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Abstract. The Gauss—Seidel limb scattering (GSLS) radia-
tive transfer (RT) model simulates the transfer of solar ra-
diation through the atmosphere and is imbedded in the re-
trieval algorithm used to process data from the Ozone Map-
ping and Profiler Suite (OMPS) limb profiler (LP), which
was launched on the Suomi NPP satellite in October 2011.
A previous version of this model has been compared with
several other limb scattering RT models in previous stud-
ies, including Siro, MCC++, CDIPI, LIMBTRAN, SASK-
TRAN, VECTOR, and McSCIA. To address deficiencies in
the GSLS radiance calculations revealed in earlier compar-
isons, several recent changes have been added that improve
the accuracy and flexibility of the GSLS model, including

1. improved treatment of the variation of the extinction co-
efficient with altitude, both within atmospheric layers
and above the nominal top of the atmosphere;

2. addition of multiple-scattering source function calcula-
tions at multiple solar zenith angles along the line of
sight (LOS);

3. introduction of variable surface properties along the
limb LOS, with minimal effort required to add variable
atmospheric properties along the LOS as well;

4. addition of the ability to model multiple aerosol types
within the model atmosphere.

The model improvements 1 and 2 are verified by comparison
to previously published results (using standard radiance ta-
bles whenever possible), demonstrating significant improve-
ment in cases for which previous versions of the GSLS model
performed poorly. The single-scattered radiance errors that
were as high as 4% in earlier studies are now generally re-
duced to 0.3 %, while total radiance errors generally decline
from 10 % to 1-3%. In all cases, the tangent height depen-
dence of the GSLS radiance error is greatly reduced.

1 Introduction

Incoming solar irradiance interacts with the Earth’s atmo-
sphere as it penetrates downwards towards the surface. The
nature of these interactions depends upon the composition
of the atmospheric layers, and this fact has been exploited
by many successful remote sensing techniques that use ob-
servations of the radiation that exits the atmosphere to learn
about atmospheric composition. Several viewing geometries
have been exploited in this way, such as observing down-
welling radiation at the Earth’s surface, upwelling radiation
at the top of the atmosphere (TOA), and the internal radiation
field within the atmosphere. Upwelling radiance at the TOA
along the line of sight (LOS) that passes near (but above) the
horizon, and therefore does not intersect the Earth’s surface,
is commonly known as limb scattering (LS), as illustrated in
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Figure 1. Illustration of the limb scattering viewing geometry (from
Rault and Loughman, 2013).

Table 1. Rayleigh scattering cross section og and ozone cross sec-
tion o used in comparisons to L04 results. These values are taken
from Table 3 of LO4.

A (nm) 325 345 600
og (cm?)  4.022x 10728 3,120 x 1026 3.167 x 10~27
oo (cm?)  1.451 x 1020 0 5.21709 x 1021

Fig. 1. LS observations have been successfully employed to
infer the properties of the Earth’s atmosphere in several past
and present remote sensing missions, such as SME (Rusch
et al., 1984; Mount et al., 1984), SOLSE/LORE (McPeters
etal., 2000), OSIRIS (Llewellyn et al., 2004), SCIAMACHY
(Bovensmann etal., 1999), SAGE IlI (Rault, 2005), GOMOS
(Kyrola et al., 2004), and Ozone Mapping and Profiler Suite
(OMPS) limb profiler (LP) (Flynn et al., 2006).

An essential tool for interpretation of LS observations
is a radiative transfer (RT) model capable of simulating
the LS radiance field for a specified atmosphere. Many
models have been developed to simulate LS radiances, in-
cluding the DART (Whitney, 1977), Siro (Oikarinen et al.,
1999), LIMBTRAN (Griffioen and Oikarinen, 2000), CDIPI
(Rozanov et al., 2001), VECTOR (McLinden et al., 2002),
MCC++ (Postylyakov, 2004), Gauss—Seidel limb scatter-
ing (GSLS) (Loughman et al., 2004), McSCIA (Spada
et al., 2006), SASKTRAN (Bourassa et al., 2008), McAr-
tim (Deutschmann et al., 2011), MOCRA (Premuda et al.,
2012), and SCIATRAN (Rozanov et al., 2014) models. A
previous paper (Loughman et al., 2004, called L04 herein)
assesses the consistency of several LS RT models at an earlier
stage in their development and has provided a useful bench-
mark for subsequent RT model development (Spada et al.,
2006; Bourassa et al., 2008; McLinden and Bourassa, 2010).
The L04 paper highlighted several shortcomings in the GSLS
model, and improving the model by rectifying those short-
comings is the primary motivation for the present work.

2 GSLS model overview

The GSLS model is built from the previous models described
by Herman et al. (1994, 1995) and is summarized in L0A4.
The model atmosphere is specified by input pressure, tem-
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perature, absorbing gas number density, and aerosol extinc-
tion profiles (the profiles used in this study mimic the L04
profiles and are provided in the Supplement). The ozone and
Rayleigh scattering cross sections also follow L04 and are
given in Table 1. Refraction and molecular depolarization
by molecular scattering are included as options in the GSLS
model but are turned off in this study (to enable comparisons
with L04 results). For L04 comparisons, the aerosol scatter-
ing properties are specified by the Henyey—Greenstein phase
function, with single-scattering (SS) albedo =1.0 and asym-
metry parameter =0.7. In later work (see Sect. 4.5), Mie the-
ory is used to calculate the aerosol scattering phase functions.

