absorption lines under the by convolving the individual photon paths with the associ-
assumption that scattering is constant. However, this is noated absorption profile.

the only way in which it can be used. Using a simple 1-D model, we demonstrated that these two

While the agreement between the codes in the I3RC (Cagifferent approaches give results that are identical in a statis-
halan and Da.V|eS, 2000) shows that the ET WorkS, we felt |ttica| sense for a wide range of scenarios.

necessary to demonstrate how well it can perform. The fact

:Eat n MCS.CIA we rlﬁvePStit'.St'C?"% |d2e(;1(t)|(():al resultsh, Wh'lteh is made using the spherical implementation of McSCIA.
etre ISal |as||ng mt t'e arfztirl]n eETa'. (th ) case,dstr?vl/s Egeveral scenario studies show that the ET and the SSA ap-

not every implementation ol the £ 115 the same and tha pe.obroaches give equivalent results, even for extreme cases.

ple should be aware of it when they employ the ET in their o o )

model. To our knowledge this is the first implementation of the
After having demonstrated in this paper for the first time Equivalence Theorem in a 3-D spherical RT model. This ap-

the validity of the ET in a spherical 3-D environment, we proach allows us to study the radiance field, simulated for

have shown, in Sect. 5.2, an example of calculation of the? part_lcular scat.tenng geometry, asa fun_ct|on qf 3-D atmo-
heric absorption features. For simulations with pBo-

fraction of absorption occurring in the pixel seen by the satel->P

lite. We want to emphasize that these results depend critzons’ the relative error of MCSCIA is normally well under

0 ) .
ically on the wavelength used, on the geometry of the ob-o'l %. However, due to the required storage of all the individ

servation, on the ground albedo on the atmospheric setuifoarloph;;?oﬁigs' ﬁ?faggrrgpﬁisser:/ilrb:\jﬂrgse&i ;ﬂg;‘(’jo 232
(clouds, aerosols, . ..). p pp . ) y

. ... as areference model for faster approximate radiative transfer
We are currently employing the ET to study the sensitiv-

. ! . -~ codes (e.g. Walter et al., 2006). Moreover, McSCIA is one of
ity of the TOA radiance for 3-D variations of absorption in (e.g )

. the few models that allow the study of 3-D varying absorp-
the. atmosphere_ (Spada _an.d Krol, 2005), by calculgtlng 3'Dtion features in a spherical atmosphere. Currently, McSCIA
weighting functions. This is relevant to e.g. satellite mea-

tof t heri lluti is used to simulate 3-D absorption features for nadir and limb
surement of tropospheric pollution. satellite measurements.

A more in depth comparison between the two approaches

8 Summary and conclusions
Appendix A
A Monte Carlo adjoint RT model, named McSCIA, has
been developed. It is intended for the study of UV-vis-NIR McSCIA Ray tracing algorithm description
RT problems in a fully 3-D spherical atmosphere, e.g. to
study the radiances measured by limb-viewing instrumentsrhis Appendix gives the formulas needed to create a MC

like SCIAMACHY. McSCIA can use mixed Rayleigh and RT ray tracing model, without absorption, that is treated in
Henyey-Greenstein phase functions and can employ a 2-xect. 4.1.

varying Lambertian surface reflection. Refraction and polar-
isation are not included. . Al Radiative transfer laws and random numbers
Results from the ray-tracing module compare well with
published results for non-absorbing plane-parallel cases, for S .
different phase functions (Rayleigh and Henyey-Greenstein)S'nce RT processes are statistical in nature, most quantities
and several nadir geometries and sun positions. In transfer theory can be easily interpreted as probabilities,
The spherical implementation of McSCIA was success-2" probability dlstr.|but|ons.
fully validated against the state-of-the-art Monte Carlo model In the Appendix the wavelength dependence has been
MCC++ (Postylyakov, 2004) using a spherical shells atmo-0mitted from the formulas to improve their readability.
sphere, as described in Loughman et al. (2004), and earlier The core is the fundamental principle of Monte Carlo sim-
results (Adams and Kattawar, 1978; Kattawar and Adamsulations (Cashwell and Everett, 1959; Marshak and Davis,
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2005). For the continuous case, jgtr) be the normalised A3 Scattering angles
probability (PF), witha <x <b:
b When a photon is scattered by molecules (Rayleigh scatter-
/ dep(s) = 1. ing) or aerosols and droplets (Mie scattering) or is reflected
a from the ground, its direction changes. In order to find the
Then p(x)dx is the probability ofx lying betweenx and ~ New direction the scattering azimuth and zenith angles have

