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The atmosphere strongly affects satellitemeasurements of Earth surfaces in the optical domain.Modeling this in-
fluence is complex. This is typically the case of the “Earth–Atmosphere” radiative coupling in the presence of
Earth surfaces with spatially variable optical properties. In that case, it may be very difficult to couple Earth
and cloud-free atmosphere radiative transfer models. This explains why an atmosphere module was input into
the Earth radiative transfer (R.T.) model DART (Discrete Anisotropic Radiative Transfer) in order to simulate ac-
curately satellite images of natural and urban Earth surfaces. This paper presents how DART simulates the atmo-
sphere R.T. in the short wave and thermal infrared domains. The atmosphere is divided into 3 zones: bottom
atmosphere (BA), mid atmosphere (MA) and high atmosphere (HA). The 3D distribution is arbitrary in BA and
horizontally constant with any vertical distribution in MA and HA. The “Earth–Atmosphere” R.T. is modeled in
5 stages. 1) Atmosphere R.T. (i.e., atmosphere thermal emission and/or sun radiation scattering). 2) Earth surface
R.T. (i.e., Earth thermal emission and/or atmosphere and direct sun radiation scattering). 3) Atmosphere R.T.
(i.e., Earth radiation scattering). 4) Earth surface R.T. (i.e., scattering of downward atmosphere radiation). 5) Simu-
lation of satellite reflectance and/or brightness temperature images. The approach takes into account the earth cur-
vature and the atmosphere non-Beer law behavior in the presence of strongly varying spectral properties. It uses
optimally located scattering points for improving atmosphere R.T. accuracy, and it reduces computer time through
the use of pre-computed transfer functions that transfer radiation between the different atmosphere levels (BA,MA,
HA). Moreover, it can simulate automatically an atmosphere geometry that optimizes the trade-off “Computer
time–Accuracy” of simulations. The robustness and accuracy of the DART atmosphere modeling were successfully
validated with theoretical cases and with the MODTRAN atmosphere R.T. model.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Modeling the radiative regime in the “Earth–Atmosphere” system is
more and more a prerequisite for studying natural and urban surfaces,
using bi-directional reflectance (BRDF) and directional brightness tem-
perature (BTDF) distribution functions (Laurent et al., 2011). This is es-
pecially true in the optical domain, from the visible up to the thermal
infrared domain. Indeed, in these spectral domains, the order of magni-
tude of atmosphere signals can be equal or larger than that of land sur-
face signals that arise at the top of the atmosphere (TOA). Thus, the
simulation of accurate TOA signals requires an accurate modeling of
radiative transfer (R.T.) at 3 levels. 1) Earth surface, with taking into
account the 3D heterogeneity of Earth surfaces. 2) Atmosphere, with
taking into account the vertical distribution of gasses and aerosols.
3) Radiative coupling of the “Earth–Atmosphere” system.
tellu-Etchegorry).
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Different methods are used to solve the atmosphere R.T. A few ex-
amples are given here: the discrete-ordinate (DISORT—Stamnes, Tsay,
Wiscombe, & Laszlo, 2000), the invariant embedding method (Adams
and Kattawar, 1970), the adding and doubling method (Hansen,
1971), the matrix operator method (Plass, Kattawar, & Catchings,
1973), the spherical harmonics method (Zhai, Kattawar, & Yang,
2008), the multi-component method (Zege et al., 1993), the spherical
harmonics discrete ordinate method (Evans, 1998), the FN method
(Garcia and Siewert, 1989), the Successive Order of Scattering
(SOS)method (Lenoble et al., 2007), and the Monte Carlo method
(Deutschmann et al., 2011). These modeling approaches lead to dif-
ferent results in terms of accuracy and computer time. For example,
Monte Carlo based approaches tend to give very accurate results
with very large computer times.

Atmosphere R.T. codes are usually divided into two families:

1) Line-by-line codes: they calculate the contribution of all atmosphere
gasses, for each spectral line (Table 1).

2) Band transmission models: gas transmittance is defined as a mean
value per spectral band (Table 2).
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Table 1
Examples of line-by-line atmospheric radiative transfer codes.

Model Comment Model reference

FASCODE Voigt line shape decomposition and
layering (Drayson, 1976)

Chetwynd, Wang, and
Anderson (1994)

LBLRTM Linear combination of fitting functions,
derived from FASTCODE

Clough et al. (2005)

LinePak No scattering Gordley, Marshall,
and Chu (1994)

GENLN2 No scattering Edwards (1992)
4A No scattering Scott and Chedin (1981)
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Most band transmission models treat landscapes as surfaces with a
bidirectional reflectance, but neglect the spatial heterogeneity of these
surfaces and the associated adjacency effects. Adjacency effects are
due to radiation that is reflected or emitted by the target neighborhood
and that reaches the sensor after one or several atmosphere scattering
events, possibly after being backscattered by the atmosphere to the
Earth surface. Models solve this problem with simplifying hypotheses.
For example, they neglect the “Earth–Atmosphere radiative coupling”
(i.e., radiation backscattered by the atmosphere to the Earth surfaces)
or treat it as if the target neighborhood is a Lambertian surface
(e.g., 6S and MODTRAN atmosphere models).

The usualway to retrieve Earth biophysical parameters (e.g. LAI: Leaf
Area Index) from remote sensing (i.e., TOA: Top of the Atmosphere) im-
ages is to apply an atmosphere correction algorithm that transforms
these images into Bottom of Atmosphere (BOA) images, and then to in-
vert the BOA images with an Earth R.T. model. This approach can lead to
large errors due to the difficulty to conduct accurate atmospheric cor-
rections, especially if the land surface heterogeneity and the neighbor-
hood effect are neglected or poorly taken into account. Terrestrial
biophysical parameters can be also retrieved from the inversion of
TOA imageswith amodel that couples an Earth R.T. model and an atmo-
sphere R.T. model (Laurent et al., 2011). In this case, the downward BOA
fluxes generated by the atmospheric model must be an input of the
Earth R.T. model, and the upward BOA fluxes generated by the Earth
R.T. model must be an input of the atmosphere R.T. model. Due to the
difficulty to implement this coupling, very simplifying hypotheses are
usually assumed. Due to the difficulty to implement this coupling,
some simplifying assumptions are usually made. For example, Verhoef
and Bach (2003, 2007) apply a four-stream approximation of fluxes,
which nevertheless turns out to be a powerful framework to describe
Table 2
Examples of band transmission atmospheric radiative transfer codes.