The viewing geometry is specified by the solar zenith an-
gle and relative azimuth angle at the tangent point (TP) for
the LOS, denoted by 67 and ¢r, respectively. Radiances are
calculated at several wavelengths A and tangent heights 4.
For single-scattering calculations, the solar beam attenuation
is calculated to each point along the LOS, including the cur-
vature of the spherical atmosphere as well as the variation of
solar zenith angle and solar beam attenuation along the LOS.
The attenuation of the scattered beam along the LOS is also
calculated accounting for the curvature of the atmosphere.
The multiple-scattering (MS) source function is calculated at
one or more points along the LOS using the pseudo-spherical
version of the RT model described by Herman et al. (1994,
1995). In the LO4 GSLS model, the MS source functions
were calculated only at the TP (solar zenith angle=#67), il-
lustrated by the point T in Fig. 2. This has been updated to
calculate the MS source functions at multiple solar zenith an-
gles along the LOS in the present GSLS model, as described
further in Appendix A.

The GSLS model has been used for retrieval applications
on missions including SOLSE/LORE (Flittner et al., 2000),
SAGE IlI (Rault, 2005; Rault and Taha, 2007), GOMOS
(Taha et al., 2008), SCIAMACHY (Taha et al., 2011) and
OMPS LP (Rault and Loughman, 2013). These retrieval al-
gorithms have shown a remarkable degree of accuracy de-
spite the shortcomings of the GSLS model, but development
of a more accurate version of the GSLS model is desirable
for the purpose of interpreting residuals (differences between
measured radiances and radiances calculated for the desired
model atmosphere). This paper is devoted to describing and
demonstrating the improvements made to the GSLS model.

3 OMPS instrument description

The OMPS instruments were designed and built by Ball
Aerospace and Technology Corporation. The suite includes
three instruments: a nadir profiler instrument carrying on
the Solar Backscatter Ultraviolet Radiometer measurement
record, a nadir mapping instrument carrying on the Total
Ozone Mapping Spectrometer/Ozone Monitoring Instrument
measurement record, and the limb profiler instrument. OMPS
LP measures the LS radiance by simultaneously imaging the
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Figure 2. Illustration of the LS geometry. The radiation travels
along the LS LOS from the TOA at point E downward to the tan-
gent point T, then upward to the TOA at A. Zeniths originate at
the center of the spherical Earth O and radiate outward through the
atmosphere (from Fig. 9 of Loughman et al., 2004).

entire vertical extent of the limb through three vertical slits
that cover a vertical tangent height range of approximately
100 km, with an instantaneous field of view that translates
to approximately 1.3-1.7 km tangent height. The wavelength
range is 290-1000 nm, dispersed by a prism that provides
high spectral resolution (1-2 nm) in the UV but lower spec-
tral resolution at longer wavelengths (11 nm at 600 nm and
31 nm at 1000 nm).

As the name implies, the OMPS instrument suite was de-
signed primarily to measure ozone column amount and pro-
file information. The OMPS LP instrument also has signif-
icant sensitivity to other species (such as molecular number
density, NO2, and aerosols), but the relatively low spectral
resolution is not optimal for NO» retrievals, and the radiance
characterization must be improved to take full advantage of
the aerosol sensitivity of the measurements (for example, re-
ducing the residual stray light at 1000 nm to a level signifi-
cantly below its current 10 % level) (Jaross et al., 2014).

The first OMPS mission was mounted on the Suomi NPP
satellite, which launched on 28 October 2011. Suomi NPP is
in a near-circular, sun-synchronous orbit, with a 01:30 p.m.
local equator crossing ascending node and a mean altitude
of 833 km. The center slit of OMPS LP is aligned with the
satellite ground track, with the other two slits aimed 4.25° on
either side. This orbit dictates the viewing geometry of the
OMPS LP measurements; in particular, the single-scattering
angle at the TP ®r is largest (approaching 160°) as the sunlit
portion of each orbit begins in the Southern Hemisphere and
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smallest (approaching 20°) at the end of the sunlit portion
in the Northern Hemisphere. For more comprehensive infor-
mation concerning the OMPS LP sensor, consult Flynn et al.
(2006), Rault and Loughman (2013), and Jaross et al. (2014).

4  GSLS model improvements
4.1 Optical path lengths

Siro is a Monte Carlo model that accounts for all of the com-
plications associated with RT in the limb of a spherical at-
mosphere, and it therefore served as the benchmark in the
L04 radiance comparison study. That study notes a bias in
the GSLS SS radiances relative to the Siro SS radiances, aris-
ing from the approximation used to calculate the limb optical
path length ¢ through a layer in the L04 version of GSLS.
The correct calculation of t requires integrating the extinc-
tion coefficient g along the LOS through the relevant layer.

T =/sﬁds/ o))
0

In both LO4 and the current study, the influence of refraction
is neglected, so it is appropriate to refer to the path taken by
a photon as a straight line, with the geometric path length
coordinate s’ increasing from 0 to s as the photon traverses
the layer. The model atmosphere is defined by specifying the
value of 8 at discrete altitudes within the model atmosphere
(by specifying values from which g8 can be derived, such as
the number densities and cross sections for various sources
of extinction). In both L04 and this study, the model atmo-
sphere consists of 100 layers, each 1 km thick, with the top
of the atmosphere 100 km above the Earth’s surface (the sig-
nificance of the top of the atmosphere in the RT model is
discussed further in Sect. 4.4).

