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Abstract

The retrieval of atmospheric constituents from measurements of backscattered light requires a radiative
transfer forward model that can simulate both intensities and weighting functions (partial derivatives of in-
tensity with respect to atmospheric parameters being retrieved). The radiative transfer equation is solved in
a multi-layer multiply-scattering atmosphere using the discrete ordinate method. In an earlier paper dealing
with the upwelling top-of-the-atmosphere radiation field, it was shown that a full internal perturbation anal-
ysis of the plane-parallel discrete ordinate solution leads in a natural way to the simultaneous generation of
analytically-derived weighting functions with respect to a wide range of atmospheric variables. In the present
paper, a more direct approach is used to evaluate explicitly all partial derivatives of the intensity field. A
generalization of the post-processing function is developed for the derivation of weighting functions at ar-
bitrary optical depth and stream angles for both upwelling and downwelling directions. Further, a complete
treatment is given for the pseudo-spherical approximation of the direct beam attenuation; this is an impor-
tant extension to the range of viewing geometries encountered in practical radiative transfer applications. The
numerical model LIDORT developed for this work is able to generate intensities and weighting functions
for a wide range of retrieval scenarios, in addition to the passive remote sensing application from space.
We present a number of examples in an atmosphere with O3 absorption in the UV, for satellite (upwelling
radiation) and ground-based (downwelling radiation) applications. In particular, we examine the effect of var-
ious pseudo-spherical parameterizations on backscatter intensities and weighting functions with respect to O;
volume mixing ratio. In addition, the use of layer-integrated multiple scatter output from the model is shown
to be important for satellite instruments with wide-angle off-nadir viewing geometries. Published by Elsevier
Science Ltd.
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1. Introduction
1.1. Background and rationale

Measuring the Earth’s atmosphere is an essential requirement for the understanding of physical
and chemical processes that determine radiative balance. This is particularly important in the light of
possible climate change induced by man’s activities on this planet. A key ingredient in atmospheric
monitoring is the retrieval of surface properties and atmospheric constituent distributions from mea-
surements of earthshine radiation. This applies not only to in-situ measurements from ground-based
instruments and local measurements from aircraft and balloons, but also to the global coverage
provided by passive remote sensing satellite instruments.

Given a state vector X of atmospheric constituents, we may generate a vector Y of synthetic
radiance measurements at different wavelengths or geometries through the symbolic relation Y=F(X),
where F is the forward model describing the attenuation and scattering of light in the atmosphere.
Retrieval involves the solution of the inverse problem X = F~!(Y). This is commonly done by
iteration based on a series of linear inversion steps. The linearization of the forward model is given
by Y - Y, =KX — X,), where the matrix K is the set of weighting functions (intensity partial
derivatives with respect to atmospheric parameters to be retrieved), and Y, = F(X,,) is the synthetic
measurement vector corresponding to state vector estimate X, at iteration step n. The inversion
is carried out using cost-function minimization techniques such as non-linear least squares fitting
[1], the widely-used optimal estimation method [2], or other methods such as Phillips—Tikhonov
regularization [3]. All such iterative fitting methods require a radiative transfer model that will
simultaneously generate both intensities and weighting functions.

The main purpose behind this paper and the previous work (Spurr, Kurosu and Chance [4],
hereafter denoted by SKC) is to develop a general radiative transfer tool LIDORT with the capability
to generate simultaneous and accurate intensity and weighting function fields. The discrete ordinate
method is used to solve the radiative transfer equation (RTE). In SKC, the intensity model and its
weighting function linearization were developed for upwelling radiation fields at top-of-atmosphere
(TOA) in a plane-parallel geometry. The aim of the present paper is to extend and generalize the
LIDORT model, and to develop new tools for dealing with a wider range of atmospheric scenarios.

In the discrete ordinate formalism [5,6], the intensity calculation depends only on knowledge of
optical depths, single scattering albedos and phase function moments. Preparation of these quantities
depends on the application and is carried out beforehand. The discrete ordinate method is a generic
scattering formalism; it is not necessary to know the composition and detailed physics of the medium
in question in order to solve the radiative transfer problem. The DISORT package [6] was developed
with this philosophy in mind, and it is the most flexible and widely-used plane-parallel radiative
transfer tool available to the atmospheric community. We adopt the same strategy for LIDORT, that
is, to maintain the generic nature of the scattering formalism, but to develop extensions to generate
weighting functions as well as intensities, for both plane-parallel and pseudo-spherical geometries.

In this work, the evaluation of weighting functions is based on an explicit analytic determination
of partial derivatives of all components of the discrete ordinate solution for intensity. In line with the
above remark on linearizing the forward model, we use the term [inearization analysis to indicate
the process of obtaining the set of partial derivatives that constitute the matrix of weighting func-
tions. (A different emphasis was used in SKC, where weighting functions were determined through
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a complete first-order perturbation analysis of the discrete ordinate solution.) All weighting func-
tions are determined analytically to the same accuracy as the intensity field. LIDORT can compute
weighting functions with respect to a wide range of atmospheric variables; as with DISORT, the tool
is not application-specific. In addition to the above-mentioned optical properties required as input
to the intensity calculation, LIDORT requires as input for the weighting function calculations the
derivatives of layer single scattering albedos and extinction coefficients with respect to the set of
atmospheric parameters for which weighting functions are required.

For an intensity-only RT model without the linearization capability, weighting functions must be
estimated using finite-difference methods; in a multi-parameter retrieval, this involves many separate
calls to the model. With LIDORT, a single call will generate the set of intensities and weighting
functions at one wavelength required for an iteration step in a typical multi-parameter atmospheric re-
trieval; this represents a very substantial saving of computer effort. Furthermore, the analytically accu-
rate derivation of LIDORT weighting functions avoids concerns over the accuracy of finite-difference
estimates based on ad hoc choices of the external perturbations. We note that at the present time, to
our knowledge, only the GOMETRAN RT model [7,8] has the capability to generate simultaneous
fields of intensity and analytically accurate weighting functions.

Weighting functions with respect to ozone volume mixing ratio are important for the retrieval
of ozone profiles from nadir-viewing remote sensing instruments measuring in the UV and visible.
A full multiple-scatter RT treatment is a necessary requirement in this part of the spectrum. This
retrieval problem has been discussed in the context of the GOME [9] instrument in a number of
studies [10—13]. In the present work, we will give examples of LIDORT output for a terrestrial
atmosphere scenario relevant to the ozone profile retrieval context, not only for GOME but also for
future instruments such as SCTAMACHY [14], GOME-2 [15] and OMI [16]. A fast 4-stream version
of LIDORT has recently been developed for use in near-real-time ozone profile retrieval algorithms
for these instruments [17].

Many atmospheric RT problems can be treated using the assumption of a plane-parallel medium.
However, this assumption breaks down for solar zenith angles and/or line-of-sight viewing angles
approaching 90°, and it then becomes necessary to make some allowance for the sphericity of the
atmosphere. This is particularly important for polar-orbiting satellite instruments such as GOME, for
which large solar zenith angles are frequently encountered. In a stratified spherical-shell medium, the
intensity field changes with angular variables (solar and line of sight zenith angles, relative azimuth
angle between planes containing the line of sight and solar directions) in addition to the zenith
variation with optical depth.

The pseudo-spherical assumption ignores these angular derivatives; only the variation of intensity
with the vertical coordinate is present in the RTE. The attenuation of the direct beam to the point of
scatter is treated for a curved spherical-shell atmosphere (see Fig. 1); apart from the transmittance
calculation for single scatter, all higher-order scattering events are treated as locally plane-parallel.
In a pseudo-spherical RT model, scattering takes place along the local vertical AC in Fig. 1. It
has been shown [18,19] that the pseudo-spherical approximation provides a useful and sufficiently
accurate RT intensity simulation for solar zenith angles up to 90°, provided that the line-of-sight
is reasonably close to the nadir. A pseudo-spherical model is adequate for simulating backscatter
intensities and weighting functions for the GOME and SCIAMACHY instruments in their normal
nadir scanning modes (where the off-nadir scan angle does not exceed 31° at the satellite). The great
advantage of this approach is that it utilizes the power, speed and flexibility of the plane-parallel
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Fig. 1. Satellite viewing geometry in a curved spherical-shell atmosphere.

discrete scattering formalism, and avoids the greatly more complex and computationally intensive
full-spherical RT treatment.

It is possible to extend such a model to deal with wide off-nadir satellite viewing conditions
(angle o in Fig. 1 up to 70°); such geometry will be encountered routinely with the GOME-2 and
OMI instruments. We consider scattering events along line AB instead of the vertical AC assumed
for the regular pseudo-spherical computation. The basic idea behind the extension for wide-angle
nadir satellite geometry is to make precise calculations of the single scatter contributions along
AB (with both solar and line-of-sight transmittances for a curved atmosphere), but to approximate
the multiple-scatter contributions using regular pseudo-spherical output for points along AB. In a
detailed study for the TOMS project [19], it was shown that the major source of error in the regular
pseudo-spherical model arises from an incorrect computation of the single scatter terms. We shall
call this extension the enhanced pseudo-spherical model. Given the LIDORT capability to generate
both intensities and weighting functions, it is then possible to use the enhanced model in profile
retrieval algorithms in wide-angle viewing scenarios.

The accuracy of the pseudo-spherical approximation depends on the parameterization used to
describe the direct beam attenuation. For most cases, the average secant parameterization is sufficient:
in a multi-layer atmosphere, slant path transmittances are taken to be exact at layer boundaries,
with a simple exponential in optical thickness to approximate the attenuation across layers. The
main LIDORT development is based on this assumption. However, we will examine more accurate
parameterizations of direct beam transmittance in situations with optically thick layers. In any case,
the particular solution to the discrete ordinate RTE must be modified to deal with the solar beam
attenuation in a curved atmosphere (the homogeneous solutions are unchanged). In this work, we
will examine two different approaches to the particular integral solution for the direct solar beam:
the classical substitution method first used by Chandrasekhar [5] and standard in DISORT, and
secondly, the more recent Green’s function technique developed by Siewert and co-workers ([20]
and references therein). Particular solutions for atmospheric thermal emission source terms will not
be considered here; a derivation of TOA intensity and weighting functions for thermal emission
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sources in a plane-parallel atmosphere was given in SKC [4]. As in SKC, we shall consider only
the solution to the scalar RTE; polarization will not be considered.

The generalization to arbitrary optical depth and stream angle involves the further development
and extension of the post-processing function, in which the discrete ordinate solution is used to inter-
polate both the intensity and the weighting functions to arbitrary polar viewing angles. The approach
adopted here is the standard source function integration technique [5,21]. Output options for stan-
dard angle-integrated quantities (azimuthally-independent fluxes and mean intensities and associated
weighting functions) have been incorporated in the model. The delta-M scaling transformation [22]
is also a standard feature in the new version. LIDORT will also generate layer-integrated multiple
scatter source terms and their weighting functions; as noted above, this output is an essential part
of the enhanced pseudo-spherical model for RT simulation in wide-angle off-nadir satellite viewing
geometries.

1.2. Organization of the paper

Section 2 is a brief recapitulation of the discrete ordinate solution to the RTE in a multi-layer
atmosphere with a pseudo-spherical parameterization of the beam source attenuation. We summarize
solutions for the homogeneous RTE equation, the boundary-value determination of integration con-
stants from the boundary conditions, and the post-processing function. Determination of the particular
solutions is deferred to the following section. In Section 3.1, we introduce three parameterizations
for the attenuation of the direct beam in a curved atmosphere; these are the average secant, the
exponential-sine and the exponential-polynomial parameterizations. In Sections 3.2 and 3.3 we de-
termine, respectively, the classical and Green’s function solutions for the particular integral using
the average secant parameterization. In addition, in Section 3.3, the Green’s function technique is
used to derive more accurate solutions based on the other parameterizations of the direct beam
attenuation.

In Section 4, we look at the linearization analysis. For a set of atmospheric parameters in a
given layer for which we desire weighting functions, we require the derivatives of the extinc-
tion coefficient and single scattering albedo in that layer with respect to these parameters; these
derivatives then determine the rules for the linearization analysis (Section 4.1). Once the latter
are specified, the evaluation of intensity partial derivatives follows the same sequence of steps
required for the complete intensity solution. In Sections 4.2 and 4.3 we apply the linearization
analysis to the homogeneous and particular solutions, followed by the linearized boundary value
problem (Section 4.4) and the post-processing function for generalized weighting function output in
Section 4.5. The particular solution linearization in this section is restricted to the average secant
parameterization.