x-+dx. The cumulative probability functio (x) (CPF) de- 0 be simulated (see e.g. Oikarinen et al.,, 1999; Marshak
terminesy uniquely as a function of the random numbgr and Davis, 2005; Cahalan and Davies, 2000), in a statistical

sense.
X . . .

R = P(x) :/ dep(£). (A1) The rotation of the scattering anglés and @ W|t.h re-
a spect to the atmospheric coordinate system are discussed in

Moreover, ifR is uniformly distributed on @R <1, thenx  Sect. A3.5.
falls with frequencyp(x)dx in the interval(x, x+dx). . .

Thus, the CPF is the quantity that relates a random numbeft3-1  Scattering azimuth angle
to physical processes. We will show in the next sections som
examples of this relation, guided by the processes that al
implemented in McSCIA.

She scattering azimuth angle, which determines the plane of
fhe scattering event relative to the reference direction, is uni-
formly distributed, that is

A2 Photon path length

1
pPo(P) = > (A7)
s

The normalised probabilit that hoton will travel
normalised probability RF) that a p n will trav so that applying Eq. (A1)

through a medium from point O to point(see e.g. Oikarinen
etal., 1999; Marshak and Davis, 2005; Cahalan and Daviesp — 27 R4, 0<Re < L. (A8)
2000), following Lambert-Beer’s law (Liou, 1980), is

exp(—
_SPED) _ 0<PRo <D, (A2)
Jo dz] eXp(—Ts) The scattering zenith angt@ (relative to the incident direc-
The fundamental principle of Monte Carlo simulations must tion) is determined from the scattering phase function. In the
be applied to statistically derive the optical depth travelled, €St of the Appendix we will use, for simplicity, this notation

A3.2 Scattering zenith angle
PHs) =

soR, must be equal to the normalised CPF 1L = Cog®).
N . . _
R, — 10 "drjexp(—z)) _ 1— exp(—A7) The rotation of the scattering angles angiesand ® with
T [oodeexp(-1)) respect to the atmospheric coordinate system are discussed
0<R;, <1 (A3) in Sect. A3.5

The statistical optical depth travelled before the next colli- Rayleigh scattering

sion is then given by
For Rayleigh scattering by air, the phase function for unpo-

At=-IN1-R,) O0<R,<Ll (A4)  Jarised light is (Liou, 1980):
But, since 1R, is still a random number between 0 and 1, 3 2
Eq. (A4) can be rewritten as P =4 (1+ Iz ) nel-11]. (A9)
At =—In(R';) 0<R,.<1 (A5)  Inthis case Eq. (A1) becomes
With a backward MC in limb view it is advantageous to bias 1.1 3

Ry==+=1(3 0O<R 1. A10
this distribution, permitting the photons only to scatter in = "~ 2 * 8< sl ) =M= (AL0)

(0, Atmaxl, SO that the biased sampled photons do not leaverhis is a third order equation that can be solved exactly.
the atmosphere at the first scattering event. In that case thgjnce the quadratic term is absent it is possible to use the

sampling would be “Formula Cardanica”. Equation (A10) can be rewritten as:
At =—-In[1-R:(1— exp(—Atmax)] W34 pptqg=0 (A11)
0<R, <1 (A6)

p=3andg =4-8R, 0<R,<1
To account for this bias the weight of the photon has to be
multiplied by 1— exp(—Atmax), Which simply states that a Since
fraction of (1— exp(—Atmax)) Of all the photons leave the 2 3
atmosphere after being emitted from the satellite. A=,+2>0 0=R,<1
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there is a real solution and two complex solutions. The realThe ratio between molecular and total scattering is then rep-

solution is: resented by
J1 s kscamol(x)
p=(Ja—q—Ja+q) > (A12) [T = ) (A19)
For molecular scattering Eq. (A9) is employed, and for
g =4—8R, anda = /g2 + 4 aerosol scattering Eq. (A13). At a scattering event first a ran-
dom number is drawn to decide whether the scattering will
Henyey_Greenstein Scattering be molecular or from aerosol:

Rsca< f5°@= use Eq. (A12)
For scattering of photons in the UV-vis region on aerosols g .~ fsca— yse Eq. (Al14)
and droplets, Mie scattering theory (see e.g. Lenoble, 1993
has to be used. A Mie scattering phase function is generall
complicated, but a reasonable approximation is the Henyey
Greenstein function

hen the exact scattering probability of scattering towards
the sun has to be computed (see Eq. A26) a mixed phase
function expression is used

1_ g2 Px, ) = P () - f5%x) +

— 3 (A13) + Py - (1 - f54x) (A20)

(1+ g% —2gu)? , ; immol
While the phase function for molecular scatterif® and

whereg is the asymmetry factor. The relation between the aerosol scattering®®" are taken to be independent of the po-
scattering angle and the random number obtained using thgition x, the mixed phase function is a function of the posi-

P(u) =

fundamental principle of Monte Carlo simulations is tion x.
1 1_ o2 2 A3.3 Lambertian surface reflection
2 — &
m=o-|1+¢"— ,
2g (1 -8+ ZgRu> When a photon reaches the surface and is reflected, the new
0<R, <1 (A14) direction is uniformly sampled. Thus Eq. (A1) becomes
"
whereg is the asymmetry factor of the phase function defined R = /0 du'n’  0=Ry =1 (A21)
as
The relation between the scattering angle and the random
[ up(uydu number is then given by
g=<u>= _—i-l— (A15)
Z1 p(wdu n=yRy O0=R,=1 (A22)
As for atmospheric scattering, the azimuth angle for surface
Mixed phase function reflection is calculated using Eq. (A8). Since the direction of

reflection it is defined only by the random number, it is easy

When the model has to take into account Scattering fromto introduce a 2-D Variability. This is only accounted for in
more than one type of particles, a mixed phase function haghe value of albeda(x ) that is used to calculate?® (see
to be used (Oikarinen et al., 1999). Suppé®8(x) repre-  EQ. 4).
sents the total volume extinction coefficient: absorption and )
scattering both by molecules and particles. In general, th*3-4 Scattering angle to the sun
profile will be a function of the 3-D positios.

McSCIA needs to separate the extinction coefficient in
scattering and absorption coefficients:

Equation (A26) requires the angle between the photon di-
rection and the solar rays. This angle can be calculated in
spherical geometry as

ko(x) = kPXx) + K5%x) (A16)  pu,, (67", o7, g5UN, $5U™) = coge™") cogotU +
PR g
and then to separate the scattering coefficients in molecular + sin(@™") sin(@>"") cogp" — ¢Un). (A23)
and aerosol scattering The directional angleg® ands?" are different at each scat-
tering event, while the solar anglég'"and¢>'" are always
ksca(x) — ksca.mol(x) + ksca.aer(x)' (Al?) g g (p y

the same, since a global reference system is used.
Alternatively, given positionsr;_1, x; and x? (see

The single scattering albedo is defined as usual .
Fig. Al) the vector formula can be used

N : —_— >
(A18) s, (Ql_dlr7 ¢d|r 9_sun, ¢lsun) = Xj_1X; .xl_x?ut. (A24)

i Vi
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i+l

Fig. A1. Zoom of Fig. 1, in particular of pointsz andx4. For clarity of drawing not all scales are identical. The scattering probability
towards the sun following the directioan—xl.OUt is calculated evaluating the phase functionui (Eg. A26). Computation of anglé;
requires the directional and solar ang@é‘é’, ¢?'r, 674", 94" (see Eq. A23). The photon travels from positign 1 to x; and the angles are
defined in the global reference system x,y,z.