This atmospheric definition provided each model in the
L0O4 comparison with consistent values of 8 at the top (8;)
and bottom (B;) of each layer but allowed the various RT
models to make different assumptions about how 8 should
vary within the atmospheric layers. In the L04 version of
GSLS, the average value of g within the layer is multiplied
by the layer geometric path length s to determine 7 in all
layers except the tangent layer; that is,

__s(Bitpo)
SRl

As noted in L04, the Siro model makes a more accurate ap-
proximation by assuming that 8 varies as a linear function
of altitude within each layer. Figure 4 of L04 shows that this
assumption has a significant impact on the LS radiance cal-
culation, particularly for the single-scattered radiance: the SS
radiances calculated by the L0O4 GSLS model agree well with
the SS radiances produced by other models that use the ap-
proximation given in Eq. (2) and also agree with Siro SS ra-
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Table 2. Cases for which the L04 and current GSLS radiances are
compared to Siro radiances.

A (nm) 325, 345, 600 nm

h (km)  10-60 km (5 km steps)
or (°) 15, 60, 80, 90

o7 (°) 20, 90, 160

diances for tangent height 2 ~ 10 km. However, the SS ra-
diances calculated by models that use Eq. (2) diverge from
the Siro SS radiances as & increases, disagreeing by as much
as 1% for h = 60 km. When the Siro model was modified to
calculate t as shown in Eq. (2), the SS radiance differences
were greatly reduced.

Figures 3a and 4a collect information shown in Figs. 6-8
of L04 in a different format, showing the difference between
the LO4 GSLS SS radiances and the Siro SS radiances for
the cases listed in Table 2. Cases are specified by A, 67, and
¢r. The differences in Figs. 3a and 4a range from —2.6 %
to +3.6%. In Figs. 3b and 4b, Siro SS radiances are instead
compared to the current GSLS SS radiances. Implementa-
tion of the linear variation of 8 with altitude in the current
GSLS model both reduces the disagreement range and virtu-
ally eliminates the altitude dependence of the disagreement.

Another GSLS error was also discovered and corrected
during the development of this paper. This error was related
to the aerosol phase function, which is calculated twice in the
GSLS model: once at the exact ®7 value (appropriate for SS
calculations) and again at 1° increments in scattering angle
(appropriate for MS calculations). In the L04 GSLS model,
the latter aerosol phase function was used for SS calculations
(using the gridded scattering angle nearest ©¢) rather than
the former. The associated error in the total phase function
value was small in most instances, but it led to significant
radiance errors in the worst cases. The worst cases occurred
when the value of ®7 was near a half-integer, the aerosol
phase function was changing rapidly with scattering angle,
and the scattering was dominated by aerosols (i.e., the for-
ward scattering region, at longer wavelengths). In the worst
cases among the LO4 tests (A=600nm, 67 = 60° or 80°,
¢ = 20°), the resulting SS radiance error was as large as
1.5%.

Figure 3billustrates that the GSLS SS radiances now agree
with their Siro counterparts, with disagreement ranging from
—0.02 to +0.26 %. The agreement deteriorates slightly due
to the large solar zenith angles for the cases shown in Fig. 4b,
but remains in the range —0.025 to +0.85 %. Excluding the
01 = 90° cases reduces the range of disagreement to —0.025
to +0.33 %.

The generally close agreement between Siro and current
GSLS SS radiances is not surprising, since both models now
use the same approximation for the variation of 8 within at-
mospheric layers. The method used to compute t when g
varies linearly with altitude in the current GSLS model is pre-

Atmos. Chem. Phys., 15, 3007-3020, 2015

60
a)
50 |-
€
= |
® 40
=
@
T
ol
c
o 30
f=2]
c
©
st
20}
polt e i N ) |
- 25 2 15 A 05 0 0.5 1
L04 SS difference from Siro (%)
60
b) — 32515°20°
———— 345,15°,20°
50 ———— 600,15°,20°
s — — —  325,15°90°
T — — —  34515°90°
£ — — —  600,15°90°
= sl ——— 325,15°,160°
5 —— 345,15°,160°
S ——— 600,15°,160°
I — 325,60",20“
e s 345,60°,20°
g sor — 600,60°,20°
g | - = = 32560°90°
- = = =  345,60°,90°
= = = 600,60°,90°
20 - 325,60°,160°
- 345,60°,160°
- 600,60°,160°

10\\1Iw|||wlww||w|wlwww: TR B |

-2 -1.5 -1 -0.5 0 05 1
SS difference from Siro (%)

Figure 3. (a) Comparison of L04 GSLS SS radiances to Siro SS
radiances for 67 = 15° and 60°. (b) Comparison of current GSLS
SS radiances to Siro SS radiances for the same cases. The figure
legend indicates A (nm), 67 (°), and ¢7 (°). Agreement with Siro
results is improved by allowing g to vary linearly with altitude in
the current GSLS model, as described further in Appendix B.

sented more fully in Appendix B. It is relatively straightfor-
ward, admitting an analytic solution and requiring only appli-
cation of integral forms that are readily available in standard
references. Its computation cost is therefore modest (produc-
ing a negligible increase in calculation time).