Section 5 gives a brief description of the LIDORT software package based on the theory of the
preceding sections. We give some comparisons with DISORT and SDISORT [23] output, and discuss
the issue of weighting function validation. Section 6 contains some examples. The main emphasis
here is on the satellite application for the retrieval of ozone profiles from nadir UV backscatter
measurements. We concentrate on ozone absorption in the Hartley—Huggins bands (290-335 nm),
and consider weighting functions with respect to ozone volume mixing ratio. Intensities and weight-
ing functions are compared in the pseudo-spherical and plane-parallel approximations. Examples of
output appropriate for ground-based instruments are also presented. In Section 6.3, we illustrate the
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use of the enhanced pseudo-spherical LIDORT model to improve intensity and weighting function
simulations for the GOME, GOME-2, SCIAMACHY and OMI instruments at wide-angle viewing
geometries.

2. Discrete ordinate theory: pseudo-spherical source function
2.1. The radiative transfer equation (RTE)

We consider the solution of the RTE in the pseudo-spherical approximation. Scattering will be
non-conservative. We summarize the homogeneous solutions to the discrete ordinate equations, the
boundary value problem and the post-processing function. Derivations of the particular solutions
are deferred until Section 3; however, the role played by the particular solution will be outlined
here. Although the theory summarized here may be found in various places (see for example [21]
and references therein), it is important to have each stage of the discrete ordinate intensity solution
clearly laid out in order to facilitate the linearization analysis in Section 4.

The RTE for the diffuse intensity I(z, , ¢) is:

#M =1(z, 1, P)
T

(1)
B 4n 0

2n 1
dg’ /_ dP(r i1 DI ) = Sl ) 1

Here, 7 is the optical depth of the medium, p is the absolute value of the cosine of the polar angle
cosine (measured with respect to the zenith), and ¢ is the azimuth angle measured with respect to
a suitable axis perpendicular to the zenith. w(t) is the single scattering albedo, and P(t, i, ¢; i/, ¢’)
the phase function. For a parallel beam of net incident flux wynF and direction {—po, o} at the
top of the atmosphere (t = 0), the single scattering source term is:

F —1 T
S@(Ta U, ¢) = TQCO(T)P(T: i, d)a —Ho, 4)0)6 spher( )' (2)

The solar beam transmittance is expressed in terms of a slant path optical depth 7y (t) Which is a
function of 7. For now, we will not deal with this term explicitly, referring to the next section for
particular integral derivations using explicit parameterizations of this transmittance. We note that the
total intensity is actually the sum of the diffuse field 7(t, u, ¢) in (1) and an unscattered sunlight
term I (7, 1, ) given by:

Lun(t, 1, ) = TF e ™ O3(p — 10)d(¢ — o). (3)

We assume the atmosphere is divided into a number of homogeneous layers, each layer having
uniform optical properties. We first consider the solutions for a single layer, with single scattering
albedo and phase functions regarded as independent of 7. The intensity is expanded as a Fourier
cosine series in the relative azimuth ¢ — ¢y:

IN—1
It d)=>_ I"(r,p)cosm(¢ — ). (4)

m=0
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Using the expansion of the phase function in terms of Legendre polynomials in the cosine of the
scatter angle, plus the addition theorem for Legendre functions, the azimuthal dependence of P can
also be expressed as a cosine series in relative azimuth. The azimuth separation follows immediately,
and we obtain the following for each Fourier component m:

dr™(z, w)
Pt il

d :Im(T::u) _Sm(T::u)> (5)
T
1 F@
S"(t, 1) = / I (g, I (3, 1) A’ = =22 = S T (11, —ptg e, (6)
-1
where m=0,1,...,2N — 1, and J,,0 is 1 for m =0 and vanishes for m # 0. The auxiliary quantities

II" are defined in terms of normalized Legendre polynomials P}'(1) and phase function moment
coefficients f; (the actual Legendre expansion moments are f3;/(2/ + 1)) through

2N—1

"Gy =5 7 BPFGOPT (). (1)
I=m

To obtain discrete ordinate solutions, we replace the multiple-scatter integral in (6) with a summa-
tion using two Gauss—Legendre quadratures defined separately in each polar angle half-space. Each
quadrature has N points, with abscissae and weights {u;, w;}, i=1,...,N in the positive half-space,
and {—u;,w;}, i=1,...,N for the negative half-space. The advantages of the double quadrature
scheme have been discussed in the literature (see for example [21]). Egs. (5) and (6) are then
replaced by the discrete ordinate form:

dr"(z, ) =
g = @) = 3wl G g1 (3 ) = O (e, (8)
dr =
m F@ m
O (i) =—(2 - Omo )™ (s —to)- %)
2.2. Homogeneous solutions
To get solutions of the homogeneous version of (8), we substitute /; oc X_,»e_k’ for j==+1,...,£N.

By using the sum and difference vectors ¢; =X, +X_; and ¥; =X; — X_; for j=1,...,N, (8) can
be reduced to an N-rank eigenproblem with eigenvalues k2 and eigenvectors g,:

(T —k*E)g=0, where I = (& —n)(&+1), (10)

(i = Tywy — 0y)/we - and  ny =TT wi/w;. an

Separation constants +k, occur in pairs. In the above equations, a =1,...,N, E is the unit matrix
and the elements H?,E = Hi(ui,j:,uj) are given by (7) evaluated at quadrature polar angle cosines.
The difference vector ¥, satisfies the following auxiliary equation linking it to the eigenvector g,:

N
ki = (L + 1) (12)

j=1
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Egs. (10) and (12) are sufficient to determine the solution of the homogeneous equations. The
eigenproblem in (10) can be solved reliably using standard numerical routines. We assume that the
eigenvectors ¢, have unit length. If we define 2N-vectors X and X" such that

@) _ Sint UV ®) _ Six = Yo
X, =5 and X,ja—#, (13)
N P N P
X0 =x" and X)) =x{, (14)
where j=1,...,N, then the complete homogeneous solution is
N
L) = Y ALX e+ X ey, (15)
=1

where L, and M, are integration constants.

2.3. The boundary value problem

We assume that a particular solution G(t, ;) corresponding to the source term Q"(u;)e™ wher(®)
in (8) has been found. Consider first a single layer p with upper and lower optical depths given
by 7,-; and 7, respectively, and optical thickness 4, =1, — 7,_;. Rather than use the cumulative
optical depth 7 as the vertical coordinate, we express the homogeneous and particular solutions in
terms of the partial layer optical thickness x =t — 7,_;. The complete solution for the discrete
ordinate components of the intensity field in the layer is:

N
[iy(x)= Z {Lpa)gfﬁje*kwx + Mpa){lgx)e*kp“(AP*x)} + G p(x, ). (16)
=1

This is valid for upwelling and downwelling streams, j = +1,... £ N. The integration constants
L,, and M,, will be determined from the boundary value problem. The definition with x and
A —x is equivalent to the scaling transformation suggested by Stamnes and Conklin [24] to express
homogeneous transmission factors as negative exponentials; this ensures the stability of the numerical
solution.

In a multi-layer atmosphere with K homogeneous layers and K + 1 layer boundaries, the boundary
conditions are:

(BC1) no downward diffuse radiation at the top of atmosphere;
(BC2) continuity of the intensity field at all intermediate levels;
(BC3) a surface reflection condition at the lowest level.

For the reflectance of the lower boundary, we use an expansion of the bi-directional surface
reflection function p(u, ¢; i', ¢') in terms of a Fourier series in the cosine of the relative azimuth.
The condition for the mth Fourier component of the reflected intensity (diffuse and direct) at the
lower boundary is then

N

1" (s 1) = (L4 0m0) D Wil (=1 pm(ttis = 1) + poF o™ ™ p, (i, — o), (17)
Jj=1
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where i=1,..., N, topner(Tx) is the slant optical depth of the whole atmosphere (total vertical optical
depth 1¢), and p,, are the bi-directional Fourier coefficients with polar angles as indicated. As in
SKC, we use a normalized form p* of the bi-directional reflection function:

. ] 1 1 1
s 1) =Re (=) with R= [ [l ol et (18)
0 0

where R is the spherical albedo. For a Lambertian surface, pg(u;, —u;) =1 and p;, (i, —p;) = 0 for
m >0, where i,j=1,...,N.
We can now write down expressions for the boundary conditions. We introduce the indices p, g,
and r to label layers. BC1 is
N
Z {LlocXE};-za +Mw@1an-1)a} =—G_j1c=0, (19)
o=1
where G;, = G(z, ;) for 7 in layer p. In (19), j=1,...N, and —; denotes the downwelling stream

directions. On the right-hand side, the particular integral is evaluated at the optical depth indicated.
The transmittance factors @ ,, are defined by

@pa = eXp(_kptxAp)a (20)
where « =1,...N, and 4, =(t, — 7,—1) is the optical thickness of layer p. BC2 is
N
Z [{Lm@mx}(ri) + MraAX;'(;f]Z)} - {Lpoc)(](;a) + Mpot@pot)(j(;\;)}] = (G_/p - G_j ) T (21)
oa=1

where » = p — 1. This is valid for both upwelling and downwelling directions j = +1,...,£N, and
for p=2,...,K. BC3 at the lower boundary 1 =1x (p=K) is

N
S L@ @D + M, 80} = RuoFoply (1 — o )e ™) — (22)
=1

where

N

cbﬁ»f) :Xj(,?a) — (14 0m)R Zw,-,uip;(uj, —ui)Xf,la and similarly for 4552/), (23a)
i=1
N

Vi = Gklee — (14 6m0)R Y wittip (s — )G ik | (23b)

i=1

The normalized bi-directional reflectance coefficients have been used in BC3, and e (") is the
whole atmosphere solar beam transmittance. Eq. (22) is valid for j=1,...,N. It is possible to write
down a surface boundary to include surface blackbody thermal emission in BC3 [21].

BCI1, BC2 and BC3 together constitute a linear algebra system /¥ = 2 of order 2NK. The
vector X consists of the unknown integration constants L,, and M,,. Matrix .o/ has 3N — 1 sub-
and super-diagonals; it may be compressed into band-storage form and then inverted using standard
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methods (the LAPACK [25] modules DGBTRF for the LU-decomposition and DGBTRS for the
back-substitution were used in the numerical model).

2.4. The post-processing function and the complete solution

Finding the intensity for arbitrary direction u and optical depth 7 is known as “post-processing”
of the RTE solution. We use the source function integration technique, which relies on the formal
integration of (5); it has a clear physical interpretation, and is convenient to use numerically. It is
essentially a form of interpolation for the intensity [21]. For a single layer with upper and lower
boundary optical depths 1y and tg, the upwelling and downwelling intensities at any intermediate
layer optical thickness x =1 — 1y are given by

I ) = Ig (e ™4 4 AT (x, ) (24a)
I (o) = Iy (e ™ + A~ (x o), (24b)
where 4 =13 — 1y and the integrated source terms are

A dy
A= [ e (250)

x u

X
d

A= [0 e 2. (25b)

0 n

Here J*(y,u) is a sum of the multiply-scattered source term intensity at optical thickness y in
direction u and the term due to single scattering of the direct beam into this direction. The first
of these terms is evaluated by approximating the multiple-scatter integral by its discrete-ordinate
quadrature, using the discrete-ordinate solutions already obtained in (16). Without going into details
of the derivation, we can write:

AF(x, 1) = HE(x, u) + D¥(x, 1) + E¥(x, ), (26)

where the three terms represent contributions from the integrated homogeneous solutions, the in-
tegrated particular solution and the integrated single scatter term, respectively. The single scatter
contribution E+(x, ) and the particular solution contribution D*(x, 1) both depend on the beam at-
tenuation parameterization and the latter depends also on the method used to determine the particular
solution. The homogeneous solution term H¥(x, 1) is independent of these aspects. Expressions for
H?*(x, ) may be found in [21] and are noted in Appendix B.1. For now we defer discussion of
the single scatter term E*(x, 1) to the appropriate place in Section 3.1, while the particular solution
contributions D¥(x, 1) will be treated later on when we consider the form taken by the particular
solution (Sections 3.2, 3.3).

In an inhomogeneous atmosphere, source terms must be integrated on a layer-by-layer basis.
Denoting ];E_](u) and I;,t(u) for the upwelling and downwelling intensities at the upper and lower
boundaries of layer p, respectively, we have from (24a) and (24b):

L (=1 (e "+ AT O,0),  I;(w)=I1,_ (e " + A~(4,p), 27)
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where A7 (0, i) is expression (25a) evaluated at x=0 and A~ (4, ) is (25b) evaluated at x=A. These
two relations are applied on a recursive basis to get the upwelling and downwelling intensities at
layer boundaries. The downwelling recursion starts at TOA, where the downwelling diffuse intensity
is zero (I, (n) =0).