A3.5 New photon direction et al.,, 1972; Adams and Kattawar, 1978; Marchuk et al.,
1980; Lenoble, 1985; Oikarinen et al., 1999). The principle
Calculation of the new direction of a photon after a scatteringbehind this method is illustrated in Fig. 1. With a time rever-
event, requires the old direction and scattering angles. Theal, photons emerge from the detector and are traced through
latter are calculated using formulas (A8) and (A12), (A14) the atmosphere. The fate of these photons is influenced by
or (A22). In the local reference system of the old direction scattering on air molecules (Rayleigh), aerosols (Mie), ab-
the new direction is calculated by two successive rotationssorption by trace gases, and surface reflection. Since in
of ® and®, respectively, as illustrated in Fig. A2. This new the UV-vis wavelength region emission can be generally ig-
direction is then rotated back from the local reference systenhored, the only source of light is the sun. However, the

to the global reference system. chance that a photon leaves the atmosphere exactly in the
) direction of the sun are extremely low. Thus, many photons
A4 Ray tracing module would be needed to obtain a statistically meaningful result.

Luckily a much faster convergence can be obtained by us-

Since the field of view (FOV) of the satellite is normally nar- ing the local estimate technique (Marchuk et al., 1980; Davis
row usually a backward MC approach is preferred (Collins
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et al., 1985; Marshak and Davis, 2005). It consists in cal- 7
culating the contribution of every photon at each scattering loc
event (see Fig. 1). If we follow thg-th photon (e.g. the one

of Fig. 1), at each scattering positi®p, the probabilities that

the photons escape in the direction of the sun are calculated.
For a scattering-only atmosphere the radiance contribution of
this photon at the i-th scattering event is given by

I =S T. (A25)

S; is the scattering probability towards the sun

Si = P(uy) /4, (A26)

loc

where u,, is the cosine of the scattering angle towards the
sun,f,; (see also Fig. 1, Egs. A23 and A24R(u) is the

scattering phase function, normalised over the solid angle: Fig. A2. Scattering angles. The new direction;glf of the photon

is calculated by rotating the old direction diny two angles® and
f P(uw) 49 — 1 @ in the local system (¥c,Yioc:Zoc)-
a4 4

where d2 is the infinitesimal element of a solid angle,

dQ=dude. The transmittancé; in Eq. (A25) from the pho-  The number of scattering events that a photon undergoes,
ton position to the TOA in the direction of the sun, which Nscd(j), can be different for each photon. The factoin
takes into account the intensity scattered out of the ray, i€quation above is needed if we assume that the monochro-

given by: matic incident solar flux through a surface unit perpendicular
B to the incident solar beam isW m~2. Thus the normalised
T =e ™4 (A27)  radiance is expressed in$t To obtain the actual value of

the radiance, one must multiply it by the extraterrestrial solar
spectral irradiance.

It is useful to calculate also the single scattering radiance,
Tsca = /;ksca(s)ds' (A28) ;. ¢ Inthis case only the contribution given by the first scat-
tering event of a photon is considerdds is given by

wherertsc, is the outgoing optical thickness:

wheres is the line connecting the scattering positionto

x?U% the position where the photon leaves the atmosphere 7z Mot
towards the sunkscais the scattering coefficient. Iss = . I . (A30)
The result of this ray-tracing procedure is a number of ot j=1

scattering positions(, i (=)1, 5 in Fig. 1) of all the photons
that travel through the model atmosphere. To find the ne
positions and directions of the photons after each scatterin
event, we use the formulae described in the Appendix, fol-
lowing the algorithm illustrated by the flow chart of Fig. 2a.