As shown in Figs. 3—-4, implementing the linear varia-
tion of B8 with altitude produced significant improvement in
the SS radiance comparison. Similar modifications were also
made to allow the GSLS model to compute layer path lengths
the same way in the MS source function calculations as well.
As noted in L04, the MS source functions are computed us-
ing a modified version of the “cone code” described in (Her-
man et al., 1994, 1995). Given the short path lengths between
the zenith and conical boundary and the relatively small con-
tribution of LS paths to the overall value of the MS source
function, this modification produced a negligible change in
the MS radiance calculation.
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Figure 4. (a) Comparison of L04 GSLS SS radiances to Siro SS
radiances for 67 = 80° and 90°. (b) Comparison of current GSLS
SS radiances to Siro SS radiances for the same cases. The figure
legend indicates A (nm), 67 (°), and ¢7 (°). Agreement with Siro
results is improved by allowing g to vary linearly with altitude in
the current GSLS model, as described further in Appendix B.

4.2 MS solar zenith angles

As described in Appendix A of L04, the LO4 GSLS model
computes the MS source function for the solar zenith angle

at TP (0r) for the LOS of interest (see OT in Fig. 2). This ap-
proximation contributes to the speed of the L04 GSLS model
at the cost of lost accuracy for some MS radiance calculations
in which the MS source function varies significantly along
the LOS. The total scattered (TS) radiances (TS =SS + MS)
calculated by the L04 GSLS model differ from the Siro ref-
erence radiances by as much as 12 % for surface reflectiv-
ity R =0.95 and 67 < 80°, as shown in Fig. 5a (which dis-
plays information taken from the Figs. 6-8 of L04 in modi-
fied form). For cases when the LOS is optically thin (such as
Fig. 6a), the radiance is dominated by contributions from the
layers near the TP, so use of the MS source function values
calculated at the TP for the entire LOS integration causes lit-
tle error. However, the L04 GSLS radiances differ most from
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Figure 5. (a) Comparison of L04 GSLS TS radiances to Siro TS
radiances when R = 0.95, at 67 = 60° and 80°. (b) Comparison of
current GSLS TS radiances to Siro TS radiances for the same cases.
The figure legend indicates A (nm), 67 (°), and ¢ (°). Agreement
with Siro results is improved by the introduction of calculations
with Ng > 1 in the current GSLS model, as described further in
Sect. 4.2 and Appendix A.

the Siro radiances for ultraviolet (UV) wavelengths (325
and 345 nm) at small tangent heights (2 < 30 km), where the
LOS optical path becomes large and contributions from the
layers between the TP and the observer become more sig-
nificant, as illustrated in Fig. 6b and c. Note that the current
GSLS model uses pseudo-spherical approximations that pre-
vent it from calculating MS source functions properly when
the sun is at or below the horizon, so cases that require such
calculations will not be analyzed in this study.

The current GSLS model has been modified to allow com-
putation of MS source functions at several solar zenith angles

—_— = — —>

alongthe LOS (e.g., OA, OP,OT, OQ, OF inFig. 2). This
modification allows better representation of the MS source
function, as shown by the improved total scattered radiance
agreement with Siro in Fig. 5b. The cases shown in Fig. 5a for
L04 GSLS radiances are repeated in Fig. 5b for current GSLS
radiances, for which TS radiance differences relative to Siro
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Figure 6. Relative contribution for the layers along the LOS for 67 = 80°, ¢7 = 20°, R =0.95, and » =50km (a), » = 30km (b) and
h =10km (c). The legend indicates whether the SS or MS source function is shown, followed by A (nm).

Table 3. Cases studied to determine the appropriate number of MS
solar zenith angles Ny to be used in the GSLS model.

A (nm) 325, 345, 600 nm

h (km) 10-60 km (5 km steps)

or (°) 15, 45, 60, 70, 80, 85

or (°) 0,20, 40, 60, 80, 90, 100, 120, 140, 160, 180

are reduced to < 4%. The other LS RT models compared to
Siro earlier either already contain a multi-zenith capability
for MS source function calculations (e.g., CDIPI, VECTOR,
LIMBTRAN, and SASKTRAN) or explicitly simulate each
photon, eliminating the need for this capability (e.g., Siro,
MCC++, and McSCIA).

A limited study was done to assess the required number
and placement of the MS solar zenith angles along the LOS
to reach a given standard of accuracy. In this study, the scene
reflectivity R was set to 0.95 (to maximize the impact of MS
on the TS radiance). The viewing geometry was varied as
described in Table 3. As a reference, the current GSLS RT
model was run with the number of MS solar zenith angles
Ny = 143. First, a MS solar zenith angle was placed at each
point for which the LOS at # = 30 km intersects an atmo-
spheric level. This yields 141 MS solar zenith angles, with
the remaining 2 MS solar zenith angles set where the LOS
with 2 = 0km intersects the TOA at each end of the LOS.
These reference calculations were then compared to the re-
sults obtained with Ny =1 (MS solar zenith angle = 67).
For the purpose of this study, additional MS solar zenith an-
gles were gradually added until the difference from the ref-
erence calculation (with 143 MS solar zenith angles) became
< 0.2% at all values of 4 and A.

Placement of the additional MS solar zenith angles was
motivated by Fig. 6, which demonstrates how the layers that
contribute most to the radiance shift from the TP towards the
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observer as h decreases, particularly for the optically thicker
UV wavelengths considered (325, 345 nm). The value of Ny
that is required to meet the 0.2 % difference standard is given
in Table 4 and is color-coded in Fig. 7. The sequence and
placement of the MS solar zenith angles were as follows:

1. solar zenith angle at the zenith that intersects the LOS
—
atthe TP (i.e., OA in Fig. 2);
2. solar zenith angle at the zenith that intersects the LOS
at the TOA on the “near side” (zenith lies between the
—_—
TP and observer, i.e., O A in Fig. 2);

3. solar zenith angle at the zenith that intersects the LOS at
the TOA on the “far side” (for which the TP is between

S
the zenith and observer, i.e., OE in Fig. 2);

4. solar zenith angle at the zenith that intersects the LOS
at the level immediately above the TP on the “near side”

(i.e., OP in Fig. 2);

5. solar zenith angle at the zenith that intersects the LOS
at the level immediately above the TP on the “far side”

(ie., 0Q inFig. 2);

6. another solar zenith angle added on the *“near side”
of the LOS, placed by experimentation with the cases
listed in Table 3). Best results were obtained when the

angle between the TP zenith (;T in Fig. 2) and the new
zenith = 2.86159°.