The starting value for the upwelling recursion is the bottom-of-the-atmosphere (BOA) source term
I (1), which may be determined from the surface reflection condition. For a general bi-directionally
reflecting surface with albedo R and normalized reflection coefficients pj,(u, —u;) defined for up-
welling directions , this is:

N
L) = (14 00)R > witt o (it — ) (k) + RitoF o pi (11, — o )&~ e (%), (28)
j=1

This is easy to evaluate since the components /_jx(tx) are known from the discrete ordinate solution
for the lowest layer p = K. This BOA source term is only present for the m = 0 Fourier term in
the Lambertian case. This result can easily be extended to include surface thermal emission (see
SKC for details). Thus to find the upwelling intensity at arbitrary stream angle g and to arbitrary
optical depth 7 (assumed to lie within layer ¢), we start with (28), then use (27) recursively until
the lower boundary of layer g is reached. We then apply (24a) once to get the required intensity
at 7.

To complete the discrete ordinate solution, we sum the Fourier series (4). It is usual to terminate
the azimuth series when the addition of an extra harmonic does not alter the overall intensity by
more than a pre-specified relative quantity (the accuracy criterion). This convergence test should
be applied to all intensities for which output is desired. Furthermore, it makes sense to apply this
test to at least two successive azimuth contributions to avoid accidental omission. This procedure is
standard in DISORT [6] and GOMETRAN [7] regarding series convergence.

The layer-integrated multiple scatter source term output may be obtained by simply dropping the
single scatter contribution from (26):

AN (g, 1) = Hi (Ago 1) + D (g 1) (29)

in terms of layer optical thickness 4,.

For mean-value (angle-integrated) output, it is only necessary to compute the azimuth-independent
term of the Fourier series (m = 0). Mean value output does not require the above post-processing
analysis. The half-space angular integrations are performed using the discrete ordinate quadrature
values. Upwelling and downwelling fluxes (F) and mean intensities (J) at optical depth 7 inside the
layer p are given by

N N
(FT (1)) = 2nijuj1;;(t) and (F (1)) = 2nzwjuj1j;(f) +F®Moefrspher(r)’ (30)
Jj=1 j=1
N N
J+(T) Z j jp(T) and J (T) Z ( )_|_ @,Ll() _TSphcr(T) (31)

) \
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where Ijj;(r) are the discrete ordinate solutions in layer p. Additional direct beam contributions are
present in the downwelling case.

3. The pseudo-spherical particular integral
3.1. Direct-beam attenuation in a curved atmosphere

We first discuss the parameterization of the pseudo-spherical source term. In a multi-layer atmo-
sphere, we may write

q q
Kg = Z Kgp = qupep (32)
p=1 p=1

for the cumulative slant optical depth x, to the bottom boundary of layer g in terms of layer path
lengths s,,, layer extinctions e, and slant optical thickness values «,, for layers p above and equal
to g. In a plane-parallel atmosphere, x,, = 4,/po. For straight line paths (shell geometry only) the
distances s,, may be expressed easily in terms of vertical altitudes. In a non-refracting atmosphere,
K, 1s expressed in terms of the Chapman function [18]. In a refractive atmosphere, s,, can be cal-
culated with repeated application of Snell’s law. The zenith solar angle cosine is always —p, for a
non-refractive atmosphere. With refractive geometry, one must compute an average value —f,, for
each layer p. In the rest of this paper, we will continue to work with a non-refractive atmosphere,
but the analysis is equally valid for the refractive case, provided the above points are noted. To
characterize the pseudo-spherical input, we need to specify an input grid of slant path optical depths
K4p, and (for a refractive atmosphere) a local grid of solar zenith cosines —f,. {ryp, —fly,} are
additional inputs to the RT model; in keeping with the philosophy to maintain the generic nature of
the discrete ordinate formalism, we do not include ray tracing as part of the model (this should be
application-specific).

In a plane-parallel atmosphere, the direct beam attenuation is given by exp[ — 7/ug]. In a curved
spherical-shell atmosphere this is replaced by exp|[ — x(7)]. We wish to find a parameterization
of this transmittance. The simplest assumption uses an expression which is exact at layer
boundaries:

I (33)

R . K
e "V~ T(x)=T,e™, where Ty=e ™' and 2=

Here, x =1 —1,_; is the partial layer optical thickness. Clearly 4, is an average secant factor which
replaces fi, ! in layer ¢. Note that this definition is slightly different to that used in [18], where g
is defined in terms of the slant path optical depth at the center of the layer. The definition here has
the advantage that the attenuation is a continuous function of t.

This approximation is equivalent to assuming an average attenuation across the layer, and takes
no account of variations in optical depth through the layer. Some accuracy is lost for optically thick
layers, or for geometrically extensive layers where there is considerable curvature. An improved
parameterization may be obtained with the following exponential-sine and exponential-polynomial
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expressions:
- N
. . . (nxm
e k() ~ T,e™ 14 Z Cqn SIN <A) (34a)
n=1 q
_ N
e O~ Te™ |14 x(dg — %) cax" |, (34b)
n=1

where x, T q and 4, are defined in (33). In both cases, correct slant path attenuations result at the
layer boundaries, and the coefficients c¢,, may be found by linear fitting, assuming that a suitable
number of fine-level attenuation values are available. The number of coefficients N depends both
on the layer optical and geometrical thickness values and on the degree of accuracy desired for the
parameterization. In practice, we use a single accuracy measure to ensure that the parameterization
is consistently accurate for all layers.

In order to get an idea of the accuracy of these parameterizations, consider a single uniform
atmospheric layer L above the ground (lower height level of 0 km), and with varying optical and
geometrical thicknesses. We assume that this layer is bounded above by another homogeneous layer
of fixed optical thickness 0.25, and extending up to a fixed upper level of 50 km. A non-refractive
atmosphere is assumed; the earth radius is 6371 km. We make exact calculations of the attenu-
ation for a large number of subdivisions of L and use these results to find the factors 4, and
T, and the fitted coeflicients c,,. A maximum of 4 coeflicients was found to be sufficient in the
fitting. Fig. 2 shows the results of these computations for a number of different solar zenith an-
gles (indicated as contours) ranging from 77° to 89.5°. An accuracy criterion of 5% was set for
the average secant approximation, and 2% for the other parameterizations. Thus for example in
Fig. 2 (center), for all combinations of the ground layer optical and geometric thickness values
lying above and to the right of the contour labeled 87°, the exponential-polynomial parameterization
will reproduce the solar beam attenuation to better than 2% for a solar zenith angle of 87°. From
Fig. 2 (top), a 5% accuracy level for solar zenith angles up to 87° implies that for the average secant
approximation, the ground layer optical thickness values should be below ~ 0.6, and corresponding
geometrical thickness values should be less than ~ 0.6 km. In practical applications in a multi-layer
atmosphere, a sufficient number of layers is used to ensure that inaccuracies in the average secant
parameterization due to geometric effects are minimized. However, it is clear that there are limita-
tions on the accuracy of the average secant approximation in the presence of optically thick layers.
In Section 5, we give an example of the effect of a more accurate pseudo-spherical parameterization
on backscatter intensities at high solar zenith angle.

Finally, we determine the single scatter contributions E¥(x, ) which appeared in the integrated
layer source terms (26). The source term to be integrated in this case is O"(u)Te ™ for the average
secant pseudo-spherical approximation, where Q" (u) is given by (9) evaluated at zenith cosine pu.
Source term integration over optical depth along the lines of (25a) is straightforward. Details are
given in Appendix B.2 for all three parameterizations of the direct beam transmittance noted in this
section.
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Average secant parameterization, 5% accuracy
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Fig. 2. Direct beam attenuation accuracy; contours label solar zenith angles in (O), so that all geometrical and optical
conditions above and right of a given contour indicate that the parameterization is accurate to the specified level for the
corresponding solar zenith angle: (top) 5% accuracy levels in the average secant parameterization; (center) 2% accuracy
level for the exponential-polynomial parameterization; (bottom) 2% levels for the exponential-sine parameterization.

3.2. The classical (Chandrasekhar) particular solution

We find the particular solution for the average secant approximation. We use a notation similar to
that in Section 2.1. For a double-Gauss discrete ordinate scheme with N quadrature abscissae and
weights {4;,w;} in the half space, we require the particular solution of the following 2N coupled
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linear differential equations (we drop the layer index ¢ temporarily):

dr; x A

ﬁ =- Z (Gt + gl } = Oy Te™ (352)
=1

L R

dr :4‘2{’75/11- + 0L+ O Te™™, (35b)
=1

where
F,
OF = (2= dn0) - 11"(—pto. 1), (36)

These expressions are obtained by substituting the average secant form (33) in the general discrete
ordinate Eq. (9), and using the definitions of matrices & and # in (11). For the plane-parallel case,
A=y "and 7 = exp[ — tu/to] (tu is the upper boundary vertical optical depth). The particular
solution Gji is found by substituting ]ji ~F jif" exp(—x4) in (35a) and (35b). This eliminates the
optical depth dependence and we are left with a linear system of order 2N:

N
W= {GFT 0y Y = O (372)
j=1
N
AFT == {ngFf = GFY = o (37b)
j=1

If we define sum and difference vectors H=F"+F, J=F"—F,S=Q"+Q~ and D=Q"-Q,
we can eliminate J in favor of H, thereby reducing the order of the system from 2N to N. The
result is

(T'—E/)H=—(&—y)S— /D (38)

for the sum vector H. T is the eigenmatrix in (10) and E is again the unit matrix. This system is
solved numerically by standard means. The difference vector J is found from the auxiliary equation

AW=E+mH+S (39)

Eqgs. (38) and (39) are sufficient to complete the solution. The derivation here (in particular, the
reduction in order) follows closely that found in [20].

A similar approach applies to the exponential-polynomial parameterization given in (34b) above.
Solutions of the form

IF~Tem™ ) Fox! (40)

may be substituted in the discrete ordinate Eq. (8). Successive powers of x are then equated, and this
yields a series of linked linear equations for the components F ;j which are solved recursively starting
with the highest power of x. A solution for the particular integral in a plane-parallel atmosphere
has been developed for an exponential-linear form [23]. For the exponential-sine parameterization
(34a), the ansatz / /-i ~ T exp(—x)) > F/ﬂn: sin(nxm/A) can be used. We will not go into details for the
determination of classical solutions for these two parameterizations, as the procedures are somewhat
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cumbersome. In the next section we will see that the Green’s function technique allows particular
solution to be evaluated in a convenient analytic fashion, without the need for solving linear systems
numerically.

For integrated particular solution source functions with the classical method, we refer again to the
definition in (26), where we now require the particular solution contribution Djltass. This derivation
is given in Appendix B.3. In line with our preference for using the Green’s function technique, we
do not consider similar expressions for the exponential-sine and exponential-polynomial parameter-
izations (these will however be derived below in Section 3.3 for the Green’s function particular

integral contributions).
3.3. The Green's function particular solution

The Green’s function method is based on expansions for the upwelling and downwelling particular
solution in terms of solution vectors ng” and X&N) and separation constants +k, for the homogeneous
problem. A rigorous derivation of this result is outside the scope of the present paper, but the reader
is referred to the explicit formulation of the infinite-medium Green’s function found in [26]. The
particular form used in the present work assumes that the eigenproblem separation constants occur
in pairs, but this is not a necessary requirement. In this section, we summarize the results given in
[20]. We write

N N
Gf (1) =Y {4(0X) + B.(0X}, Gy (D)= {40, + By(1)X} (41)
a=1

oa=1 =

for the upwelling (+) and downwelling (—) particular integral solutions G]i(x) of (8), where the
multipliers 4 and B are given by

Ay (v)=a,C, () and B,(t) = b,C, (7). (42)
In (42), the terms independent of optical depth are given by

N N
1 — v (N) | pt (P 1 +y () p—y(P)
as = 5 2 WP+ PIXTL b= D wilP X 4 PR, (43)
j=1 j=1
where the normalization factor N, is given by

o

N
Ny = upw X X0 — XX (44)
j=1

and Pji =(2 = 0mo)T"(Eu;, — o) (the IT function was defined in (7)). If the layer upper and lower
optical depths are 7y and 7 respectively, then the optical depth multipliers in (42) are given by

T "
(1) = / e B e 4y and  C(r) = / e—h(—Dg—tma(1) g (45)
TU T

These results may be verified by substituting (41) in the discrete ordinate RTE (8) and using (42)
and (43) together with the properties of the eigensolutions to separate the optical depth dependence
and construct the multipliers in (45). The most important property of these eigensolutions is their
full-range orthogonality. We note that the particular integral is written in analytic form, requiring
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only the evaluation of the optical depth integrals (45). Results for C;*(7) in a plane-parallel medium
have been noted several times in the literature (see for example [26] or [20]). Since the average
secant parameterization is in fact a local plane-parallel formulation with e~ () ~ Te=(=w)4 the
integrals in (45) are straightforward:
—xky __ a—xA —xXA A=Al a—(4—X)ky
e e e ~e
d Cv+ =T 5
kG itk

where again, x =7 — ty and 4 =1 — ty. In Appendix A we calculate optical depth multipliers for
the exponential-polynomial and exponential-sine parameterizations.
For the post-processing function, we refer to (26) and write Déreen(x, w) for the integrated partic-
ular solution contribution to the partial-layer source terms. In Appendix B.4, we present derivations
of Déeen for all three parameterizations of the direct beam transmittance considered in this paper.
The Green’s function method offers a more systematic way of dealing with parameterizations of the
direct beam. In general, the classical method (which relies on substitution) is limited to source terms
with straightforward and separable dependence on optical depth; the Green’s function formalism is

more powerful and offers greater scope for dealing with a wider variety of source terms.