Model Principle of R.T. modeling Reference

BandPak Emissivity and transmittance
pre-computed tables
(no scattering)

Marshall and Gordley (1994)

SPCTRAL2 Analytic order 1 Bird and Riordan (1984)
MODTRAN Correlated-k algorithm, includes

DISORT
Berk & Bernstein (1999)

6S/6SV Successive Order of Scattering
(SOS) code

Vermote, Tanre, Deuze, Herman,
and Morcrette (1997)

SBDART Based on DISORT Ricchiazzi, Yang, Gautier, and
Sowle (1998)

Streamer Based on DISORT Key and Schweiger (1998)
Fluxnet Neural network Key and Schweiger (1998)
Fu Liou 2 and 4 streams Fu and Liou (1993)
RRTM/RRTMG Correlated-k algorithm Mlawer, Taubman, Brown,

Iacono, and Claugh (1997)
libRadtran Based on SBDART Mayer and Kylling (2005)
SCIATRAN Correlated-k algorithm Rozanov, Rozanov, Buchwitz,

Kokhanovsky, and Burrows
(2005)

KARINE Monte Carlo Eymet, Fournier, Blanco, and
Dufresne (2004)

SHARM Spherical harmonics Lyapustin (2005)
the surface–atmosphere radiative interaction, allowing still to include
the consideration of BRDF effects, surface heterogeneity and even adja-
cency effects.

The abovementioned works stress the complexity of the “Earth–
Atmosphere” radiative coupling, especially if land surfaces are hetero-
geneous. It is very difficult to simulate accurately this coupling with
the combined use of an Earth R.T. model and an atmosphere R.T. model
if these models were not designed for such a coupling. In many cases, it
can be simpler to design a fully integrated “Earth–Atmosphere” R.T.
model. This is the option that we chose here: we included an atmosphere
R.T.modulewithin an existing land surface R.T.model, using compatible 2
R.T.modeling approaches. DART (Discrete Anisotropic RadiativeModel) is
the land surface R.T. model that is considered here (Gastellu-Etchegorry,
2008). The atmosphere R.T. module works on the same basis as DART. It
is a band model that uses the discrete ordinate method with the flux
tracking approach. It was first implemented by Gascon (2001) for simu-
lating TOA reflectance and then by Martin (2006) for simulating TOA
brightness temperature.

DART simulates remote sensing images and the spectral radiation
budget of 1D/2D/3D natural and urban landscapes (e.g., trees, grass,
and houses) from the visible to the thermal infrared domains. It was
successfully tested with reflectance (Gastellu-Etchegorry & Zagolski,
1996) and temperature (Guillevic, Gastellu-Etchegorry, Demarty, &
Prévot, 2003) measurements, and compared with other 3D models
(Widlowski et al., 2008). It is developed since 1992 (Gastellu-
Etchegorry & Zagolski, 1996) and is used in an increasing number of
scientific works: 3D distribution of photosynthesis and primary
production rates of vegetation canopies (Belot, 2007), forests (Barbier,
Couteron, Proisy, Yadvinder, & Gastellu-Etchegorry, 2010; Couturier,
Gastellu-Etchegorry, Patiño, & Martin, 2009; Malenovsky et al., 2008),
urban areas (Gastellu-Etchegorry, 2008) and agriculture (Duthoit,
Demarez, Gastellu-Etchegorry, Martin, & Roujean, 2008; Sepulcre-
Cantó et al., 2009). It continues to be improved in terms of robustness,
accuracy and functionality. Free licenses of present version 5.3.2 are
available for scientists (http://www.cesbio.ups-tlse.fr/us/dart.html).

This paper presents recent improvements of the DART atmosphere
R.T. modeling. Some of these improvements were requested by DART
user scientists (Barbier et al., 2010; Sobrino, Mattar, Jiménez-Muñoza,
Gastelllu-Etchegorry, & Grau, 2011; Timmermans, 2011) for obtaining
in an easy way accurate simulations of TOA reflectance and brightness
temperature of Earth surfaces. The first part of the paper summarizes
basic points of DART model. The following section presents the new at-
mosphere R.T. module with its 4 modeling methods. (1) Use of transfer
functions that “transmit” radiation fromanatmosphere level (BOA, Sen-
sor, TOA) to another one for decreasing computer times. (2) Automatic
simulation of the atmosphere geometry for optimizing the “Computer
time–Accuracy” trade-off of simulations. The last section presents the
tests that were conducted for checking the robustness and accuracy of
the DART atmosphere modeling. These tests were conducted with the-
oretical case studies and with comparisons with simulations of TOA ra-
diance values by the MODTRAN4 model. The two appendices explain
how the model (1) uses specific scattering points for an exact simula-
tion of 1st order reflected and emitted radiation fluxes, (2) accounts of
the Earth curvature on atmosphere radiation path lengths.

2. DART description

DART simulates radiative transfer in homogeneous and heteroge-
neous 1D, 2D and 3D scenes with the exact kernel and discrete ordinate
methods. Any scene is simulated as a 3D array of rectangular cells (Δx,
Δy,Δz). This array (Fig. 1) is a building block for simulating Earth scenes
that are infinite and repetitive, possibly with atmosphere. DART is con-
tinuously improved in terms of accuracy, scene modeling (topography,
foliar vertical and horizontal profileswithin tree crowns,…), R.T.model-
ing (lidar, scene spectra, sensor broadbands,…) and functionality (SQL
database,…). Some general principles of the first DART release

http://www.cesbio.ups-tlse.fr/us/dart.html


Fig. 1. Schematic representation of the geometry of the Earth–Atmosphere system. The
atmosphere is made of 3 regions: Mid, High and bottom atmosphere. The atmosphere
module that is presented here works with the mid and high atmospheres. The Earth
landscape is within the bottom atmosphere.
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(Gastellu-Etchegorry & Zagolski, 1996) are still used. The radiative
transfer is solved using the discrete ordinatemethod, wherein radiation
is restricted to propagate in a finite number of directions (Ωi) with an
angular sector width (ΔΩi) (sr). Any set of N discrete directions can be
used (solid angles are not necessarily equal, but ∑ n = 1

N ΔΩn = 4π).
DART precomputes the discretization of directions in order to have ho-
mogeneous directions (Yin et al., 2012), and the landscape geometrical
representation.

DARTworkswith spectral intervals (so called “spectral bands”),with
mean optical properties. Several spectral bands can be computed in one
simulation. Any radiation that propagates along direction (Ωi) at a posi-
tion r is called a source vector W(r,Ωi) [W/m]. Radiative transfer equa-
tion in the Cartesian coordinate system can be written as:

ξ
d
dx

þ η
d
dy

þ μ
d
dz

� �
:L r;Ωnð Þ

¼ −αe r;Ωnð Þ:L r;Ωnð Þ þαa r;Ωnð Þ:LB r;Ωnð Þ
þ
XN
m¼1

αd r;Ωnð Þ:P r;Ωm→Ωnð Þ
4π

:L r;Ωnð Þ:ΔΩn

where ξ, η and μ are the cosine of the directionΩn according to x, y and
z, αe, αa and αd are respectively the extinction, absorption and scatter-
ing coefficients of the medium, L(r,Ωn) is the radiance at point r along
direction Ωn [W/m2/sr/m], and P r;Ωm→Ωnð Þ

4π the phase function of the
medium.