The SS radiance is unaffected by the number or placement
of the MS solar zenith angles, and the change in TS radi-
ance due to increasing Np is slight when 67 ~ 0° (sun nearly
overhead at the TP) or ¢7 ~ 90° (LOS nearly perpendicu-
lar to the solar plane) because those conditions minimize the
variation of the solar illumination along the LOS. As the sun

www.atmos-chem-phys.net/15/3007/2015/
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Figure 7. The number of MS solar zenith angles Ny needed to cause
the calculated GSLS TS radiance to agree with the reference calcu-
lations (which use Ng = 143) to within 0.2% at all A and # when
R =0.95. This analysis is illustrated for each of the 67 and ¢
values listed in Table 3, and its results are shown in table form in
Table 4.

approaches the horizon or the LOS becomes more aligned
with the solar plane, the importance of increasing Ny grows.
Comparing Fig. 5a to 5b shows that the radiances at small
tangent heights (h = 10km is the smallest included in this
analysis) are most affected by the number and placement of
the MS solar zenith angles. The UV wavelengths (for which
the atmosphere is optically thicker) are also most sensitive to
the details of MS solar zenith angle placement.

As shown in Table 4 and Fig. 7, the L04 GSLS model (for
which Ny = 1) meets the standard of TS radiance accuracy
better than 0.2% only for cases with ¢7 = 90°. However,
Ny = 2 is sufficient for some viewing geometries with small
Or and/or ¢ near 90°, and Ny = 3 suffices for a large range
of viewing conditions. Adding the fourth and fifth MS solar
zenith angles produces marginal improvement, but Ny =6
suffices for nearly every remaining case. The cases that re-
quire Ny > 6 to meet the criterion of TS radiance accuracy
better than 0.2 % arise at UV wavelengths with 67 = 85° and
¢7 far from 90°. In such cases, part of the LOS is often in
shadow, and therefore the current GSLS model performance
cannot be trusted in any case. The question of how many MS
solar zenith angles are necessary under such “twilight” con-
ditions is not addressed by the present study.

Increasing Ny clearly increases the computational effort of
the calculation, so the trade-off between accuracy and run-
time must be carefully considered for a given application.
For example, a GSLS run for which Ny = 6 (the maximum
required for the cases studied) takes roughly twice as long
as a GSLS run with Ny = 2 (the minimum required for any
case with ¢7 # 90°). Also note that the GSLS modifications
described in this section make it easy to vary the surface re-
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Table 4. The number of MS solar zenith angles Ny needed to cause
the calculated GSLS TS radiance to agree with the reference calcu-
lations (which use Ny = 143) to within 0.2% at all A and & when
R =0.95. This analysis was done for each of the 67 and ¢ values
listed in Table 3, and its results are also illustrated in Fig. 7.

or = 15°  45° 60° 70° 80° 85°
o7 =0° 3 3 3 3 6 >6
pr=20° 2 3 3 3 6 >6
oy =40° 2 3 3 3 6 >6
oy =60° 2 3 3 3 3 >6
or=80° 2 2 2 3 3 3
or=90° 1 1 1 1 1 1
oy =100° 2 2 3 3 3 3
oy =120° 2 3 3 3 3 4
oy =140° 2 3 3 3 3 =6
or=160° 3 3 3 3 4 >6
or=180° 3 3 3 3 4 >6

Table 5. Cases used to verify the GSLS polarized radiance by com-
parison to the results of Natraj et al. (2009). The cases are identified
by the cosine of the solar zenith angle g, the Lambertian surface
reflectivity R, and the Rayleigh scattering optical depth t.

o 02,10
R 0,08
tx 05,10

flection properties along the LOS. With minor code modi-
fications, variation of the atmosphere along the LOS could
also be added.

Finally, it must be noted that the current GSLS TS radi-
ances uniformly exceed the Siro TS values by a small amount
(1-3%) for the cases shown in Fig. 5b. Some brief experi-
ments (not included in this paper) indicate that the observed
overestimate increases with increasing R and with decreas-
ing 67, clearly suggesting that the treatment of radiance re-
flected by the surface that underlies the model atmosphere is
a possible source of error. The reason for this discrepancy is
unknown, but it may be related to the fact that RT models
using flat (or pseudo-spherical, like the current GSLS) atmo-
spheres for MS calculations tend to overestimate upwelling
radiation, as noted by McLinden and Bourassa (2010).