C,(x)=T

(46)

4. Linearization of the pseudo-spherical discrete ordinate solution
4.1. Preamble: linearization rules

In the previous work (SKC), a perturbation analysis of the intensity field in a plane-parallel
multi-layer multiply scattering atmosphere was carried out in order to establish analytical weighting
functions. In this paper, we adopt a slightly different emphasis, instead working directly with the
partial derivatives of the discrete ordinate solution components. Since the discrete ordinate RTE
comprises a set of coupled /inear first-order differential equations, this is equivalent to the perturbation
analysis. We also extend the analysis in two directions: (1) the derivation of weighting functions
for the pseudo-spherical model, and (2) the generalization to upwelling and downwelling output at
arbitrary stream angles and optical depth. Together this enables weighting functions to be calculated
for any atmospheric application, in addition to extending the range of viewing geometries to include
large solar zenith angle scenarios.

In order to generate weighting functions with respect to any given atmospheric parameter, we
require the corresponding variational derivatives of the basic optical property inputs to the RTE. We
consider variations only of layer single-scatter albedo and extinction coefficient, though it is possible
to consider variations of the phase function moments. Consider an atmospheric parameter &, in layer
g; the relative (parameter-normalized) weighting function definition is:

N1
H e (T, 1 ho — @) = Z %g(r,u)cosm(% — ), (47)
m=0
orr
A0 = 2 () = & T, )
q

Eq. (48) defines the linearization operator ¥: = £0/0, and we will continue to use this notation
in the weighting function analysis.
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The input variational quantities that determine the weighting functions may be expressed as

{ug,v,} = {gq[wq], gq[eq]} = {éq %Q aeq}. (49)

Wyq €q wg 08, €4 04

Here, u, can be thought of as the relative change in single scattering albedo , induced by a relative
change in property ,, and v, as the relative change in extinction coefficient e, induced by a relative
change in &,. The pairs {u,,v,} are fundamental to the weighting function derivation, and they will
be established beforehand and entered as additional inputs to LIDORT.

A simple example will illustrate the construction of the optical properties and their derivatives.
Consider a single homogeneous layer of depth /4 with Rayleigh (molecular) scattering and absorption
by one trace gas species g. The single scattering albedo iS @ = Oray/Giotal, Where Gl = Oray +Xy0y,
Oray 18 the Rayleigh cross section, o, the trace gas absorption cross section, and X, the trace gas
volume mixing ratio. The layer extinction coefficient is e = 0ot puir, and the vertical optlcal thickness
is A=eh, where p,;, is the air number density (assumed constant). If {=X|, is the property undergoing
variation, it can be shown readily that

Xy04 Xy04

uyp=————"—"—— and vp=4+—-"7-——. 50
¢ ORay + X40y ¢ ORray T X40y (50)

In the Earth’s atmosphere, there are normally at least two scatterers (molecules and aerosols,
where the latter may include clouds). For each particulate s in layer ¢, we have single scattering
albedos s and phase function moment coefficients f3;,,. Each single scattering albedo is normalized
to the total extinction coefficient. Then we have w, = >y, and the combination w,f;, which
appears in the equations in Sections 2 and 3 is defined by the sum ) . w,fiys over particulates.
Biq is a weighted mean value of the separate moment coefficients f,,. For the linearization, we also
have relative derivatives u,, defined for each scatterer s. Continuing to use these definitions of w,
and f,, it is necessary to define weighted mean values u;, such that w,f i, =3 Pigs®qstigs. This
is the combination that appears in the linearization analysis.

In a multi-layer atmosphere, it is important to note that variations in parameter {, in layer ¢
will affect all cumulative vertical optical depths 7 in and below that layer. For layers below ¢, the
variation in t is 4,v,, since the optical thickness of layer ¢ will undergo variation by this amount,
but optical thicknesses for all layers below ¢ are not affected. This observation applies equally to
slant path optical depth values, since layer slant optical thicknesses are also proportional to extinction
coefficients. Summarizing, we may write down the rules for the linearization analysis:

XUy fort,_; <1 <1y
ZLyt]=40 fort < 14—y, (51a)
Agv, fort =1,

_ Jugw, forg=p,
gq[wp]_{O forg+# p
forx=1t—1,_; and 4, =1, — 74_1.

Now we examine the linearization of the direct beam attenuation. From (32), it follows that
L4k p] =v4K g, and from the definition (33) of the average secant parameterization, we obtain:

LT = vk, 1,T, forqg<p, L,JT,]=0 forqg>p (52)

(51b)
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with
—0g(Kpg — Kp—1,4) forg < pand p>1,
A, ZLgldpl = —4(Kpg — Aplp)  for g = p, (53)
0 for g > p.

Bringing these results together, we find
—Vg[Kpg(4)p —x) —Kp_1,4x]Tp(x) forg<p and p>1,
A, L[ Tp(x)] = § —VgK pgxT p(x) for g = p, (54)
0 for g > p.

These results are vital for the linearization analysis of the particular integral, and we will need them
later. For the plane-parallel (pp) case, we have 4, =y, "and « pqg = Aplly !, and hence

—quqTépp)(x) for g < p,
Ho L [TV ()] = —opxTPP)(x)  for g = p, (53)
0 for g > p.

The plane-parallel result was derived in a different form in SKC; the average secant result is new.

In Section 4.2 we go through the linearization process for the discrete ordinate homogeneous
solutions; this mirrors the treatment in SKC. Sections 4.3 and 4.4 deal with the linearization of the
classical and Green’s function particular integrals, with particular emphasis paid to the effects of
the pseudo-spherical assumption. The analysis for the particular solutions is restricted to the average
secant parameterization. The linearization of the boundary value problem follows in Section 4.5; the
treatment is more general than the plane-parallel analysis presented in SKC. In Section 4.6 we exam-
ine the post-processing function in order to establish linearizations (and hence weighting functions)
at arbitrary optical depth and stream angle, again paying particular attention to the pseudo-spherical
treatment.

Note also that one can define an albedo weighting function: # r(t,u) = ROI(t,u)/OR. For a
Lambertian surface, this weighting function is only nonzero for the azimuth-independent Fourier
term. Layer homogeneous and particular solutions do not depend on the albedo, so their partial
derivatives with respect to R vanish. The albedo only appears explicitly in the surface boundary
condition BC3, so the corresponding linearization operator .#; need only be applied to this result. We
note this development in Section 4.5, and mention the post-processing function for albedo weighting
functions in Section 4.6. The notion of an albedo weighting function can easily be extended to a more
general surface reflectance condition, if we assume no sensitivity to the shape of the bi-directional
reflectance function.

The analysis presented here is restricted to a solar beam source; we do not consider weighting
functions with respect to sources of atmospheric thermal emission. However, the latter was done in
SKC, where thermal emission was assumed isotropic, and the results established in that work can
easily be incorporated in the present analysis.

4.2. Linearization analysis for the homogeneous solutions
We assume that derivatives {u,,v,} have been defined with respect to property & varying in

layer g. We drop the index g for now, since derivatives with respect to ¢ vanish for homogeneous
solutions in layers other than ¢. If x is the optical thickness measured from the top boundary of
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the layer, and 4 the thickness for the whole layer, then as noted above, Z[x] =xv and Z[4] = Av.
The homogeneous solutions are X ek and X{Ve (4, Applying the linearization operation
and using the chain rule gives us:

LIXPle=h] = e=hx f PIXPN) — (L[k,] + vk, XY, (56)

LIXMe " U™0] = e LU LX) — (LTha] + vho)(4 — )XV (57)

To determine Z[k,] and Z[X,], we apply the linearization operator to the eigenvalue problem (10).
We note first that the elements I1;; in the definitions of & and # in (11) are proportional to w, so
that Z[11;;] = ull;;. It follows that:

Y wiey w;C;
LIryl=u) { M_" Gy )+ G =)= / } where C;7 = I1; £ 11 (58)
=1 !
The linearization of (10) gives:
N N
Z Iy — 5ijk§)$[gjoc] = 2ky L [ky]Gix + Z L[]S (59)

j=1 =1

Since for each o there are N 4+ 1 unknowns Z[k,] and #|[c;,], i=1,...,N, an additional condition
is required in order to find the solution. This comes from the unit normalization condition imposed
on the eigenvectors. Since g, -G, = 1 (vector product), then it follows that #[g,] - g, = 0. Together
with (59), we get the combined linear system M,ZE, =B,, where vectors E, and B, and matrix M,
are given by:

Z C1jS)n
[ Llka] T J
Z[¢14] Z 2
= - ||, B=| . |,
el D b
J
- 0 _
-Zkocglaz kf—F” Iy, - —I'iy ]
2ko<§21 —F21 ko% — ['22 R _FZN
M= : S E (60)
2kocger _FNl _FNZ e k02< _ FNN
L 0 Cla C2u ce CNo
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Solving this system gives us Z[k,] and Z[c,]. We now linearize the auxiliary Eq. (12) to find
Z[9,]. From these results, the linearizations . [chp)] and ¥ [chN)] may be obtained; these have the
same symmetry properties (14) as the original solution vectors. Reintroducing layer indices, we note
that for g # p, ZLylk,] =0, ﬁfq[Xg;)] =0 and ﬁfq[Xg;)] = 0. These results were derived in SKC
using perturbation methods.

4.3. Linearization analysis for the classical particular solution

In this section, we retain the layer indices. We derive the linearization only for the average secant
parameterization of the direct beam transmittance. The original particular solution in a given layer ¢
was determined from the linear system (38), so that application of the linearization operator £, will
result in the same linear system with a different source vector. From the previous section, we know
the linearizations &[I'y], Z,[&,] and Zy[n,]; all these matrices are linearly proportional to w,, so
their linearizations depend only on u,. Further, £,[I",] =0 for g # p, and similarly for £, and 1,,.
Secondly, we have Z,[S,] = u,S, and Z,[D,] = u,D,, since S, =Q} +Q_, D, =Q} — Q_ and
fo as defined in (36) all vary with w,. Again there is no variation of these quantities for g # p.
With these considerations in mind, we can now apply the linearization operator directly to (38). The
result for the pseudo-spherical case is:

(T, — E2)LH,) = 6,0Zg + (24,H, — D) L,[4,], (61)
where
Zq = _gq[éq - "q]Sq - (éq - "q)gq[sq] - ;ngq[Dq] - gq[rq]Hzr (62)

This result is valid for p > q. (The plane-parallel result is considerably simpler: only the term
0 pqly is present, since L[4,]=0 for 4, = ,u(;1 a constant; it follows that # [H,]=0 for p#¢ in
this case.) It is clear from (61) that the solutions #,[H,] are determined using the same matrices

r,— E/li, that were used in the original system (38). Since we have already inverted these matrices
while solving for the original vectors H,, the linearizations follow by back-substitution.
In a similar vein, we can linearize the auxiliary Eq. (39) to find Z,[J,]:

ApZglIpl ==Ll 2p] + (&, +1,) L [Hp] + 0,42y, (63)
where this time the auxiliary vector Z, is given by
Z,=2,[& +n,H,. (64)

This result is valid for p > ¢ in the pseudo-spherical case. (In the plane-parallel case, Z,[J,]=0
for p#¢q). Egs. (61)—(64) are sufficient to determine the linearizations ,?q[F;E] in the definition
of the particular solution. Since the particular solutions themselves are given by Gf(x) = Flj,[T (X)),
where T,(x) = T pe*x’lﬂ, we can now write down the complete result for the linearization of Gf;:

LG, ()] = L [F1Ty(x) + F, Z,[T,(x)] for p>gq, (65)
where Z,[T,(x)] is given by (54).
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4.4. Linearization analysis for the Green’s function particular solution

In this section we carry out a linearization analysis on the Green’s function solution. We retain
layer indices throughout. In (43), a,, is independent of optical depth, so that £ ,[a,,]=0 for p#gq,
and similarly for the other terms defined in (43) and (44). We proceed by applying the linearization
operator to (41) and using the chain rule:

N
G;:v(x)] = Z {gq[Apa(T)lX(P) + L4[B pu(1)] X/(/Iv\;)} + 0 pZiq (66)
a=1
where now
Zy = Z {4 L4 IX[ + B0 L4 [X15) 1} (67)
a=1

with a similar result for #,[G;,(x)]. The linearizations of XEW and X(pN“) are known from Section
4.2. Further, we have from (42)

L 4[4 pu(D] = 6 pg L [aps]C (1) + s Ly [C(1)] (68)
and similarly for % [B,,(7)]. From the definition (43) for a,,, we find

Agq
Lylag.] = Ni {ugNgs — £ 4[Ny ZW/{Q]qg [X ,(qNa)] + Xj(qi)]} (69)

qo

and similarly for % ,[b,,]. In deriving this result we used the fact that fq[Q?;] = uq,QjE For the
linearization of the normalization factor N, in (44), we obtain

z[Nqa]—zzu,w,{X(N)f X~ XD 21X} (70)

In dealing with the linearizations of the optical depth multipliers in (46), we must distinguish
between those multipliers in the layer ¢ in which the variation in parameter ¢, is taking place, and
multipliers in layers p > ¢ which will be affected by the variation in layer ¢g. Using the fact that
LyA,] = A40,0 4 and L y[x] = xv,0,, for x in g, and the result already established in Section 4.2
for L ,[kyy], we find

A

2,0C )] = fkm{—e L A R eral e5) (1)

L[Cy(x)] = J_’}{mt{—e"kp"épquqa + e xy 0t + @ 00 C (X)) (72)
where

Var = Lglkqa] + vgkgs (73)

Apg = OpgUqlp + Ll 2], (74)
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m;:qfx = qu[fP] e= ‘g)q[)“P] + 5Pq$q[kqoc] (75)
T, Ap F kps

and

lppqoc = pqg( +0 q(A X)qut' (76)

Again this is valid for p > ¢. This completes the linearization of the Green’s function solution.