Earth scene BOA irradiance has 2 components: the direct sunW(Ωs)
and atmosphere Wa(Ωn) source vectors. They are assumed to originate
from a fictitious level at the top of the scene (BOA). Direct sun source
vectors propagate along the direction (Ωs),with θs andϕs the sun zenith
and azimuth angles. At the top of the scene:

W Ωsð Þ ¼ Es Ωsð Þ: μsj j:Δx:Δy Wa Ωnð Þ ¼ La Ωnð Þ: μnj j:Δx:Δy:ΔΩn W=m½ �

where μs = cosθs, μn = cosθn, Δx.Δy is the cell face area. Es(Ωs)
[W/m2/m] is the direct solar irradiance at the top of the scene. La(Ωn)
is the atmospheric radiance [W/m2/sr/m] along direction (Ωn), with
n ∈ [1 N′], with N′ the number of downward discrete directions. It is
due to atmosphere scattering and/or thermal emission.

DART cells can contain turbidmaterial and triangles. Turbidmaterial
is used for simulating volumic (3D) interactions (vegetation and air),
with propagation of radiation obeying to Beer's law. For example, a
tree crown is the juxtaposition of a set of “turbid” cells. On the
other hand, triangles are used for simulating surface (2D) interactions
(trunks, branches, walls, topography,…). The schematic way a vegeta-
tion cell interacts with an incident ray is presented here because it
will ease the understanding of the interaction of air cells with radiation,
in the following section. Similarly to air cells, a vegetation cell is treated
as a turbid medium where radiation attenuation follows the Beer law
(Ross, 1981). Let C(l,Ωs) be a source vector that propagates through a
vegetation cell i along a directionΩs, where l ∈ [0Δli] is the path length
from the entrance point (A) of cell i, and Δli the within cell path length.
Propagation of W(l,Ωs) gives rise to within cell scattered source vectors
W1(Δli,Ωs → Ωv) along the N discrete directions (Ωv, ΔΩv), v ∈ [1 N].
Cell scattering along (Ωv) is computed with the assumption that source
vectorsW1(Δli,Ωs → Ωv) originate fromafinite number of points (x, y, z),
calledmiddle point (Ms(x, y, z)), within the cell i. Simulation of scattering
mechanisms from adequately located (Ms) points, instead of a single
point such as the cell center, improves the accuracy of results, especially
for cells with large foliar volume densities and for oblique propagation di-
rections. For example, a vector source that exits a cell with a very large
density value after being scattered is nearly zero if it is simulated from
the cell center, which is usually wrong. In order to take into account the
fact that several source vectors propagate through each cell, one uses
points, also calledMs, that are the center of gravity of individual pointsMs.

The single-scattering radiation W1,out(Δli,Ωs → Ωv) that exits the
cell along (Ωv) corresponds to the attenuation of within cell single
scattered energy W1 (Δli,Ωs → Ωv) after a propagation length Δs(Ωv)
from point Ms.

W1;out Δl;Ωs→Ωvð Þ ¼ W1 Δl;Ωs→Ωvð Þ: exp −G j;Ωvð Þ:uf ið Þ:Δs Ωvð Þ½ �

with G(j,Ωv) the effective foliar cross section per leaf area and uf the cell
foliar volume density.

Within cell multiple scatteringWM(Δli,Ωs → Ωv) is due to the ener-
gy W1,int(Δli,Ωs → Ωv) that is intercepted along the path Δsi(Ωv) from
Ms to the external boundary of cell i. Because it cannot be modeled ex-
actly, two approximations are used: (1) total outgoing radiation that has
undergone more than one scattering within a cell is modelized with a
geometrical series (as it is proportional to the albedo of the vegetation,
the total intercepted energy during first order scattering and mean
transmittance of the cell Gastellu-Etchegorry & Zagolski, 1996), and
(2) WM(Δli,Ωs → Ωv) is proportional to W1(Δli,Ωs → Ωv). Finally, the
total scattered source vector, i.e. single and within cell multiple scatter-
ing radiation, along direction (Ωv) is:

W1 Δli;Ωs→Ωvð Þ þWM Δli;Ωs→Ωvð Þ:

DART's potential for simulating images is illustrated here with simu-
lated color composites (Fig. 2) of a schematic hilly countryside land-
scape and a schematic peri-urban landscape. They were simulated
with the atmosphere R.T. modeling presented in this paper, in the
blue, green and red spectral domains, at the bottom (BOA) and top
(TOA) of the atmosphere. All elements (trees, house,…) of the country-
side scene are directly simulated by DART, whereas some elements of
the urban scene are imported. For example, the tree of the urban
scene comes from the 4th phase of the RAMI experiment (Widlowski
et al., 2008).



Fig. 2. DART color composite images of schematic landscapes, for an oblique view direction. BOA (left) and TOA (right) levels. Top: Schematic hilly countryside landscape with elements
(trees, road, lake, agriculture plots,…) generated by DART. Bottom: Schematic urban landscape with elements (houses, trees) imported by DART, and generated by DART (grass, hedges,
roads).
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3. Atmosphere radiative transfer modeling

3.1. Simulation of the atmosphere

Similarly to its Earth scene R.T. modeling, DART models the atmo-
sphere R.T., with “ray tracing” and “discrete ordinates” approaches.
The atmosphere is considered as the vertical and horizontal juxtaposi-
tion of air cells. It contains gasses and aerosols, only. There are no clouds.
Each air cell has specific optical properties. At the exception of the
bottom atmosphere (BA), optical properties are horizontally homoge-
neous. Gasses and aerosols are accounted separately with specific
phase functions (i.e., Pgas(Ψ), Paerosol(Ψ)) and extinction coefficients
for scattering and absorption (i.e., αaerosol

abs (λ), αaerosol
scat (λ), αgas

abs(λ),
αgas
abs(λ)), where Ψ is the phase angle between the incident and the

scattered directions, and λ is the wavelength.
The atmosphere is divided into 3 superimposed zones that are sim-

ulated asmatrices of air cells. As alreadymentioned, each air cell is char-
acterized by 2 extinction coefficients (α) and 2 single scattering albedos
(ω): 2 for gasses (αgas, ωgas) and 2 for aerosols (αaerosol, ωaerosol). Each
atmosphere zone (BA, MA, HA) has a specific sampling grid (Δx = Δy,
Δz), which allows one to use a coarser sampling grid for MA, than for
BA, where atmosphere density is larger:

- Bottom Atmosphere (BA). Air cell sizes are equal to those of the cells
that are used for simulating the Earth landscape. Usually, they are
defined in relation with the dimensions of the objects that make
up the Earth landscape and the spatial resolution of simulated im-
ages. Their optical properties can show a 3D variability. Simulation
of BA air cells is useful with very large landscapes (e.g., entire valley)
and in the presence of pollution.

- Mid Atmosphere (MA). Air cells can have any horizontal sizes, small-
er than the landscape cell sizes. Their vertical number and dimen-
sion can be specified by the user or can be computed automatically
with an approach described later. The distribution of optical proper-
ties is horizontally homogeneous. MA is the atmosphere zone that
contributes to the heterogeneous “Earth–Atmosphere” coupling. Its
optical depth is noted τMA.

- High Atmosphere (HA). It is a superimposition of layers (i.e., cells
with a horizontal size equal to the dimension of the scene). The ver-
tical size and number of layers are specified by the user or computed
automatically. The optical depth of HA is noted τHA.