4.3 Influence of polarization

The correct vector RT equation includes the influence of po-
larization on the scattered radiation field by representing the
scattering process with 4 x 4 phase matrices. This produces
the four-element Stokes parameter vector, which includes the
radiance and all relevant phase information for each scattered
radiance value. The scalar RT equation neglects the influ-
ence of polarization on the scattered radiance, replacing the
4 x 4 scattering phase matrices with scalar phase functions
and producing scalar radiances. This approximation has no
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Figure 8. The TS radiance error that results from neglecting po-
larization is plotted as a function of SS angle ® for a series of
radiance simulations that employ the viewing geometry of a simu-
lated NPP OMPS LP orbit. The tangent height # =40km, R =0,
and the legend indicates A (nm).

clear theoretical basis and produces scalar radiances that may
differ from their vector counterparts by > 12 % (Mishchenko
et al., 1994), but the scalar approximation to the RT equation
nonetheless is frequently used. Several LS radiance retrieval
algorithms (including the OMPS LP algorithms) use scalar
RT models, but the scalar radiance error is not generally a
significant source of retrieval error, primarily due to the tan-
gent height normalization of the radiances used for retrievals
(Loughman et al., 2005). The vector GSLS model is valuable
primarily for tasks such as directly interpreting the residuals
between the measured OMPS LP radiances and the GSLS
calculated radiances.

The accuracy of the vector radiances calculated by the
current GSLS model was verified in two ways. First, we
confirmed that the current GSLS model duplicates the L04
GSLS polarized radiances shown in Fig. 3 of Loughman
et al. (2004) to the 0.01% level, provided that the optical
path lengths were calculated as shown in Eq. (2). The second
set of comparisons involved the results tabulated by Natraj
et al. (2009), which represent an updated version of the well-
known Rayleigh scattering calculations initially produced by
Coulson et al. (1960). The Natraj et al. (2009) comparisons
cover the cases listed in Table 5. To enable this compari-
son, the current GSLS model was run as a “flat atmosphere”
model (by increasing the Earth’s radius by a factor of 1000).
The emerging radiances at the TOA and the surface match the
Natraj et al. (2009) results to better than 1.4 % for all LOS,
with agreement better than 0.5 % except in a few cases.

The scalar LS radiances differ significantly from correct
polarized radiances by as much as —4 to +7 %, as shown
in Fig. 8. The overall behavior of these curves follows the
expected pattern (Mishchenko et al., 1994), with the largest
errors appearing at 345 nm, when (1) Rayleigh scattering
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dominates, (2) just a few scattering events are likely for a
typical photon (atmospheric optical depth is ~ 1), (3) atmo-
spheric absorption is weak, and (4) surface reflectivity R is
small. The error is greatest when ©1 =~ 90°, which occurs
near the midpoint of the NPP OMPS LP orbit (in the trop-
ics). As noted in L04, the SS angle @7 is related to the solar
zenith angle and relative azimuth angle at the TP (67 and ¢,
respectively) by

COS OT = Sinfy CoS . 3)

4.4 Chapman layer

The TOA for the L04 GSLS model atmosphere was men-
tioned in Sect. 4.1. Of course, a real atmosphere does not
abruptly end at any particular height but instead becomes
more and more rarefied as height increases (consistent with
hydrostatic balance in the long-term average). The RT model
atmosphere is typically specified (by profiles of pressure,
temperature, aerosols, absorbing gases, etc.) to some notional
TOA altitude. The altitude at which the TOA can be placed
depends on the application for which the RT calculations are
done, which determines the required accuracy of the radi-
ances. The atmosphere above the TOA can be treated in sev-
eral ways, which also influences the necessary TOA for a
particular application. The simplest approach is to ignore the
region above the TOA entirely (effectively treating it as a
vacuum), but this produces discontinuous atmospheric pro-
files that can significantly deform the radiance profiles.

A better approach was developed by Chapman (1931),
who modeled the profile of each constituent in an atmosphere
above a certain level as falling off exponentially with height
at a rate governed by the scale height of the constituent. This
approach remains relatively simple, but it avoids discontinu-
ity of the model atmosphere and also has some degree of
physical realism (for example, the molecular number density
in an isothermal atmosphere will decay with a constant scale
height to the extent that variations of gravity with altitude can
be ignored). An atmospheric region that behaves in this way
is commonly known as a “Chapman layer”.

The LO4 GSLS model contained an option to treat the
atmospheric region from the TOA to infinity as a Chap-
man layer, following the computational strategy suggested
by Fitzmaurice (1964). However, this option was erroneously
disabled by a switch in the L04 GSLS model, causing the at-
mosphere above the TOA to be treated like a vacuum (this
switch was put in place to enable comparisons with RT mod-
els that lacked a Chapman layer capability but was acciden-
tally never disengaged at the conclusion of those studies).

In the current GSLS model, the Chapman layer routine is
restored to proper functionality. Although such details have
little effect, the example shown in Fig. 9 corresponds to
Or =60°, o7 =90°, R=0, and A = 345nm for the atmo-
sphere used in the L04 study. Figure 9 shows that when the
TOA is sufficiently high above the maximum tangent height
h of interest, the inclusion or exclusion of the Chapman layer
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Figure 9. Total radiance error caused by changes in the TOA alti-
tude and treatment of the atmosphere above the TOA. The reference
radiance profile is calculated with TOA =100 km and the Chapman
layer included above the TOA. The legend indicates how the atmo-
sphere above the TOA is handled (as a vacuum or as a Chapman
layer), followed by the TOA altitude (in km).

Table 6. Aerosol size distribution details for the simulated radiances
shown in Fig. 10. Each size distribution is bimodal log-normal and
is therefore defined by the concentration N, mode radius r, and stan-
dard deviation o for fine and coarse particle modes (indicated by
subscript f and c, respectively).