4.5. Linearization analysis of the boundary value problem

This is one of the most important aspects of the weighting function analysis. Applying the lin-
earization operator to the boundary conditions will determine the linearizations %,[L ,,] and £ ,[M ,,]
for the integration constants L,, and M,, in (16) in terms of the linearizations worked out in the
previous three sub-sections for the component homogeneous and particular solutions. We first apply
the chain rule to (16) in layer p:

N
Lylljpl = Z {gq[pr]XJ(;a) e
a=1

F LMy X ) e 5 0% 1 1G] + 0,0 L4l 2], (77)

where some of the dependence on x has been suppressed for convenience. The last term is only
present when p =g and is given by

z [Z,q]—Z{anf[ X)) 4+ My, & (X)) e R =]}, (78)

Jjqo

We can now apply the linearization operator to the three boundary conditions BC1, BC2 and BC3
as written down in Section 2.3. Clearly the linearization #,[/;,] must also satisfy these conditions
(in terms of the perturbation analysis in SKC, the perturbed field also obeys the same conditions).
Using the notation developed earlier for the boundary conditions for the intensity problem, we can
write down explicit equations for these boundary conditions, noting that x takes values only at the
layer boundaries (that is, x=0 or x= 4, for layer p). We use indices p and r to label layers, while
q is reserved for the layer that contains a varying parameter. By analogy with (19), (21) and (22),
we have

N
S ALJLp XD, + 24M),10,,X )} = BY) (79a)

—Jpa Jp?
o=1

> U L[Lia)0nXS) + Lo[Mu)X0) Y = { LG [Lp)XS5) + L [M,]0 X5} =BG, (79b)

Jra Jro Jp% Jp% Jp?

D A LYLa)6 ) + L, [M,, 10} = BY). (79¢)

o=1
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The right-hand side vectors are

BS) = —{ LG + 00 L [ 21} o (80a)
BY) = {(L4[Gip] = L4[Gi1) + (000 L 4 Zip] — 010 L [ Zy D} s, (80b)
Bj;) = RugFo L [T ye /0] — Lo [W;] — 0,0 L[ V;p]. (80c)

In (79a) and (79c), j =1,...,N, and —; denotes the downwelling stream directions. In (79b),
j==1,...,£N. On the right hand sides, the vectors B are evaluated at the optical depths indicated,
p=11in(79a), r=p—1in (79b) and p=K in (79c). The transmittance factors @ ,, have been defined
in (20), vectors @) and ®*) in (23a), and ¥ in (23b). The BC3 condition was written down for
a Lambertian surface in (80c), but the generalization to a bi-directional surface is straightforward.
There is one additional definition in (80c), namely

N
LYi) =Y ALnZ [ 9,0 pu] + My L[ 9,1} (81)
oa=1
It is seen immediately that these conditions provide a linear system similar to that used to solve
the original boundary value problem. Indeed the solution matrix .o/ in Section 2.3 is the same as
before, so we can write .of & [X]=L,[A], where the vector £ ,[Z'] consists of the set of unknown
linearized integration constants % ,[L ,,] and #,[M,], and the solution vector #,[#8] is constructed
from the expressions (80a), (80b) and (80c). Since we have already found the inverse of .o/ while
solving the original boundary value problem, it is straightforward to determine the vector Z,[Z'] by
back-substitution. No additional matrix inversion is required, and the results are analytic, depending
only on the accuracy with which the original intensity was calculated. The formulation presented here
is slightly different from that in SKC, where a more explicit breakdown of the boundary conditions
was presented in a plane-parallel multilayer atmosphere.
For the albedo weighting function, the discrete ordinate homogeneous and particular solutions have
no partial derivatives, and we need only find £¢[L,,] and Zz[M,]. For a Lambertian surface, the
corresponding linearization of BC1, BC2 and BC3 for the Fourier m = 0 component gives:

> AL XY, + LrM,10,, X)) = B (82)

—Jpa Jp% Jp 2

Jro Jro jpo Jpo jp >

> U LrlLra)On X)) + LrMuIXS Y = {LRILpalX ) + LrIM 10 X [0) ] = B, (83)

oa=1

Z {LRIL )0, ) + LM, 10} = B, (84)
o=1
whereB(R =0 for p=1and j=1,. B(Rz) Oforall p>Kand j=1+£1,...,+£N and

B(R3) RugFoe™ ™ (1g) — ZRZW“[L, —iK | k- (85)
i=1
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We have used (23a) and (23b) to establish 851;3) for p=K and j=1,...,N. Again, we have the
same linear system, this time with a new source vector constructed from the right-hand entries. The
solution for Z¢[L,,] and Lx[M,,] follows once again by back-substitution.

Once the linearizations of the integration constants have been found, it is possible to write the
linearization of the discrete-ordinate solution anywhere in the atmosphere, and hence we have deter-
mined weighting functions at quadrature values and at arbitrary optical depth. In order to complete
the weighting function solution for arbitrary stream angles, we now look at the linearization analysis
of the post-processing function.

4.6. Linearization analysis of the post-processing function

We return to expressions (24a) and (24b) for the partial layer intensities derived using the source
function integration technique. Since ¥, [4,] = 4,v, and & [x] = xv, for x in layer g, we have

LI (e )] = { L1 ()] = 8 pq0g(4, — X)) () ye™ Ao

+8pq$q[/1;(x, W], (86a)
Lol ] = { LU, ()] = 6 pgvgxeu™ 1, (1) }e "
e pg &gl A, (5, 1), (86b)

where 6,, =1 for p=g¢q and J,, =0 otherwise, and ¢,, =1 for p > ¢ and ¢,, =0 for p < q. The

latter condition arises from the fact that the source terms Af(x, 1) have no linearization for p < q.

Expressions for whole layers can be obtained by setting x =0 in (86a) and x = 4, in (86b).
Recalling the expression (26) for the source function terms, we write

LJAS )] = L[ H (x5, 1018 pg + L gD (x, 1] + Lo [E (x, )] (87)

This is valid for variations in layers p < g. Note that the homogeneous solution contribution H;t(x, )
has no variation outside layer ¢. Finding the linearizations of the three quantities on the right hand
side of this equation is a straightforward but lengthy exercise; one proceeds using already-established
results from the linearization of the discrete ordinate solution, along with repeated applications of
the chain rule. The mathematical details are given in Appendix C.1 for the three right hand side
terms in (87) respectively.

As with the intensity calculation, the above results can be used recursively to generate weighting
functions at arbitrary optical depth and direction. For whole layer terms we simply set x = 4, or
x =0 for layer p. For the upwelling values at point x in layer p, we start with the bottom-of-the
atmosphere linearization %, [/ (tx, 1)] and use the whole-layer expressions repeatedly for layers
below p, followed by a single partial-layer application of (86a) in layer p to finish. Care should be
taken to distinguish the cases p=¢q, p <g and p > gq.

5. The LIDORT package

Based on the theory presented in this paper and the preceding one (SKC), the numerical model
LIDORT (Linearized Discrete Ordinate Radiative Transfer) has been developed as a general tool
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for use in forward model studies connected with atmospheric retrieval. The model can be used
in an intensity-only mode (without the linearization options) or additionally to generate simultane-
ous fields of weighting functions. The first version based on SKC dealt with the satellite applica-
tion in a plane-parallel atmosphere. The second version has two important extensions to cover the
pseudo-spherical treatment of the direct beam attenuation and to generate output for any atmospheric
application. The LIDORT V2 package has the following attributes:

1. Multiple scatter treatment of the radiative transfer equation in an inhomogeneous atmosphere, with
any number of scatterers. A general treatment for a bi-directionally reflecting surface is available;

2. Generation of upwelling and/or downwelling intensity and weighting function fields for arbitrary
viewing geometry and optical depth;

3. Option to perform a plane-parallel calculation or a pseudo-spherical calculation using the average
secant approximation. Both methods of particular integral solution (classical and Green’s function)
are implemented;

4. Weighting functions may be generated with regard to any atmospheric parameter that causes
variation in layer extinction coefficient and single-scatter albedo. Options to output weighting
functions with respect to albedo and surface blackbody temperature are implemented;

5. Additional output includes mean-value quantities (flux, mean intensity) and their weighting func-
tions, and layer-integrated multiple scatter source terms and associated weighting functions;

6. The delta-M scaling transformation has been incorporated both in the intensity calculation and in
the weighting function analysis.

Double precision arithmetic is used throughout LIDORT; the code is written in FORTRAN 77. For
the numerical tools, the module ASYMTX from DISORT was used for the homogeneous solution
eigenproblem, and LAPACK modules [25] were employed for all linear matrix algebra systems.
LIDORT contains a standardized error handling procedure in addition to a number of auxiliary
routines for both the reading of input data from files, and the generation of result data to file. As
noted already, LIDORT is a pure scattering formalism; there are no databases or climatologies of
atmospheric and optical properties in the model. The LIDORT package is called as a subroutine
within a user-defined environment; the usage is similar to that for DISORT [6]. The software has
been quality controlled and is portable and robust; it can be installed on PCs under the Linux
operating system. Memory requirements are modest.

For the average secant parameterization, both methods of particular integral solution (Green’s
function and substitution) are implemented in the software. Intensity results for the two methods
were found to be identical to 9 places of decimals. Computation speeds are similar: the Green’s
function method is faster for the determination of the discrete ordinate solution, but a little slower
for the post-processing step. An off-line intensity-only version of LIDORT has been written to
deal with the exponential-sine and exponential-polynomial parameterizations of the direct beam
transmittance.

All plane-parallel intensity output was verified using the DISORT model; pseudo-spherical results
were validated against the SDISORT code [23]. Table 1 gives a sample of these validations for the
test atmosphere described in Section 6.1. Results are for upwelling intensities at TOA for line-of-sight
viewing zenith angles as indicated. DISORT comparisons were done for a solar zenith angle of 15°,
SDISORT validations with solar angle 82°; in both cases the relative azimuth angle was 60°. The
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TOA upwelling intensity: LIDORT plane-parallel (PP) and DISORT, LIDORT pseudo-spherical (PS) and SDISORT

Angle (°) DISORT LIDORT PP SDISORT LIDORT PS
0.0 8.83804E—02 8.838043E—02 1.74379E—-02 1.743787E—02
1.0 8.82865E—02 8.828647E—02 1.74259E—-02 1.742588E—02
2.0 8.81990E—02 8.819904E—02 1.74194E—-02 1.741939E—-02
5.0 8.79799E—-02 8.797986E—02 1.74333E-02 1.743328E—-02

10.0 8.77839E—02 8.778397E—02 1.75709E—-02 1.757091E—-02

15.0 8.78271E—02 8.782700E—02 1.78613E—02 1.786122E—02

20.0 8.81004E—02 8.810022E—02 1.83187E—02 1.831864E—02

25.0 8.86090E—02 8.860901E—02 1.89573E—02 1.895727E—-02

figures apply to a 60-layer atmosphere with 10 discrete ordinate streams in the half-space for the
DISORT validation, and 8 streams for the SDISORT comparison.
All weighting function output may be verified against finite-difference estimates

H'ep(Ey) = (1(E)) — 1(E,))/(2erp), (88)

where / (é;t) are the intensities calculated using perturbed values éqi =¢,(1£¢pp) of parameter &, in
layer ¢ for an external perturbation erp. For parameters such as volume mixing ratio for which the
optical thickness dependence is linear, agreement between analytically-derived results % riporT(&y)
and the finite-difference equivalents .#'rp(¢,) can be made very close for small enough é&pp. For
other parameters such as temperature, where the optical property dependence is usually non-linear,
the finite-difference result is at best an approximation.