DART store radiance at 4 levels: (1) “level TOA” at the top bound-
ary of HA. Its top default altitude is hTOA = 100 km. (2) “Level
MA–HA” and (3) “Level BOA” at the top and bottom boundaries of
MA, respectively. The altitude of level MA–HA is noted hMA–HA.
(4) “Level Sensor” at the sensor level (i.e., any altitude between
the BOA and TOA levels). In these levels, energy is stored per direc-
tion and per pixel. The pre-computation of transfer functions is used
to propagate energy from a level to another, in order to accelerate
computation time.

One can inputmanually the atmosphere characteristics, or DART can
compute them with 2 spectral and geometric atmosphere databases
that were built up with the MODTRAN atmosphere model (Berk &
Bernstein, 1989) for a number of classical gas and aerosol models. The
first database stores the TOA extraterrestrial solar spectral irradiance

image of Fig.�2
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(Kurucz solar source function, in W/m2/m), with 1 cm−1 resolution,
from 0.25 μm up to 1000 μm.

The second database stores:

⁎ 7 gasmodels: 6 classical gasmodels (i.e., US Standard 1976, Tropical,
Mid-Latitude Summer, Mid-Latitude Winter, Sub-Arctic Summer,
Sub-Arctic Winter) and a user defined model which allows the
user to input his own data. For each gas model, the database stores:
- Total gas spectral transmittance Tgas,abs↕ (λ) due to absorption in an
up and down atmosphere vertical path,

- Total single scattering albedo ωgas(λ), direct transmittance
Tgas,scat↓ (λ) and scale height Hgas of all scattering gasses.

- Vertical transmittance Tgas,x,abs↓ (λ) and height factor Hx of each
gas x among the 7 major absorbing gasses (i.e., N2, O2, CO2,
H2O, CO, CH4),

- Vertical transmittance T↓O3
λð Þ and density distribution dO3

(z) of
ozone.

- Total vertical transmittance T17,abs↓ (λ) and density distribution
d17(z) of the 17 minor absorbing gasses: NH3, NO, NO2, SO2,
CFC11, CFC12, CFC13, CFC14, CFC22, CFC113, CFC114, CFC115,
CLONO2, HNO4, CHCL2F, CCL4, N2O5.

- Vertical transmittance T↓H2O;abs
λð Þ of water vapor for water

thicknesses from 0 cm up to 5 cm. In the database that is pro-
vided with DART model, it corresponds to a US Standard gas
model.

- 1D temperature vertical profile Tatm(z), for each of the 7 gasmodels.
Scale height Hgas is used to distribute gasses, other than ozone and
the set of 17 absorbing gasses, with an exponential vertical profile.
For example, at the altitude z, a gas with a spectral transmittance
Tgas (λ) and a scale heightHgas has an extinction coefficient equal to:

αgas λ; zð Þ ¼
− ln Tgas λð Þ

h i
Hgas

: exp − z
Hgas

 !
:

The spectrally integrated coupled path transmittance Tgas,abs↕ (λ) is
stored because in finite spectral bands that contain strong absorp-
tion lines it is not equal to the product Tgas,abs↓ (λ). Tgas,abs↑ (λ) of spec-
trally integrated path transmittances (Berk & Bernstein, 1999).
Indeed, in these spectral bands, radiation propagation does not fol-
low the Beer law (cf Section 4.1). Use of Tgas,abs↕ (λ) allows one to
use the Beer law for simulating TOA signals, whereas Tgas,abs↓ (λ) is
used for computing BOA radiative products in the sun radiation do-
main. The approach relies on extinction coefficients that take into
account the values of Tgas,abs↕ (λ) and Tgas,abs↓ (λ) values. The latter
ones are derived fromMODTRAN simulations with a 1 cm−1 spec-
tral resolution and a vertical sun direction. For downward radiation,
gas extinction coefficients are derived from Tgas,abs↓ (λ) values, which
ensure that DART and MODTRAN give the same direct downward
vertical radiance, at BOA level. For upward radiation, gas extinction
coefficients are derived from Tgas,abs↕ (λ) values, which ensure that
DART andMODTRANgive the samedirect upward vertical radiance,
at TOA level. For oblique sun and view directions, this approach
tends to be less accurate in spectral domains with strongly varying
spectral properties. Indeed, in these domains, the atmosphere direct
transmittance along an oblique view direction with a zenith angle θ
is not exactly equal to the atmosphere direct vertical transmittance
power 1/cosθ. A possible solution could be to compute Tgas,abs↕ (λ)
and Tgas,abs↓ (λ) for a set of oblique directions. It is not used in DART
because most remote sensing measurements are performed for
not too oblique view directions and for spectral bands with as few
strong absorption lines as possible.
The angular distribution of gas scattering is simulated with the
Rayleigh phase function formula given by Chandrasekhar (1960):

PR Ψsvð Þ
4π

≃ 3 1−δð Þ
2 2þ δð Þ :

1þ δ
1−δ

þ cos2Ψsv

� �
whereΨsv is the phase angle between the incident directionΩs and
the scattering directionΩv. δ is the depolarization factor. A constant
value (i.e., δ = 0.0279) is used for the optical domain (Bulcholtz,
1995; Young, 1980).

⁎ 7 aerosolmodels: 6 classical aerosolmodels (i.e., Ruralwith a visibility
V = 23 km and V = 5 km, Maritime with V = 23 km, Urban with
V = 5 km, Troposphere with V = 50 km, Fog with V = 0.5 km)
and a user defined aerosol model. For each aerosol model, the data-
base stores:

- Aerosol direct vertical transmittance Taerosol(λ),
- Mean single scattering albedo ωaerosol(λ),
- Density scale height Haerosol, for simulating an exponential ver-
tical distribution, and vertical density distribution daerosol(z),
for simulating a vertical distribution that is not necessarily ex-
ponential.

- 3 parameters (a, g1, g2) that characterize the double Henyey–
Greenstein functions that define the aerosol phase function
Paerosol(Ψ):

Paerosol Ψð Þ ¼
a: 1−g21
� �

1þ g21−2:g1 cos Ψð Þ� 	1:5
þ

1−að Þ: 1−g22
� �

1þ g22−2:g2 cos π−Ψð Þ� 	1:5 :

3.2. Pre computation

Before simulating the R.T. in the “Earth–Atmosphere” system,
three types of geometric and spectral quantities of the atmosphere are
pre-computed:

- Atmosphere geometry: altitude of level “MA–HA”, MA cell dimen-
sions and HA cell vertical dimension. These quantities are computed
in order to meet the best “Computer time–Pre-defined accuracy
value on atmosphere reflectance or brightness temperature” trade-
off, as explained later.

- TOA sun irradiance: it is computed with the DART atmosphere data-
base, the date (Julian day and time) and the sensor and Earth surface
locations (latitude, longitude).

- Atmosphere optical properties: gas and aerosol extinction coefficients
at any altitude of each atmosphere layer.