ASD20  ASD25
Nyp(em™3) 657167 571833
rf(nm) 76.55 51.05
of 1.310  1.43833
Ne(em™3) 053642 0.23473
re(nm) 264.533 202.5
o 1.485 1.150

has little influence on the LS radiance. For example, the TOA
was set at 100 km in the LO4 comparisons, while the radi-
ance comparisons ended at 2 = 60 km, so the lack of a Chap-
man layer had a negligible impact in that study. The absolute
value of the percentage error in radiance due to exclusion
of the Chapman layer under those conditions is < 0.02 %
for h <60km, <0.07% for h <70km, and < 0.5% for
h < 80km. Including the Chapman layer rapidly becomes
more consequential as the TOA and the maximum A of in-
terest move closer together: for example, the radiance error
at h = 70 km approaches 8 % when the TOA =80 km and the
Chapman layer is excluded but is reduced to < 3 % when the
TOA =80km and the Chapman layer is included.

4.5 Variable aerosol size distribution (ASD)

Stratospheric aerosol measurement campaigns (Deshler
etal., 2003) clearly demonstrate that the aerosol size distribu-
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tion varies significantly with altitude (typically with smaller
particles at higher altitudes). The L04 GSLS model was in-
capable of including such variation — the same aerosol ASD
and optical properties (refractive indices) were used for all
aerosols in the atmosphere regardless of altitude. The current
GSLS model has been updated to allow the aerosol ASD and
optical properties (and therefore the aerosol phase function)
to vary with altitude.
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Figure 10 shows two bimodal log-normal ASDs that were
created by averaging the individual ASD properties (aerosol
concentration N, aerosol mode radius », and aerosol mode
standard deviation o) retrieved during six balloon flights
over Laramie, Wyoming, during 2012 (Deshler, 2013). The
red line indicates the resulting ASD for altitude z = 20 km
(ASD20), while the green line indicates the ASD at z =
25km (ASD25). The details of these two size distributions
are given in Table 6.

As a crude indication of the significance of the ASD for
LS radiances, Fig. 11 compares the TS radiances calculated
when the entire atmosphere uses ASD20 to the TS radi-
ances calculated when the entire atmosphere uses ASD25.
The aerosol phase function differs between the two cases, but
other quantities (such as the aerosol extinction coefficient)
are fixed in each case. The magnitude of the radiance sen-
sitivity to ASD at 600 nm can be as large as 20 %, suggest-
ing that an oversimplified portrayal of the stratospheric ASD
(e.g., excluding the phase function variation with altitude)
may be a significant source of aerosol extinction retrieval er-
ror. Figure 11 also shows that the sensitivity at 345 nm is less
than at 600 nm due to the predominance of Rayleigh scat-
tering at the UV wavelength. The magnitude of the radiance
difference at 345 nm between the ASD20 and ASD25 cases
is < 9% everywhere and < 2% for ©1 < 40°.
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5 Conclusions

The GSLS RT model has been updated relative to the L04
version, significantly improving the calculated limb scattered
radiances. The single-scattered radiance error now is gener-
ally < 0.3% and the total radiance error has been reduced to
the 1-3% level. These accuracy gains arise primarily from
improving the treatment of extinction variation within atmo-
spheric layers (described in Sect. 4.1) and adding calcula-
tions of the multiple-scattering source function at multiple
solar zenith angles along the limb scattering line of sight (de-
scribed in Sect. 4.2). The required number of solar zenith
angles for accurate radiance calculations is shown to be rel-
atively modest: three or fewer are sufficient for most lines
of sight, and six are sufficient for all cases except twilight
conditions. The ability to model surface reflectivity varia-
tions and multiple aerosol types within the model atmosphere
has also been added to the GSLS model, enabling more
realistic model atmospheres to be simulated. As shown in
previous studies, the OMPS LP retrieval algorithms are re-
silient, tolerating numerous radiative transfer model approxi-
mations without significantly changing the retrieved profiles,
but these model improvements will make the GSLS model
more useful for understanding OMPS LP radiance residuals.
Proposed future work includes fully implementing the ability
to vary the atmospheric profiles along the limb line of sight.
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Appendix A

Previous work by Herman et al. (1994) and Herman et al.
(1995) describes an RT model that calculates the MS along a
chosen zenith in a spherical atmosphere by employing a con-
ical boundary at which the incident radiation from the sur-
rounding atmosphere is estimated. The axis of the cone coin-
cides with the zenith of interest, with cone vertex angle = 1°.
The MS radiance is calculated at all desired levels and in all
desired directions by integrating along the LOS from the con-
ical boundary to the zenith of interest. The GSLS RT model
uses a simplified, pseudo-spherical method to estimate the in-
cident radiance on the conical boundary. In the L04 version
of GSLS, a single cone was defined surrounding the zenith
that intersected the TP. The resulting MS source functions
were then integrated along the entire limb LOS to estimate
the limb MS radiance, as described in Appendix A of L04.

The current GSLS model introduces Ng MS zeniths of in-
terest along the LOS, as described in Sect. 4.2. The MS cal-
culation routines are then called Ny times, calculating the
MS source functions independently at Ny zeniths along the
LOS. Note that the MS radiances calculated at one zenith do
not explicitly feed into the calculation of the MS at adjacent
zeniths as occurs in the real atmosphere. Instead, the approx-
imate calculation of MS source functions that were done just
once (at 67, ¢r) in the LO4 GSLS model is now done inde-
pendently at Ny values of solar zenith angle and relative az-
imuth angle along the LOS. The current GSLS model there-
fore uses a form of the “independent pixel approximation”
(Cahalan et al., 1994) rather than fully modeling the MS ra-
diance in the spherical atmosphere.