The delta-M scaling transformation [22] is a useful adjunct to any radiative transfer model dealing
with multiple scattering. It provides a convenient way of dealing with phase functions which are
sharply peaked in the forward scattering direction; the original phase function is replaced by a
delta-function forward peak plus a smoother residual which requires a limited number of Legendre
phase function moments for its description. The delta-M process essentially involves an initial scaling
of the optical depth inputs (single scattering albedo and vertical optical depth) before the RTE is
solved. (Slant path optical thickness inputs must also be scaled when the pseudo-spherical treatment
is required in the RTE solution). In a model with a simultaneous weighting function capability, it
is also necessary to scale the variational inputs {u,,v,} before the RTE is linearized. Details of the
delta-M scaling transformations for LIDORT are presented in Appendix D.

Creating the right inputs for the model is very important, and we will examine this in more detail
in the next section when we consider examples in a real atmospheric situation. We enumerate here
the main geophysical inputs:

1. Layer single scattering albedos w,, for any number of scatterers, each such albedo normalized to
the total layer extinction coefficient. A vertical optical depth grid 7,, plus layer slant path optical
thicknesses «,, for each layer p traversed by the direct beam in its path to a scatter point at
vertical optical depth z,.

2. Surface albedo R and an albedo-normalized bi-directional reflection function specified at all stream
angles (ordinates and off-quadrature) for sufficient Fourier terms.
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3. Layer phase function moment coeflicients f3;,, for layer ¢, scatterer s in this layer, and for sufficient
Legendre moments / to ensure valid application of the delta-M scaling.

4. Variational input u,e which is the relative differential variation of layer single scattering albedo
wgs With respect to atmospheric parameter £. Variational input v,e which is the relative differential
variation of layer extinction coefficient e, with respect to atmospheric parameter ¢.

The LIDORT User’s Guide has a description of the complete package, and a discussion with
examples on the construction of a typical environment for the model and an interface to set up
the appropriate optical property inputs. The User’s Guide also contains instructions on installation
and execution. A test data set has been prepared for release; this is based in part on the example
described in detail in below. The LIDORT source code and User’s Guide may be downloaded from
the SAO web site (http://cfa-www.harvard.edu/pub/lidort/v2).

6. Nadir and zenith examples with the LIDORT model
6.1. Construction of LIDORT inputs for a terrestrial scenario

For the applications considered below in Sections 6.2 and 6.3, we take a terrestrial atmosphere
with height 60 km, a vertical height resolution of 1 km, with O; volume mixing ratios (VMRs)
X,, temperatures 7T, and pressures P, for a “tropical” standard atmosphere [27], interpolated to the
mid-points of each layer. We choose a range of wavelengths in the UV covering the O; Hartley—
Huggins absorption bands. We take O3 cross sections 05)3 (cm?) for layers ¢ to possess quadratic
temperature-dependency. Thus 05’3 =09+ T,01+ T, qzaz, where T, is in °C. Coefficients 6y, g, 0, are
taken from a standard data set [28].

Molecular (Rayleigh) scattering and aerosol scattering are present in all layers. For the wavelength
dependence of the Rayleigh scattering cross section ¢** (cm?) and the depolarization ratio dgay, we
use empirical formulae [29] based on data from Bates [30]. The only non-zero phase function moment
coefficients are ﬂoRay =1 and ,Bgay = (1 — Oray)/(2 + Oray). For the aerosol properties, a LOWTRAN
model [31] is selected, with maritime-type boundary layer aerosol (visibility 23 km, relative humidity
70%) and background stratospheric and tropospheric optical properties. Aerosol scattering coefficients
aner and extinction coefficients e?er (in (cm™')) are linearly interpolated to wavelength. For the
aerosols we assume Henyey—Greenstein phase functions with asymmetry parameters g taken from
the appropriate selection of LOWTRAN aerosol types and interpolated linearly with wavelength
(phase function moment coefficients are 5" =1, and B =g’ for / > 0). The clear sky total optical
thickness for this atmosphere is 1.256 at wavelength 335.4579 nm, with corresponding total Rayleigh
scattering optical thickness 0.759, and total ozone absorption optical thickness 0.00707.

We illustrate the construction of LIDORT inputs for this atmosphere. Writing p, for the average
air number density (cm ™), e, for the layer total extinction coefficient, 4, the layer optical thickness,

and w?ay and w;*er for the layer single scattering albedos, we get:

eq = pglX,00* + "] +e),  with 4, = egh,, (89a)

wqRay = pqaRay/eq and quer = aAer/eq, (89b)
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where A, is the layer geometrical thickness (cm). Together with ﬁ?ay and B2, these results de-
fine the LIDORT model input for the plane-parallel atmosphere in an intensity-only mode. For the
pseudo-spherical approximation, we need the slant optical depths k,, as defined in (32); since the
extinctions are known, these layer optical depths can be specified once the slant path distances s,
in (32) have been worked out from a suitable ray-tracing program.

The second step concerns inputs {u,, v,} for the weighting functions. The definitions are %, [w,]=
$,00,/08, = ugw, and Zyle,] = ¢ 0e,/0, = vye,. We consider two atmospheric parameters &: the
volume mixing ratio X; and the temperature 7,. For {=.X,, the dependence on X, is straightforward
and we can write

Ray __

- O3 Aer
tg = —PeXq0, Jeq, U

u g = —ququ]l”/eq and vy = +quqa;)3/eq. (90)
For =T, the dependence is more complex. From the temperature dependence of the cross-sections,
we find 6023/6Tq =0 +2T,0,. Also we have 0p,/0T, = —p,/T,, since p, = ps(P,Ts)/(PsT,) (the S

suffix indicates values for a standard atmosphere). Using this information in the definitions gives us

e = =T, — ) 0e, /0T, ulyT = —c; ' 0e,/0T, and vz =te; ' de,/OT,, (91)
where
Oey /0T, = —quqfl(qufl)3 + agay) + pgXy(o1 + 2T,07). (92)

6.2. Intensity and O3 VMR weighting functions from LIDORT

We look at two nadir viewing situations: (1) the upwelling radiation field at TOA as seen by
a nadir-viewing satellite such as GOME, GOME-2 or SCIAMACHY; and (2) the downwelling
radiation at the surface as seen by a ground-based instrument measuring sky radiances. In both
cases, we assume a Lambertian surface and no surface or atmospheric thermal emission. We show
results for a wide range of solar zenith angles, concentrating in particular on the higher values from
65° to 89.5° in order to examine the effect of the pseudo-spherical approximation. Line-of-sight
zenith angles will range from 0° to 35°, with azimuth angles as noted. A 10-stream discrete ordinate
solution was used in LIDORT, with an accuracy criterion of 0.001 on the convergence of the
Fourier azimuth series (this model control is sufficient for a UV scenario with a large Rayleigh
scattering component). The examples that follow are indications of the output that the model can
generate.

First we compare pseudo-spherical intensities against comparable plane-parallel results. Fig. 3 (top
panel) shows the differences between the TOA upwelling intensities calculated using the plane-parallel
mode and average secant parameterization to the pseudo-spherical mode. The limitation on the va-
lidity of the plane-parallel assumption is clear. A similar picture emerges for downwelling intensities
at the bottom of the atmosphere (BOA) (bottom panel). These intensities were calculated at a sin-
gle wavelength (335.4579 nm) for a number of solar zenith angles as indicated, for a range of
line-of-sight angles up to 25° and for a relative azimuth of 60°.

Next we look at the pseudo-spherical approximation in a little more detail. In Fig. 4, we show
the effect of neglecting refraction using the average secant parameterization. As noted before, the
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Fig. 3. (Top) TOA upwelling intensities: % difference between pseudo-spherical (average secant) and plane-parallel results
for the geometries indicated, albedo 0.3, wavelength 335.4579 nm; (bottom) the same comparison for downwelling intensity
at the lower boundary.

inclusion of refraction is really a question of providing properly ray-traced optical depth inputs; the
execution of LIDORT itself is not affected by this input choice. All computations were done for
the azimuth-independent term (nadir/zenith viewing) and for a number of heights (optical depths)
through the atmosphere. The top panel (for the upwelling field) indicates the spread of differences
through the atmosphere; the peak around 18 km is clear. The difference is less noticeable for down-
welling intensities (lower panel), where the largest effect is close to the surface for the highest solar
zenith angles.

The average secant pseudo-spherical parameterization is adequate for clear sky scenarios with a
number of optically thin layers. We now examine a scenario where a more accurate parameterization
of the direct beam is useful. To the atmosphere described in Section 6.1, we add a highly scattering
optically thick particulate in one layer. We take a hypothetical polar stratospheric cloud (PSC)
scenario, with a cloud layer of optical thickness 1.0 and single scattering albedo 0.996 between 24
and 25 km. The solar zenith angle is 88°; at this sort of incidence, layers beneath the cloud will be
opaque to direct beam illumination and the light is multiply scattered in this part of the atmosphere.
Fig. 5 shows upwelling intensity LIDORT results for 3 line-of-sight viewing angles at a relative
azimuth of 60°, calculated with the average secant and exponential-polynomial parameterizations
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Fig. 4. (Top) Zenith upwelling intensities in the whole atmosphere: a comparison with and without refraction using the
pseudo-spherical average secant parameterization. Albedo and wavelength as in Fig. 3; (bottom) similar comparison for
zenith downwelling intensities in the lower atmosphere.

of the direct beam attenuation. The latter parameterization required 3 fitted coefficients to ensure
an accuracy of 1% in the beam attenuation through the cloud layer. For the viewing geometries
considered, errors in the intensity due to the average secant approximation are in the range 2.5-4%.
It is clear that for atmospheres with cloud layers, an improved direct beam parameterization will
result in significantly better intensity accuracy.

We now look at some weighting function output. Fig. 6 shows the weighting functions with respect
to O3 volume mixing ratio for all levels in the atmosphere, and for a number (10) of wavelengths in
the Hartley—Huggins range of ozone absorption. Results have been normalized to the peak values; a
pseudo-spherical calculation was performed for albedo 0.3, for two solar zenith angles 35° and 82°,
line of sight 15° and relative azimuth 0°. Below 300 nm, peak values occur at heights that increase
with lower wavelengths. It is this well-known differential scattering height behavior that underpins the
BUV technique for Os profile retrieval in the stratosphere [32]. Note also the increasing tropospheric
sensitivity for the longer wavelengths; this sensitivity tends to disappear with increasing solar zenith
angle.

Fig. 7 shows nadir-view O3 VMR weighting functions at one wavelength (335.4579 nm), calculated
in the average secant pseudo-spherical and plane-parallel approximations for a number of solar zenith
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Fig. 5. Upwelling intensities in the atmosphere using the average secant and exponential-polynomial pseudo-spherical
parameterizations: a comparison. Albedo and wavelength as in Fig. 3; geometries as indicated.

angles. The top panel shows results for the satellite application (TOA upwelling) at four selected
solar zenith angles. There is a significant loss of tropospheric sensitivity for higher solar zenith
angles. Note also the spurious upward drift of the peak sensitivity for the plane-parallel results. The
lower panel illustrates in more detail the differences in these results.

6.3. LIDORT model simulations for wide off-nadir satellite viewing

Under normal viewing conditions, GOME-2 has a swath width of 1920 km; at the extremes,
the line-of-sight at the satellite is ~ 48° from the nadir (this translates to a zenith angle of ~
55.3" at the top of an atmosphere of height 100 km). The swath for the OMI instrument is even
larger (~ 2600 km), the off-nadir line-of-sight angle at the satellite being 57° at the swath ends.
Wide-angle views are also a feature of the GOME and SCIAMACHY instruments operating in
special polar-viewing modes [9]. As noted in the Introduction, the regular pseudo-spherical model
treats all scatter events along the zenith AC in Fig. 1 (the solar zenith angle is always 0,4 ); the solar
path to the point of scatter is attenuated in a curved atmosphere. In the enhanced pseudo-spherical
approach, we consider precise calculations of the single scatter at all points P, along AB, treating both
solar beam and line-of-sight attenuation for the curved atmosphere. All multiple scatter contributions
to the upwelling intensity /g are computed from regular LIDORT computations done for points along
AB. We adopt the source function integration method to compute /g.