In addition, DART pre-computes 8 atmosphere transfer functions
(TF). These TFs are designed in order to decrease a lot computer time.
Indeed, they avoid to simulate the atmosphere R.T. with repetitive com-
putations that are necessarily identical because the MA and HA zones
are horizontally homogeneous. They are defined per spectral band and
per upward direction. There are four types of TFs:

- TF from level MA–HA to any level. It is used to simulate direct prop-
agation of radiation through HA (upward directions) and MA
(downward direction) from the level MA–HA. It stores intercepted
energy per layer and direct transmitted energy. It is used for com-
puting the other atmosphere radiative transfer functions.

- TFBOA,layerdir : 2 “direct” TFs store direct transmittance values. Each TF
gives the energy and position of a ray from BOA level that reaches
“Sensor” or “TOA” level along direction (Ωs

↑).
- TFBOA,layerscat : 4 “diffuse” TFs store scattering transmittance from
BOA level (i.e., upward radiation) to BOA and Sensor levels
(i.e., downward radiation) and to TOA and Sensor levels (i.e., upward
radiation).

- TFabs: 1 “absorption” TF stores the energy that is absorbed in the MA
and HA layers when a unit ray WBOA(Ωs

↑) directly crosses the atmo-
sphere, starting from the BOA level.
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Transfer functions TFdir, TFscat and TFabs are convolved with BOA
upward radiation WBOA(Ωs

↑) for simulating remote sensing images. It
must be noted that this approach takes into account the fact that radi-
ance fromEarth surfaces is not spatially homogeneous and not isotropic.
Once computed, these TFs can be applied to any DART simulationwhere
the atmosphere has the same properties. This avoids one to compute
again optical properties, which reduces computer times.

Direct and diffuse TF are defined for a fluxWBOA(Ωs
↑) that leaves the

level BOA along direction (Ωs
↑) at the pixel (i,j). TFBOA,layerscat are sampled at

theMAhorizontal resolution becauseMAscattering is driven by thedig-
itizing grid of MA. More specifically, TFBOA,layerscat functions give the ray
that reaches a level at pixel (i′,j′) in any direction (Ωv

↓ or Ωv
↑), due to

an upward ray WBOA(Ωs
↑) that leaves the BOA level at point (i,j) along

any upward direction (Ωs
↑).

Direct, diffuse and absorption transfer functions are listed below,
with the notation Δi = i′ − i and Δj = j − j′:

TFBOA,TOAdir (Δi,Δj,Ωs
↑,Ωs

↑): direct (no scattering) flux up to each cell (i′,j′)
of TOA level, along each direct direction Ωs

↑.
TFBOA,Sensordir (Δi,Δj,Ωs

↑,Ωs
↑): direct (no scattering) flux up to each

cell (i′,j′) of Sensor level, along each upward direction Ωs
↑.

TFBOA,BOAscat (Δi,Δj,Ωs
↑,Ωv

↓): backscattered flux from BOA down to any
cell (i′,j′) of BOA level, for each downward directionΩv

↓, for each ini-
tial direction (Ωs

↑).
TFBOA,TOAdir (Δi,Δj,Ωs

↑,Ωv
↑): energy scattered from BOA up to each

cell (i′,j′) of TOA level, along each upward direction Ωv
↑, for

each initial direction (Ωs
↑).

TFBOA,Sensorscat (Δi,Δj,Ωs
↑,Ωv

↓): energy backscattered from BOA down to
each cell (i′,j′) of Sensor level, along each downward direction Ωv

↓,
for each initial direction (Ωs

↑).
TFBOA,Sensorscat (Δi,Δj,Ωs

↑,Ωv
↑): energy scattered from BOA up to each cell

(i′,j′) of “Sensor” level, along each upward direction Ωv
↑, for each

initial direction (Ωs
↑).

TFMA
abs(n,Ωs

↑): absorbed energy per layer n of the MA atmosphere.
TFHAabs(n,Ωs

↑): absorbed energy per layer n of the HA atmosphere.

The computation of these TFs (Fig. 3) relies on atmosphere R.T.
modeling. It starts with an upward ray W (Ωs

↑) that exits the level
BOA. Its direct transmission gives rise to radiation interception in MA
and HA zones. Scattering of this radiation is simulated with an iterative
procedure: radiation that is intercepted at iteration (i) is scattered at
Fig. 3. Algorithm for computing atmosphere transfer functions for each upward di
iteration (i + 1). The number of iterations can be modified in order to
manage the accuracy of TFs. At every iteration, scattering is simulated
in 4 steps. These 4 steps are repeated until total energy to scatter in
the atmosphere is less than a threshold value or if a maximum number
of iterations is reached. For example, atmosphere scattering during the
so-called “Sun illumination stage”, in the absence of Earth surfaces, is
simulated with an iterative procedure where each iteration is made of
the 4 steps:

1) Scattering of radiation that was intercepted in HA during direct illu-
mination. It gives rise to intercepted radiation in HA and radiation
that is incident on levels TOA and MA-HA.

2) Downward illumination of MA (with HA–MA to BA transfer function)
due to the downward radiation that was stored on level MA–HA at
step 1. It gives rise to intercepted radiation inMAand downward radi-
ation that is incident on BOA level.

3) Scattering of radiation that was intercepted in MA. This gives rise to
intercepted radiation in MA and radiation that is incident on BOA
and MA–HA levels.

4) Upward illumination of HA (with HA–MA to TOA transfer function)
by the upward radiation that is stored in the MA–HA level during
step 3 of the present iteration.

3.3. Radiative transfer in the Earth–Atmosphere system

DART simulates the radiative transfer in the “Earth–Atmosphere”
system in 5 stages (Fig. 4):

- Stage 1: Illumination stage: computation of TOA and BOA atmo-
spheric irradiance (sun irradiance and/or atmosphere thermal
emission and scattering).

- Stage 2: Landscape R.T. with/without landscape thermal emission.
- Stage 3: Atmosphere backscattering down to the landscape of the
upward radiation calculated at stage 2.

- Stage 4: Landscape R.T. of the radiation that the atmosphere backscat-
ters by at stage 3.

- Stage 5: Transfer of upward fluxes (stages 2 and 4) from the BOA level
to the TOA and Sensor levels.

These 5 stages are presented below.

•Stage 1: Earth illumination. Stage 1 computes the Earth radiation re-
gime for the selected DART mode. For the reflectance mode “R”, the
rection Ωs
↑. Transfer functions associated to the “Sensor” layer are not shown.

image of Fig.�3


Fig. 4. Schematic view of the 5 stages of the algorithm that models the R.T. in the “Atmosphere–Earth” system.

155E. Grau, J.-P. Gastellu-Etchegorry / Remote Sensing of Environment 139 (2013) 149–170
Earth is illuminated by the sun radiation that crosses the atmosphere
without interaction and by sun radiation that is scattered by the
atmosphere. In the thermal emission mode “T”, the atmosphere
emits and illuminates the Earth. Moreover, the Earth emits also.
The third DART mode (i.e., mode “R + T”) combines methods of
DART modes “R” and “T”: the Earth is illuminated by the sun, by
downward atmosphere scattering and by downward atmosphere
emission. During this stage, the atmosphere is simply simulated as
the superimposition of layers, because it is assumed to behorizontal-
ly homogeneous and because the Earth surface heterogeneity has no
influence at this stage.
Only, the 1st phase of stage 1 (thermal emission and/or direct sun
illumination) depends on DART mode. Phase 2 (atmosphere
scattering) of stage 1 computes HA and MA scattering with a 4
step algorithm (Fig. 5) that is similar to the algorithm used for com-
puting the TFs (Fig. 3).
Phase 1:
- Modes “R” and “R + T”: Downward direct sun flux first
crosses HA, and then MA. The energy intercepted in HA
and MA is stored for further scattering in Phase 2.