To estimate the MS at points for which the value was not
explicitly calculated, the MS source function at a particular
altitude and direction is assumed to vary with the cosine of
the solar zenith angle between the two bounding values. This
approximation is fairly crude, but the resulting MS radiances
improved by an acceptable amount with modest additional
computational effort, as shown in Figs. 5b and 7 and Table 4.

Appendix B

As noted in Eq. (1), the optical path length through a layer ©
is given by the integral of the extinction coefficient 8 along
the LOS through the layer. If we assume that 8 varies linearly
with height between the endpoints of the path (emulating the
method used by the Siro model as described in L04), then the
integral shown in Eq. (1) has an analytic solution that can be
obtained from standard tables of integrals (for both tangent
and non-tangent paths). We will use the subscripts 0 and 1
to indicate the values of various quantities at the endpoints
of the LOS, corresponding to the lower and upper limits of
the integral in Eq. (1), respectively. For a spherical Earth, rg
and r1 indicate the distances from the center of the Earth to
endpoints 0 and 1, respectively (for example, ro = O Q and
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Figure B1. Percentage difference between the value of ¢ obtained
from Eq. (2) and the value of z obtained from Eq. (B8) as a function
of 6. The LOS has & = 60 km in this example.

r1 = OT in Fig. 2). Similarly, By and 81 represent the val-
ues of the extinction coefficient at endpoints 0 and 1. Finally,
the angle between the LOS (in the direction the radiation is
traveling) and the zenith line that intersects the LOS at rg
(outwards from the center of the Earth) is denoted by 6 (i.e.,
the angle ¢ in Fig. 2).

If we assume that 8 is a linear function of altitude (or )
within the relevant layer, then the following expressions ob-
viously follow:

B(r)=Ar+B, (B1)
where

A= (fo—p1)/(ro—r1)

B=PBy—Ar. (B2)

Substituting Eq. (B1) into Eq. (1) yields

T= /(Ar/ + B)ds' = Bs + A/r’ds’. (B3)
0 0

To evaluate Eq. (B3), the variation of " along the LOS from

ro to r1 must be characterized. This can be determined from
the law of cosines as

¥ = \/s/2 — 25'rgCOS( — 0) 4192 = \/ s'% + 25'r9 C0SH + rg2

r'=y/es'? +bs' +a. (B4)

As implied in Eq. (B4), a =r3, b=2rgcos6, and ¢ = 1.
Substituting Eq. (B4) into Eg. (B3) yields an integral that can
be evaluated analytically based on CRC (1984), equations
242 and 237, using the shorthand k1 = (4ac — b?) /4c =
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2cin2p-
rgsin©g:

S
/ds/\/ cs’? +bs' +a
0

2¢s’'+b 2 k=t
= Y bs’ -
[ g VTR
N
log |:2\/ c(es’? +bs' +a) +2cs' + bi| } . (B5)
0

Substituting for a, b, ¢, and k1 and evaluating Eq. (B5)
yields

F T, 1
/ds’ cs? +bs' +a= z{ (s +rpcosh) (B6)
0

\/s2 + 2rgs €08 + 1§ — r§ cos8 }

1 .
+3 [rgsmze log [2 (\/s2 +2rgs COSO + 13 + 5 + 19 cos@)}
— r2sin?0log[2(ro + r0C0s6)] ] .

This can be further simplified by noting (again from the law

of cosines) that r; = \/s2 + 2rgs c0s6 + rg. With that substi-
tution and some rearrangement, Eq. (B6) becomes

N
1
/ ds’\/m =5 lsri+ro(ri —ro)ycosé  (B7)
0

r1+ s+ rgcosé
ro(1+ cosf)

+rgsin®6 log [

So the final solution for 7, combining Egs. (B7) and (B3),
becomes

A .
T=Bs+ 2 {sr1+ro(r1 —rg)coso + rgSInzé? (B8)

| r1+s+rpcosf
ro(1+cosf)
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which can be evaluated using the definitions of A and B
given in Eqg. (B2). The expression Eq. (B8) has the proper
limiting behavior: when 6 = 0°, Eq. (B8) reduces to Eq. (2).
This corresponds to the case of radiation propagating radi-
ally outward from the center of the Earth; thus ri =rg+s
and Eq. (1) yields the result given in Eq. (2) when  is a lin-
ear function of r. When 6 = 180°, radiation propagates radi-
ally inward, r; = ro — s, and the argument of the logarithm
in Eq. (B8) becomes indeterminate. Equation (B8) therefore
cannot be used directly as an algorithm when 6 = 180°, but
it remains true that the value of t should approach the ex-
pression given in Eq. (2) as the path becomes vertical, so
the failure of Eq. (B8) for the 6 = 180° case can be easily
avoided by reverting to Eq. (2) when 6 — 180°.

The far more consequential case is 6 — 90° (nearly-
tangent paths): the value of t obtained from Eq. (2) always
represents an underestimate and can be over 2% smaller than
7 obtained from (Eq. B8), as shown in Fig. B1. As alluded to
in Sect. 4.1, the L04 GSLS model made a partial correction
for the error caused by using Eq. (2) to estimate  in the tan-
gent layer by estimating the variation of g within the tangent
layer based on the profile of 8 in adjacent layers. However,
the L04 GSLS tangent layer approximation was imperfect,
and no correction was made in the L0O4 GSLS model for 7 in
nearly tangent layers, so Eq. (B8) represents a clear improve-
ment in the current GSLS model.
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The Supplement related to this article is available online
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