Referring to Fig. 1, consider points P, and P,_; at the lower boundaries of layers n and n — 1
respectively. Using an integration of the RTE along the segment P,P,_;, we can write:

L1 =1,0, + A5 1 AMS), (93)



R.J.D. Spurr!Journal of Quantitative Spectroscopy & Radiative Transfer 75 (2002) 129-175 161

Nadir—view Normalized Oz Weighting Functions

60 L (shortest wavelength highest peak)
L 289.0591 nm
| 2929115 nm _
296.0770 nm S————
— L — ——— —
40 300.1201 nm —
€ e e
=, o 304.7851 nm .ﬁ,/
— L 3092146 nm a—
< | 314.1690 nm
‘> 319.8976 nm
< 20 325.0447 nm
o 335.4579 nm
L Solar zenith angle = 82.0°
0 . L
-1.5 -1.0 -0.5 0.0
60 L Relative azimuth = 0.0°
L Output zenith = 15.0°
L surface albedo = 0.3
c 40—
=, L
= L
=y r
2 20
L Solar zenith angle = 35.0°
0 . L
-1.5 -1.0 -0.5 0.0

Kioa normalized to peak value

Fig. 6. TOA upwelling O3 VMR weighting functions for a number of wavelengths as indicated. Output is normalized to
the peak values.

where O, is the line-of-sight transmittance along the segment, A s the layer-integrated single
scatter contribution to the upwelling radiance, and AMS s the layer-integrated upwelling multiple
scatter contribution. For a curved atmosphere with appropriate viewing geometry along the segment,
0, and ALY are evaluated accurately in a separate calculation for the single scatter. AMS) g simply
replaced by the upwelling whole layer multiple scatter contribution derived in Eq. (29) from the
LIDORT model. Since viewing geometries vary along AB, separate LIDORT calculations should be
done for each geometry {0,,,,¢,} at P, (where ¢, is the relative azimuth angle).

The recursion (93) starts with the upwelling intensity /5 at the lower boundary at position
A, and finishes with Ig, the upwelling intensity at B. I, is returned from a LIDORT calcula-
tion with the appropriate geometry at A. Between A and B, one can reduce the number of in-
termediate multiple scatter calculations by calling LIDORT for a small subset of points along
AB (to include the first and last points P; and A), and then interpolating the multiple scatter
source term output against the cosine of the solar zenith angle along AB. (Remember that a
single LIDORT call can return layer-integrated multiple scatter terms for «ll layers in the atmo-
sphere). Any error induced by this interpolation will be very much smaller than the basic en-
hancement itself. Note also that the corrected single scatter computation uses the phase function
directly without the truncation implicit in the discrete ordinate treatment. A similar approach us-
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Fig. 7. (Top panel) TOA upwelling O3 weighting functions in the nadir direction for 4 solar zenith angles, wavelength
335.4579 nm, albedo 0.3; (lower panel) corresponding percentage differences.

ing multiple-scatter source terms has been developed for the pseudo-spherical GOMETRAN finite-
difference model [33].

In a non-refractive atmosphere, the scattering angle is a constant for all points on the path AB.
Fig. 1 illustrates the forward scatter situation; for the backward (antisolar) scenario, the scatter angle
will be quite different. We can thus expect some additional asymmetry between the forward and
backward scatter cases. Also, in the forward scatter scenario the solar zenith angle at A is less than
the value at B; for the backward scatter case, the reverse is true (the difference is about F1.5° for
a TOA line-of-sight zenith of 60° for the solar/antisolar positions). This variation in solar zenith
angle is an additional source of asymmetry, both in the single scatter calculation and in the multiple
scatter source terms.

Fig. 8 shows the differences between regular pseudo-spherical LIDORT output and improved
estimates of intensity using the multiple-scatter layer-integrated source term output from LIDORT
and the corrected single scatter calculation. Intensity results were performed for 0° (solar) and 180°
(antisolar) azimuth angles, for a solar zenith angle of 85° and for line-of-sight angles from 0 to
70°. The results were performed at five different wavelengths in the UV for the atmosphere outlined
in Section 6.1 but without aerosols (Rayleigh scattering alone) and with a surface albedo of 0.1.
The results mirror closely those found in [33]. In general the absolute magnitude of the correction
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Fig. 8. Comparison of TOA upwelling intensities from regular and enhanced pseudo-spherical model output, for 0° (solar)
and 180° (antisolar) azimuth angles, solar zenith angle 85°. Rayleigh atmosphere, albedo 0.1. 5 wavelengths as indicated.

is greater for the antisolar scenarios. It is immediately clear that this correction is essential for the
wide-angle viewing geometries of GOME-2 and OMI; differences for viewing zenith angles in excess
of 50° vary from 3% to 8%.

The situation for weighting functions is also straightforward. With respect to an atmospheric
parameter ¢, in layer g, we may apply the linearization operator £, to the recursion (93):

Ll1]= L1010, + 1,0, La[0,] + LAV + L, [AMIH], (94)

Again, %,[0,] and fq[Ag,SS)] may be evaluated directly for a curved atmosphere in a dedicated sin-
gle scatter calculation. Assuming AMIT 16 be approximated by the pseudo-spherical LIDORT value,
then its linearization Qq[AszSH] can also be taken straight from LIDORT output. The linearized
recursion starts with % [/5] which is returned from the LIDORT calculation at A, and finishes with
the weighting function at the top of the atmosphere B.

Fig. 9 shows differences in ozone VMR weighting functions for a solar zenith angle of 85°, a
viewing zenith angle of 55° (this is a typical value for GOME-2 at the swath limits), and for the
solar and anti-solar positions. Calculations were done for the same atmosphere and wavelengths as
used in Fig. 8. The asymmetry between forward and backward scatter weighting function differences
is more marked, with a broad bias apparent for the lowest wavelength (greatest sensitivity). It is
again clear that the correction will be essential for retrievals of ozone profiles from GOME-2 and
OMI.



164 R.J.D. Spurr!Journal of Quantitative Spectroscopy & Radiative Transfer 75 (2002) 129-175

Enhanced/reqular LIDORT 03 VMR weighting function comparison

60 T T
L wavelength (nm): 317.511 |\ | I Rayleigh only ]
........ wavelength (nm): 320.461 |\ | Albedo = 0.1
- — — — wavelength (nm): 324.728 | | | View angle 55° B
[— wavelength (nm): 331.181 [ Solar zenith 85°
wavelength (nm): 335.458 /| |
S
a0 i -
e} ;o i
= /7
g i 7 i
< ’/
20— —]
| <——antisolar N solar——> 7
N
0 . . . . 1 . P . - . . . .
-10 -5 0 5 10

( enhanced/requlor — 1) * 100%

Fig. 9. Comparison of TOA upwelling ozone VMR weighting functions from regular and enhanced pseudo-spherical model
output for solar zenith angle 85°, viewing zenith angle 55° and for the solar and anti-solar positions. Atmosphere and
wavelengths as in Fig. 8.

7. Concluding remarks

In this paper we have described an extension of the discrete ordinate solution of the radiative
transfer equation in a multiply scattering multi-layer atmosphere to the simultaneous calculation
of analytically accurate weighting function fields. A pseudo-spherical treatment of the direct beam
transmittance enables the backscatter fields to be obtained for a range of solar zenith angles up to
90°. Examples of intensity and weighting function output using the numerical model LIDORT were
presented for a number of nadir and zenith viewing earthshine backscatter applications in the UV
part of the spectrum.

The GOME, SCIAMACHY and GOME-2 instruments have the ability to measure earthshine
spectra in two directions of polarization; intensity measurements are polarization-corrected before use
in retrieval algorithms. Vector radiative transfer studies in and around the O, A band have shown
that the polarization correction is critically important for certain GOME retrievals [34]. Comparisons
between scalar (intensity) and polarized vector RT models indicate that the scalar assumption can lead
to significant sources of error in the simulation of backscatter intensity [35]. Feasibility studies have
shown the value of polarization measurements for the retrieval of aerosol properties (see for example
[36]). Polarized light measurements from the POLDER instrument have been used to separate aerosol
and surface contributions to ecarthshine reflectance [37]. This instrument was flown in space on
ADEOS-1 (1996-1997) and a second POLDER device will be on board ADEOS-2 scheduled for
launch in 2001.

Although there are a number of vector RT models in existence, they all calculate the Stokes
vector alone; weighting functions must be estimated by finite differencing. Most retrieval studies
using vector RT models have used phase-space diagrams and look-up tables. Vectorized discrete
ordinate models have been written for a plane-parallel medium [38,39], but the pseudo-spherical
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treatment has not been included. A third version of LIDORT will address these issues, namely
the development of a linearization analysis of a vectorized model for the generation of weighting
functions, and the use of a consistent pseudo-spherical vector RT treatment.
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Appendix A. Green’s function optical depth multipliers

We derive Green’s function optical depth multipliers (45) for the exponential-sine and exponential-
polynomial pseudo-spherical parameterizations. We can define

v
CE) =T c,Kib(x) (A.1)
n=0

by analogy with the coefficient expansions (34a) and (34b), with ¢y =1 for both parameterizations,
and T Ki(x) the average secant results already noted in (46).
For the exponential-sine parameterization, the functions K-(x) for n > 0 are:

K () =e S (f 5 %), (A22)

Kb ) =™ Lu(f1,4) = Lu(f 5] (A.2b)

with the definition

* n 1 - b n - —Fsi n
Supr)= [ e singp)ay = PSS S8 TR0, (A3)
0 ﬂ + ¢n
Here, f = A+ k, and ¢, = nn/A.
For the exponential-polynomial parameterization, the functions KX (x) for n > 0 are:
K, (x)=e " {42,(f;,x) = 2,01(f5 X))}, (Ada)

Kr::z(x) = e+xkx{[A=Qn(f;:A) - Qn—s—l(f;:A)] - [Qn(f(j’x) - Qn-s—l(f;r’x)]} (A4b)
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with definitions
Qn(ﬁ,X)E/ e Py"dy, (A.5)
0

1—ef
B2,(p,x)=n2,_1(B,x) —x"e¢ forn>0 and 20(f,x)= _-c

7 (A.6)

Appendix B. Integrated source term contributions in the post-processing function

In this appendix, we establish the integrated source term contributions that appear in (26). The
appendix is divided into four parts, dealing first with the homogeneous contribution, then the single
scatter contribution, followed by the two particular integral contributions evaluated for the classical
and Green’s function solution methods.

B.1. Homogeneous integrated solution source term contribution

We first look at the contribution H*(x,u) to the source function terms in (26). This may be
written

N
HE (e, p) =Y ALXO (AT (e i) + MXN (A F (x, 0} (B.1)

a=1

where the two functions

2N—1 N
(0]
X0 =53 BiPLG S Ph—awiX ), (B2)
I=m Jj=1
» 2N—1 N
X =5 D7 BP0 D PoliywiXy,” (B.3)
I=m Jj=1

can be thought of as the solution vectors X&P) and XE,N) defined at off-quadrature directions . The
sum over j indicates that the discrete-ordinate solutions have been used in the source function deriva-
tions. The integrated homogeneous multipliers # =+ (x, 1) arise from the optical depth integrations
implicit in the source function derivation. These are straightforward exponential integrals, and the
results are

—xky __ e—AkXQ—(A —x)/u

1 + uk,

HE () = = (B.4)

L e~k _ o—(4=x)/u
Ay ()= T (B.5)
— ‘ll o
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for the upwelling source function terms, and
e_Xka — e_x/:u

A, () = ﬁa

(B.6)

e—(A—x)kx _ G_Ak“e_x/”

1 + pk,
for the downwelling terms. These results have appeared a number of times in the literature (see for
example [20]). To evaluate whole layer source terms we set x =0 in (B.4) and (B.5) for upwelling
contributions, and x =4 in (B.6) and (B.7) for the downwelling terms. The whole layer multipliers
are

A (o) = : (B.7)

— efAkxefA/ﬂ

A0, 1) = A (A, 1) =
» (0, 1) 2 (4, 1) 5 ik,

, (B.8)

HIT(0,u)=H, (4, p) = B.9
SOw= A A =T (B9)
B.2. Primary scatter integrated source term contribution
Next we look at single scatter contributions to the integrated source terms. These are
E¥(x, 1) = 0 ()E*(x o), (B.10)
where
+ F@ m
0* (1) = (2 = ,0) 1" (11— pt0) (B.11)
and the single scatter multipliers &F(x, n) are
ex/,u 4 e_x/,u x
o= [ 1oy and s =" [ (e a. (B.12)
woJ 0

where T(y) is the direct beam transmittance. These results (B.12) are valid for all parameteriza-
tions of the direct beam attenuation; furthermore, they are independent of the Fourier index m in
(B.11), so only need evaluation once. The integrations are straightforward for the average secant
parameterization T(y) = T exp(—y):

—xA __ e—A/le—(A—x)/y

~ €
&* =T
(x, ) T

, (B.13)

e—xﬂ_ _ e—x/y
1 —pul

The plane-parallel result may be obtained by setting A=y, ! Note also that 1’Hopital’s rule should
be used in (B.14) when / is close to u~!'; the limiting value is:

lim &~ (x, u) = —Txie ™ (B.15)
H— 4

E (u)=~-T (B.14)

Whole layer source term contributions are obtained by setting x=0 in (B.13) (upwelling), and x=4
in (B.14) (downwelling).