- Modes “T” and “R + T”:
a) Emission of HA: it gives rise to radiation interception in HA and radi-

ation incident on TOA and HA–MA levels.
b) Emission of MA: it gives rise to radiation interception in MA and

radiation incident on BOA and HA–MA levels.
Phase 2: Iterative HA and MA scattering of radiation already

intercepted and not yet scattered. In the thermal do-
main, a quasi-convergence is reached with a single
iteration. Finally, one gets the downward radiance
LBOA(Ω) at BOA level, the upward Lsensor(Ω↑) and
downward Lsensor(Ω↓) radiance at sensor level, and
the upward radiance LTOA(Ω↑) at TOA level. These

image of Fig.�4


Fig. 5.DART “Sun illumination” stage. A) Schematic atmosphere: 3 layers forHA and 5 layers forMA. First, direct sun illumination (phase 1 of stage 1 inDARTmodes “R” and “R + T”) gives
rise to radiation intercepted (red stars) in HA and MA. This gives scattering, possibly combined with thermal emission, which leads to interception and scattering, and so on. After a few
iterations, one gets the upward radiance at TOA level and the downward radiance at BOA level. Radiation incident on layers “BOA” and TOA is homogeneously (spatially) distributed on
these horizontal layers. B) Algorithm.
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quantities are used to compute the atmosphere re-
flectance (or brightness temperature) at sensor
level ρatm,sensor(Ωs,Ωv) and TOA level ρatm(Ωs,Ωv).
•Stage 2: Radiative transfer in the Earth landscape and possibly in the
air (layer BOA). R.T. in the Earth scene, possibly with BA air cells,
gives the scene upward radiance LBOA(i,j,Ω↑) for any pixel (i,j)

image of Fig.�5
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of BOA level. The associated spectral Earth hemispheric albedo q
(i.e. the total upwarding energy divided by the total downwarding
energy at BOA level) stored is used in stage 3:

q ¼
ΣiΣ jΣ2π þ LBOA i; j;Ω↑

� �
: cos θð Þ:Δx:Δy

ΣiΣ jΣ2π−LBOA i; j;Ω′↓
� �

: cos θ′

 �

:Δx:Δy

•Stage 3: Atmosphere backscattering of the upward radiation scattered
in stage 2. The atmosphere backscatters radiation down to the BOA
and sensor levels. In order to decrease computer time, this atmo-
sphere backscattering is calculated by convolving the upward radia-
tionWBOA(i,j,Ω↑) that exits a pixel (i,j) of BOA level along an upward
direction Ω↑, with the 2 pre-computed transfer functions: TFBOA,
BOA

scat(Δi,Δj,Ω↑,Ω′↓) and TFBOA,Sensorscat (Δi,Δj,Ω↑,Ω′↓). As these TFs are
sampled at MA cell size, the fluxes WBOA(i,j,Ω↑) are sub-sampled at
MA cell size, then convolved, and finally oversampled at BA grid
with a classical bilinear method.
Each pixel (i′,j′) at BOA or Sensor level in the downward directionΩ′↓

is affected by each upwarding flux from any pixel (i,j) at BOA level in
any upwarding directionΩ↑ scattered by the atmosphere, so:

Downward flux at Sensor level:

WSensor i′; j′;Ω′↓
� �

¼
X
i

X
j

X
Ω↑

WBOA i; j;Ω↑
� �

:TFscatBOA;Sensor Δi;Δj;Ω↑
;Ω′↓

� �

Downward flux at BOA level:

WBOA i′; j′;Ω′↓
� �

¼
X
i

X
j

X
Ω↑

WBOA i; j;Ω↑
� �

:TFscatBOA;BOA Δi;Δj;Ω↑
;Ω′↓

� �
:

The associated spectral atmosphere backscattering (i.e. the total
downwarding energy divided by the total upwarding energy at
BOA level) albedo is:

s ¼
X

i

X
j

X
2π−LBOA i; j;Ω′↓

� �
: cos θ′

� �
:Δx:ΔyX

i

X
j

X
2πþLBOA i; j;Ω↑ð Þ: cos θð Þ:Δx:Δy :

Actually, there is an endless succession of “Atmosphere
backscattering–Earth upward scattering” events, with a decreasing
importance. Here, the successive irradiance values are assumed to
form a geometric series. Thus, we have:

WBOA i′; j′;Ω′↓
� �

¼ 1
1−q:s

:
X
i

X
j

X
Ω↑

WBOA i; j;Ω↑
� �

:TFscatBOA;BOA Δi;Δj;Ω↑
;Ω′↓

� �
:

•Stage 4: Radiative transfer of the backscattered radiation within the
Earth landscape. Similarly to stage 2, the Earth landscape scatters
the downward radiation WBOA(i,j,Ω↓) that is computed at stage 3
for each pixel (i,j) of BOA level. Stage 4 is conducted with a single it-
eration that is extrapolated using a multiplicative factor that is com-
puted at stage 2:

Extrapolated scene excitance; at stage 2
Scene excitance after 1 iteration; at stage 2

:

The use of this extrapolation instead of computing exactly the ex-
trapolation is justified by the fact that radiation is much smaller in
stage 4 than in stage 2.
•Stage 5: Radiation at sensor and TOA levels. The transfer functions
TFBOA–TOA and TFBOA–Sensor used for computing TOA and sensor images
are derived from {TFBOA,TOAdir ,TFBOA,TOAscat }, and {TFBOA,Sensordir ,TFBOA,Sensorscat },
respectively.

Upward flux at TOA level: “Upward Flux from BOA” × “Transfer
Functions TFBOA–TOA(Δi,Δj,Ω↑,Ω′↑)”

WTOA i′; j′;Ω0↑� �
¼
X
i

X
j

X
Ω↑

WBOA i; j;Ω↑
� �

:T FBOA;TOA Δi;Δj;Ω↑
;Ω0↑� �

Function TFBOA-TOA(Δi,Δj,Ω↑,Ω′↑) gives the upward flux WTOA(i′,j′,Ω↑)
for any upward direction Ω′↑ for any pixel (i′,j′) at sensor level, due
to a unit flux WBOA(i,j,Ω↑) from pixel (i = i′ − Δi, j = j′ − Δj) on
top of (BA) along the upward direction Ω↑.

Upward flux at sensor level: “Upward flux from BA” x “Transfer
Functions TFBA-Sensor(Δi,Δj,Ω↑,Ω′↑)”

WSensor i′; j′;Ω′↑
� �

¼
X
i

X
j

X
Ω↑

WBOA i; j;Ω↑
� �

:TFBOA;Sensor Δi;Δj;Ω↑
;Ω′↑

� �

Energy absorbed in atmosphere layer n.