In addition toZss we will refer to the radiance given by to-
al scattering (TS) simply as radianéeor I7s. We choose

is terminology, because for the widely used term multiple
scattering (MS) it is not always clear if it refers to the total

. . - . scattering (MS=TS) or only to the part that is scattered more
For the first scattering event in limb geometry we use the bi- 9 ( ) y P

. X - _than once (MS=TSSS). The SS component, when calcu-
ased Eq. (A) instead of (A5). In this way all photons rémain|ated for nadir with ground albedo greater than zero, will

in the atmosphere after the first scattering and no photon i . o
lost directly to space. As described by (Marchuk et al., 1980)%#22232&32“0” scattered only once by the ground or

not using this biasing would result in very bad statistics for
the limb case.

The photons can only end their trajectories if they are Scat'Appendix B
tered into space.

The normalised radiancé measured by the satellite is Simple 1-D MCRT model
given by the sum of all contributions at the scattering events

i of photon,, divided by the total number of photons simu- 1o demonstrate in a didactic way that the ET and SSA ap-

lated (Vior) multiplied by proach have equivalent results, we have developed a simple
Ny Neoelj 1-D MCRT model.
tot Nscal/) .
= L. (A29) The atmosphere is plane_-parallel (PP), and str_etches from
Nrot =i the ground to 100 km in height. The phase function that we
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Table B1. Parameters for Eq. (B1) used to generate the atmospheric In thg ET methlod, the scattering optical depth is used as
profiles for the scenarios ET/SSA comparison. The total absorptiorf€ Vertical coordinate

optical thickness varies from 0 to 7.4 and the total scattering optical <TOA o
thickness varies from 0.08 to 8.0. Tsca(z :/ ky(z')dz (B2)
Z
Zscale 8.0km wherezTtoa is the coordinate of the TOA. The photon is ini-
Zmax 22.0km tialised at the TOA in a downward direction and its weight

is initialized to 1. The new position is calculated using the
Eqg. (A4). If the photon is still in the atmosphere its weight
(Eg. 5) is calculated. The process starts with an ensemble
of photons (e.g. 19 and iterates until all photons leaves the
atmospheres. In the case the photon would end its trajec-
tory, on the ground or in space, the weight of the photon con-
tributes to the measured flux at the boundaries of the domain.

Instead, if the SSA approach is used, the total optical depth
is used as vertical coordinate:

¢ 0.01,0.1,1.0kml

ca 1074 5x1074,1073,5x10°3,1072,
5x1072,7.5x10°2,1071, 2x10°1, 3x10~ 1 km™1

d 0.01— 1 km with step 0.01 km, 5, 10km

ZTOA
rext(2) = / (kabd2) + ksca2)) 2. (83)

Itis important to realise that from a numerical point of view a
completely different atmosphere is simulated: it is optically
thicker in the SSA case than in the ET case. Another differ-
ence between the two methods is the way in which the weight
10" 10* 10° 10" is calculated: in the ET case the weight due to absorption is
Scattering and absorption coefficients [m-1] exp(—Atapd, Where Ataps is the absorption optical thick-
ness between two subsequent scattering events. In the SSA

Fig. B1. Scattering coefficient (full line) and absorption coefficient . . g
(dashed line) as a function of the altitude used for the demonstratior?pproaCh’ the single scattering albedo evaluated at the scat

of the ET in 1-D. The coloured region between the two full lines tering position is used to reduce the photon weight.

represents the area in which the scattering profiles were varied. ThﬁcknowledgementsThis research was supported by the GO EO-
colored region between the dashed line and the axes represents tBﬁl grant from the Space Research Organisation of the Netherlands

area in which the gbsorbing profiles were varied. Optical properties(SRON)_ The authors would like to thank H. Walter and J. Landgraf
were calculated with Eq. (B1) with parameters from Table B1. for many insightful discussions and the inter-comparison work.

We are grateful also to R. Loughman for providing us the data

necessary for the model validation. We would like to thanks all

) ) o ~ the reviewers, that with their comments helped us to make a better
choose is a fully backscattering one, i.e. it inverts the direc-paper.

tion of the photon at each scattering event. Therefore, the

photons move along a single line (1-D). The optical param-Edited by: F. J. Dentener
eters are described by the absorption and scattering coeffi-

cients and single scattering albedo

Altitude [km]
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