168 R.J.D. Spurr!Journal of Quantitative Spectroscopy & Radiative Transfer 75 (2002) 129-175

For the other pseudo-spherical parameterizations we have some additional terms corresponding to
the series expansions used in these approximations. We may write

AN*

T
EF(x 1) = Exg(x, 1) + m > el ), (B.16)

n=1

where gffs(x, u) are the average secant multipliers from (B.13) and (B.14), and for n > 0,

A
W= e sin(Y) ay,

X

W (e, 1) = e / e*y“ﬂ"l)sin(mz‘—y) dy (B.17)
0

for the exponential-sine parameterization, and

A
W () = / e y4 — ) dy,

W = [T e 0y - yydy (B.18)
0

for the exponential-polynomial parameterization. In both cases, the integrals are straightforward and
mirror similar calculations in Appendix A.

B.3. Classical particular solution integral source term contributions

We first look at the contributions D¥(x, i) to the source function terms in (26) from the classical
form of the particular integral. We do this for the average secant form G;(x) = F;T(x), where
T(x) = T exp(—x2) and the vector F was determined in Section 3.3. The results are

DE(x, ) = FE(u)Z*(x, ), (B.19)
where
» 2N—1 N
FEu)=5 Y BP0 ) Po(FupwiFy (B.20)

I=m Jj=1

can be thought of as the particular solution vector F defined at off-quadrature streams u. Since the
particular solution has the same optical depth dependence as the single scatter term in the previous
section, the integrated classical solution multipliers % (x, i) are

TH(x, 1) = Eg(x, 1) (B.21)

as defined by results (B.13) and (B.14) for the average secant approximation. One can also use the
results in Egs. (B.16)—(B.18) for the other parameterizations. This would require additional functions
such as (B.20) to be defined for each term in the coefficient expansion beyond the average secant.
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B.4. Green’s function integral source term contributions

Since the Green’s function particular integral is also an expansion in terms of homogeneous
solution vectors, we would expect the analysis to be similar to that above in Appendix B.1. Recalling
the particular integral definitions from Section 3.3, we may write

N
D, 1) =Y {a X (W5 (1) + b XD (x, 1)} (B.22)

a=1

where XOEP)(,u) and XOSN)(,u) have been defined in (B.2) and (B.3) respectively, with a, and b, given
by (43).

The integrated Green’s function multipliers 2**(x, i) again arise from the optical depth integra-
tions implicit in the source function derivation. They are

A
| cEmemay, (B.23a)

—x/u

e)c/;t
Do) =

_ (]
DyE(x, ) =

| cEomermay, (B.23b)
0

for the upwelling and downwelling contributions respectively. For the average secant (and by default,
the plane-parallel) parameterizations, explicit expressions for CF(y) were written down in (46).
Using these results, one can carry out the integrations to give

Te Y A5 (x, 1) £ ¥ (x, 1)

++
_ B.24
Zaen Lo , (B.24a)
7 —AL —+ —
9 0e ) = L s l(’i‘;{)i‘g v 1) (B.24b)

for upwelling and downwelling multipliers respectively. The quantities #F* have been determined
above in Egs. (B.4)—(B.7), while &% have been determined for the average secant case in (B.13)
and (B.14). Expressions (B.24a) and (B.24b) are convenient for computation; it is obviously possible
to write out the full results in terms of many transmittance factors.

For the exponential-sine and exponential-polynomial parameterizations, we can substitute the re-
sults of Appendix A for CF(y) in (B.23a) and (B.23b). All integrals are again straightforward
and we summarize the results for the exponential-polynomial parameterization. For the upwelling
multipliers, the results are:

A N*
T X,
2T = et N ek (), (B.25)
n=0

where ¢ =1, and the first term in the series duplicates the average secant result (B.24a). For n > 0
the K-functions are:

KT 1) = 606 1) F AR T, 07,%) £ Rua (T 5955%) (B.26)

no

with the function # defined by the recurrence relation

ﬂ%n+1(ﬁ’ V,X) = n%n—l(ﬂa ’)),X) - Qn(ﬁ + ’)),X) (B27)
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for general inputs § and y. The function 2,(f,x) was defined in (A.5). The particular arguments are
ff=)+k,and gF =y~ + k,. We also have

G (X 1) = AR [ G52 4) — Rnir ([ 295 D), (B.28)

G (x 10) = I (W[ 20(9; > A) — 20(g5 ,X)] — ARu(f . 95 - 4)
+%n+l(f;_7 g;, A)’ (B29)

fmc(f;r) = AQn(f:cr’A) - QnJrl(f;:A)- (B30)

For the downwelling multipliers, one finds similar results:
T o
D@ ==Y K (), (B31)
H n=0

where ¢y =1, and the first term in the series duplicates the average secant result (B.24b). For n > 0
the K-functions are:

KO p) = G i) £ AR(f =07,2) F Ruia (f, —7,%) (B.32)
with the function # defined in (B.27), and /3 and gF as before. We also have

C (X, 1) = 0, (B.33)

C (X, 1) = L 0a([3)20(—G5 %) (B.34)

where #,,(f)) was given in (B.30).

Appendix C. Linearization analysis of the post-processing source terms

We wish to apply the linearization operator .# to each of the source term contributions that appear
in the post-processing result (26). The procedure is based on linearization results already obtained
for the discrete ordinate solutions in all layers and the linearizations of the boundary value constants,
and application of the chain rule of differentiation. The algebraic manipulations are fairly extensive
but quite straightforward, illustrating once again that the determination of partial derivatives of the
complete discrete ordinate intensity field can be done in an entirely analytic fashion. We follow
the same sequence as in the previous appendix. Linearizations for the particular integrals and the
single scatter terms are confined to the average secant parameterization of the pseudo-spherical
treatment.

C.1. Linearization of the homogeneous source term contributions

We first look at the source function contributions H*(x, 1) from the homogeneous solutions. We
apply the chain rule to (B.1), noting that £ ,[L,,] and Z,[M,,] are known from the linearization
analysis of the boundary value problem. All other quantities in (B.1) have vanishing derivatives for
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p#q, so we will drop the index ¢ in the rest of this section. From (B.2) and (B.3), we find

2N 1

LX) =2 ZﬂzPl(ﬂ)ZP( uw L1+ uxy}, (C.1)
2N 1

LXNG1 =2 ZﬁzPl(#)ZPl(+H,)W/{$[ X507+ ux)) ), (C2)
I=m

where the layer index ¢ is assumed throughout. The terms with X, arise from the linearization
Zlw] = uw.

Next we look at the linearizations of the homogeneous multipliers defined in (B.4) and (B.5). We
proceed by chain rule differentiation, using the known result for #[k,] from Section 4.2 and the
linearization rules #[4] = v4 and #[x] = vx from Section 4.1. The result for # " is:

— AT WS o — € Faxy, + e eI Ay, + (4 — x)op!]

LI = C3
A5 (e o)] ok . (©3)
where f, = Z|k,], and y, = vk, + f,. In a similar vein, we find:
_ H L (x, y— e k(A — x)p, + e UIM(A — x)op!
— ‘u/ka

_ H [ (x, L — e oy, + e (A — x)ou~!

LA o )] = L T / Skl (C5)
1 — uk,

_ - (x, L, — e (A —x)y, + e e Ay, + xopu!

LA ()] = ot ( )y (47 1 (C.6)

1 + uk,

As with the original multipliers, values of these linearizations at the layer boundaries can be obtained
by setting x =0 in (C.3) and (C.4), and x = 4 in (C.5) and (C.6). The above results appeared in
SKC in a slightly different form.

C.2. Linearization of the single scatter source term contributions

We start with the definition of Ef(x,,u) in (B.10), this time keeping an explicit layer indexing
throughout. Applying the linearization operator £, for a parameter {, varying in layer ¢, we find

LJES (x5, 1] = O ()]0 pgtg 5 (x5, 1) + L[ 65 (x, )]} (C.7)

Q;F(,u) as defined in (B.11) is directly proportional to w,, so the corresponding linearization is
then o pqquf(,u). For the second term in (C.7), we apply linearization to the definitions of these
multipliers given in (B.12). Using the linearizations established in Section 4.1 for D?q[f »] and
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Ly[Ap], we get
“Pxxp +e ‘Pef(Aqfx)/”[Aqqu + (4 — x)épqvq:“il]

L& = T, + 6, ), (C.8a)
Ly ey g+ A pg + X0 gt "] i
Z48,1= (i, + 6,7, (C.8b)
where the dependence of @@;F on (x,u) has been assumed, and
LT L2
ot = qA[ ol o 1Ll ) and  ypg = Ly[Ap] 4 0 g0, (C.9)

pq T, 1+ ul,

A form of these results were derived for the plane-parallel case in SKC using a perturbation analysis.
The above results are a generalization to the average secant pseudo-spherical approximation, and it
is clear that there are important contributions to multipliers in layer p from variational derivatives
in layer g above p. This illustrates the care that need to be taken in setting up the linearization rules
for the pseudo-spherical case.

C.3. Linearization of the classical particular solution source term contributions

From the definition (B.19), we find

L4[D5 (x, )) = L F S (1L, (5 1) + F ()2 o[ 25 (5, )], (C.10)
For the first term, we note that
2N—1
L FEW] = Z p.P), (M)ZP’( WAL [F;5] + 0 pgtgFip ). (C.11)

j=1

This is similar to the result in (C.1), and follows from the definition in (B.20). Note that the particular
solution discrete ordinate vector Ff has cross-layer derivatives outside layer p; the linearization of
this vector was dealt with in Section 4.3. Finally, since the multipliers @f are actually equal to gf,
then we may use the results already established for gq[gif] in (C.8a) and (C.8b).

C.4. Linearization of the Green’s function particular integral source term contributions

Although the Green’s function particular integral source term contributions defined in (B.22) have
a number of contributions, we may use the results established in Appendices B and C to simplify
the analysis considerably. We retain layer indices throughout. In applying chain-rule differentiation
to the terms in (B.22), we note that

L lap X5 (x, 10)]

= 5pq$q[apo¢X(P)(M)]<@ () + ame(P)(,u)g [@ (1)) (C.12)
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since the terms a,, and X g;)(,u) have no optical depth dependence. Their linearizations are given,
respectively, by (69) in Section 4.4 and (C.1) above. Similar remarks apply to the combination
bpX, ,(,];])(,u) which comprises the second half of (B.22). We are thus left with the task of determining
linearizations for the multipliers Qlimi.

We note that the Green’s function multipliers defined in (B.24a) and (B.24b) are expressed in
terms of multipliers Jf;fi and @@f. Since we already have linearizations for these quantities, a
straightforward application of the chain rule in terms of known linearizations will yield the desired
result. Compacting the notation somewhat by dropping the (x,u) dependence which is assumed
throughout, we find

{0y [%ﬂ;oﬂ + ‘ppq%ﬁ};ai} + gq[@@;] - @ﬁtwma

Lol Dh 1= L : (C.13)
1% @-:ﬁ: o Qop{épng[%;ai] + ‘ppq%;ai} + gq[g;] - @;aiwpqi 14
17551 = s , (C.14)
where the following auxiliary quantities are evident:
pp=T,e ", (C.15)
Lylop] _ L4lT )] ,
Ypg = — 2 = T2 A (8 pgdp + Lollp))s (C.16)
(pp P
w;j;:qa = Lol Apl £ 0pq L glkpsl. (C.17)

This completes the linearization of the Green’s function particular integral source term contributions.

Appendix D. Delta-M scaling transformations

We restrict the discussion to an atmosphere with one scatterer. For single scattering albedo w,,
optical thickness 4, and phase function moment coefficients f;, in layer ¢, the delta-M scaling [22]
is

5y = g Ay =A,1 =, fy) withﬁ,q:ﬂlq_fq(21+l).

A w0, -7,
Here, [ =0,...,2N — 1 and f, = fuy/(2M + 1) is the truncation factor in layer g, with M = 2N
indicating that all scaled phase function moment coefficients B,q for / > M are zero. As far as the
pseudo-spherical approximation is concerned, we note that all spherical optical depths «,, as defined
in (32) scale in the same way as 4,,.

This result is standard in intensity-only radiative transfer models; see [21] for more details. For a
model such as LIDORT with additional inputs {u,,v,} expressing the relative partial derivatives of
w, and e, due to some parameter £, varying in layer ¢, we must also consider the scaling of these
inputs. Remembering that % [w,] =u,w, and £ ,[4,]=v,4,, one can simply apply the linearization

(D.1)
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operator to the first two results in (D.1) to define scaled values {i,,7,}. The result is

u _ w u
1 —wyfy 1 —w,fy

It is straightforward to extend these scaling results to a layer with a number of particulates, bearing
in mind the combination forms

Wy = Z Wys, wqﬁlq = Z quﬁlqs and wqﬁlqulq = Z ﬁlqsquuqs (D3)
s s s

(D.2)

which are used in the RTE (see Section 4.1).
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