Wabs
FL nð Þ ¼

X
i

X
j

X
WBOA i; j;Ω↑

� �
:TFFL n;Ω↑

� �
where FL

¼ MA or HA:

3.4. Automatic computation of DART atmosphere vertical geometry

The atmosphere geometry can be simulated more or less accurately
by varying its parameters:

- number of layers Nlayers,HA of the HA atmosphere,
- numbers of layers Nlayers,MA and horizontal cells Nhorizontal cells,MA in
the MA atmosphere, and

- altitude hFLMA of the interface between HA and MA.

This flexibility allows us to obtain the best trade-off “Computer time–
R.T. modeling accuracy”. We developed a method that determines auto-
matically the so-called optimal geometry (i.e., Nlayers,HA, Nlayers,MA, hFLMA)
because it is not intuitive. For that, accuracy criteria are applied to
atmosphere TOA radiance Latm,TOA (i.e., remote sensing products) and
BOA radiance Latm,BOA. (i.e., radiative budget products).

DART simulates exactly the direct radiance values Ldirect,atm,TOA and
Ldirect,atm,BOA because it uses direct transmittance values that are as-
sumed to be exact. It simulates also exactly TOA and BOA 1st order
(i.e., single scattering and/or thermal emission) atmosphere radiance
values L1,atm,TOA and L1,atm,BOA because it uses scattering points Ms instead
of cell centers. Multiple scatteringmodeling is the only source of inaccu-
racy for simulating Latm,TOA and Latm,BOA. It cannot use points Ms because
they are specifically computed for the sun direction. Instead, it uses
the cell/layer centers as the origin of scattering. In this context, the at-
mosphere geometry (i.e., Nlayers,HA, Nlayers,MA, hFLMA) plays an important
role. For instance, large Nlayers,HA and Nlayers,MA numbers lead to accurate
results, but with large computer times. Thus, it is useful to determine the
so-called optimal atmosphere geometry that gives Latm,TOA and Latm,BOA

values with pre-defined relative accuracy levels εTOA and εBOA. A difficulty
comes from the fact that there are no exact analytical expressions of
Latm,TOA and Latm,BOA due do multiple scattering. On the other hand, there
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are analytical expressions of L1,atm,TOA and L1,atm,BOA due to single scattering,
with cell centers as the origin of scattering. With the hypothesis that the
accuracy of Latm,TOA and Latm,BOA due do multiple scattering has the same
order of magnitude as the accuracy of L1,atm,TOA and L1,atm,BOA if both of
them are computed with cell centers as the origin of scattering, the opti-
mal atmosphere geometry is defined by the constraint: “atmosphere sin-
gle scattering simulation,with cell centers as the origin of scattering,must
lead to 1st order atmosphere radiance L1,atm,TOA and L1,atm,BOA values with
relative accuracy levels εTOA and εBOA”. Here, L1,atm,TOA is computed for a
TOA downward irradiance, and L1,atm,BOA is computed for a BOA upward
irradiance. The approach that computes automatically the atmosphere
geometry is presented below. It takes into account the fact that the atmo-
sphere is made of 2 layers (i.e., HA andMA). Optical depths that aremen-
tioned in this presentation are for scattering phenomena only.

Let Ωs(θs,ϕs) be an incident direction and Ωv(θv,ϕv) a backscat-
tering direction, with θ and ϕ the zenith and azimuth angles. Thus,
we have either μs = cosθs b 0 and μv = cosθv N 0, for a downward
incident direction and an upward scattered direction, or μs = cosθs N 0
and μv = cosθv b 0, for an upward incident direction and a downward
scattered direction. We consider an atmosphere layer with an optical

depth Δτ, a phase function P Ωs ;Ωvð Þ
4π and a scattering albedo ω, with an

incident irradiance Es.μs along directionΩs. Its 1st order reflected radiance
is:

Lexact1;atm;TOA Ωs;Ωvð Þ
¼ Es:

μsj j
μv −j jμsj j : 1− exp − Δτ

μsj j−
Δτ
μvj j

� �� �� �
:
P Ωs;Ωvð Þ

4π
:ω

L1,atmexact (Ωs,Ωv) varies with the optical depth and the incident Ωs and
scattering Ωv directions. The impact of optical depth depends on the
Ωs andΩv directions. Here, one assumes that themean value of this im-
pact is equal to its value for the intermediate directionsΩs and Ωv that
have a π

3 off-nadir angle (i.e., |μs| = |μv| = 0.5). Thus, L1,atm,BOA
exact (Ωs,Ωv)

is assumed to be proportional to [1 − e−4Δτ].
The horizontal distribution of the radiation Ebackscattered,atm(x,y) that is

backscattered by the atmosphere towards the Earth (i.e., “Atmosphere–
Earth” radiative coupling) can be simulated by the MA atmosphere only.
Indeed, theHAatmosphere cannot simulate horizontal variations because
it is made of layers only, conversely to the MA atmosphere where each
layer can containNhorizontal cells,MA cells. Thus, in order to simulate accurate-
ly the horizontal distribution of Ebackscattered,atm(x,y), the radiation
Ebackscattered,MA that is backscattered by the MA atmosphere towards the
Earth must be an important fraction (e.g., 50%) of Ebackscattered,atm. If we
call γ this fraction, we must have:

1−e−4ΔτMA ¼ γ 1−e−4Δτatm
� �

whereΔτatm is the total atmosphere optical depth andΔτMA theMAatmo-
sphere optical depth.

It implies that the optical depth of MA must be: ΔτMA ¼ − 1
4 :

ln 1−γ 1−e−4Δτatm

 �� 	

Here, for an exponential atmosphere with a height factor H, we

have: ΔτMA ¼ Δτatm 1−e−
hFLMA

H

� �
Thus: hFLMA ¼ −H: ln 1− ΔτMA

Δτatm

� �
with hFLMA ∈ [0.1 km–90 km].

Once the hFLHA altitude is defined, the procedure computes the terms
Nlayers,HA andNlayers,MA that lead to relative errors less than the user defined
εTOA and εBOA values on the atmosphere 1st order TOA radiance L1,atm,

TOA
cell centre(Ωs,Ωv) and BOA radiance L1,atm,BOA

cell centre(Ωs,Ωv) that DART
would give. The expression of the error on the upward radiance L1,atm,

TOA
cell centre(Ωs,Ωv) is given below for an exponential atmosphere, with

Nlayers layers, in the presence of a direct downward irradiance Es.μs
along direction Ωs. Any atmosphere layer n is characterized by its own
optical depth Δτn and its optical depth τn relative to the top of the
atmosphere. With atmosphere components characterized by a single

scatteringω and a phase function P Ωs ;Ωvð Þ
4π , we have:

Lcell centre1;atm;TOA Ωs;Ωvð Þ ¼ Es �
μsj j
μv

� P Ωs;Ωvð Þ
4π

�ω �
XNlayers

n¼1

1−e
Δτn
μs

� �
� e

−Δτn
2μv � e

τn
μs
−τn

μv


 �� �

with τn ¼ τatm � e−n:Δh
H and Δτn ¼ τatm � e−

n−1ð Þ:Δh
H −e−

n:Δh
H

� �

1−e
Δτn
μs

� �
is the fraction of the downward incident irradiance that is

intercepted by layer n, e
−Δτn
2μv is layer n transmittance for the 1st order

scattered radiation and e
τn
μs
−τn

μv


 �
is the transmittance from TOA down to

layer n from layer n up to TOA.
Thus, the relative error on L1,atm,TOA

cell centre(Ωs,Ωv) is:

ε Lcell centre1;atm;TOA Ωs;Ωvð Þ
� �

¼
Lcell centre1;atm;TOA Ωs;Ωvð Þ−Lexact1;atm;TOA Ωs;Ωvð Þ
��� ���

Lexact1;atm;TOA Ωs;Ωvð Þ :

Similarly:

ε Lcell centre1;atm;BOA Ωs;Ωvð Þ
� �

¼
Lcell centre1;atm;TOA Ωs;Ωvð Þ−Lexact1;atm;BOA Ωs;Ωvð Þ
��� ���

Lexact1;atm;BOA Ωs;Ωvð Þ :

1st order atmosphere radiance (i.e., L1,atm,TOA and L1,atm,BOA) at TOA
and BOA levels is analytically computed as the sum of 2 radiance com-
ponents from the HA and MA atmospheres. A 2 step approach is used.

1) Step a: L1,atm,TOA is computed for a downward incident direction
(μs b 0) and an upward scattered direction (μv N 0). Two configura-
tions are considered:
- L1,atm,TOA = L1,HA,TOAcell centre + L1,MA,TOA

exact

L1,HA,TOAcell centre is computed with HAmade of Nlayers,HA,a layers. L1,MA,TOA
exact is

exactly computed as an analytic integral. Nlayers,HA,a is iteratively
computed as the smaller number for which the error on 1st

order radiance verifies: ε Lcell centre1;HA;TOA

� �
bεTOA

s Lexact1;HA;TOAð Þ
s Lexact1;atm;TOAð Þ . Computer

time is reduced by using a unique incident direction Ωso and a
unique scattering direction Ωv that are intermediate directions

with θso ¼ 2π
3 and θvo ¼ π

3 (i.e., |μso| = μvo = 0.5). Thus, Nlayers,HA,a

must be such that:

ε Lcell centre1;HA;TOA Ωvoð Þ
� �

bεTOA
1−e

ΔτHA
μso

−ΔτHA
μvo


 �
1−e

Δτatm
μso

−Δτatm
μvo


 �

- L1,atm,BOA = L1,HA,TOAexact + L1,MA,TOA
cell centre

L1,HA,TOAexact is exactly computed as an analytic integral, and L1,MA,TOA
cell centre is

computedwithMAmade of Nlayers,MA,a layers. The number Nlayers,MA,a

of MA layers must be such that:

ε Lcell centre1;MA;TOA Ωvoð Þ
� �

bεTOA
1−e

ΔτMA
μso

−ΔτMA
μvo


 �
1−e

Δτatm
μso

−Δτatm
μvo


 � :e ΔτHA
μso

−ΔτHA
μvo


 �



Table 3
Automatically computed atmosphere parameters (i.e., Nlayers,HA, Nlayers,MA, hFLMA) from the
fast mode and the automaticmodewith 3 radiance relative error thresholds, and associat-
ed computer times with a 2.5 GHz computer. Parameters: Δτscat = 0.8, Δτabs = 0.29,
γ = 95%, θs = 30°, TOA vertical solar constant ETOA = 1000 W/m2/μm and ρground = 1.

Approach hFLMA Nlayers,MA Nlayers,HA Δt [s] ΤΟΑ exitance
[W/m2/μm]

Fast 8.537 4 11 1 355.23
Automatic (ε = 0.2%) 8.533 9 35 4 355.48
Automatic (ε = 0.1%) 8.529 13 48 6 355.51
Automatic (ε ≤ 0.01%) 8.533 27 61 8 355.53
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2) Step b: L1,atm,BOA is computed for an upward incident direction
(μs N 0) and a downward scattered direction (μv b 0). Two configu-
rations are considered:
- L1,atm,BOA = L1,HA,BOAexact + L1,MA,BOA

cell centreL1,HA,BOAexact is exactly computed as
an analytic integral and L1,MA,BOA

cell centre is computed with “MA made of
Nlayers,MA,b layers”. The constraint on the accuracy of L1,MA,BOA

cell centre is
verified if Nlayers,MA,b is such that:

ε Lcell centre1;MA;BOA Ωvoð Þ
� �

bεBOA
1−e

ΔτMA
μso

þΔτMA
μvo


 �
1−e

Δτatm
μso

þΔτatm
μvo


 �

- L1;atm;BOA ¼ Lcell centre1;HA;BOA þ Lexact1;MA;BOA

L1,HA,BOAcell centre is computed with HAmade of Nlayers,HA,b layers and L1,MA,

BOA
exact is exactly computed as an analytic integral. The constraint

on the accuracy of L1,HA,BOAcell centre is verified if Nlayers,HA,b is such that:

ε Lcell centre1;HA;BOA Ωvoð Þ
� �

bεBOA
1−e

ΔτHA
μso

−ΔτHA
μvo


 �
1−e

Δτatm
μso

−Δτatm
μvo


 � :e ΔτMA
μso

−ΔτMA
μvo


 �
:

Finally, we get: Nlayers,HA = Max(Nlayers,HA,a, Nlayers,HA,b) and Nlayers,MA =
Max(Nlayers,MA,a, Nlayers,MA,b).

The procedure that simulates automatically the atmosphere geome-
try uses an iterative approach with preset conditions for stopping it:

- Nlayers ≤ 100, with Nlayers = NMA,layers or Nlayers = NHA,layers

- |L1,atm,ϒ
cell centre(Ωvo) ‐ L1,atm,ϒ

exact (Ωvo)| ≼ 5 10−7 for a unit irradiance value,

with ϒ = BOA or TOA.

-
Lcell centre
1;X;ϒ Ωvoð Þ‐Lexact1;X;ϒ Ωvoð Þj j

Lexact1;X;ϒ Ωvoð Þ ≼Max 10−3; ε0
� �

with εo the user specified

error, X = MA or HA and Y = BOA or TOA.

with Nlayers(iteration i + 1) = Nlayers(iteration i) + 1.

- Lcell centre
1;atm;ϒ Ωvoð Þ−Lexact1;atm;ϒ Ωvoð Þj j

Lexact1;atm;ϒ Ωvoð Þ


 �
iteration iþ1

− Lcell centre
1;atm;ϒ Ωvoð Þ−Lexact1;atm;ϒ Ωvoð Þj j

Lexact1;atm;ϒ Ωvoð Þ


 �
iteration i

≼10−4

Actually, in addition to this automatic computation of the optimal
atmosphere geometry, the atmosphere geometry can be also simulated
with the 2 following approaches:

- “Fast” approach: the whole atmosphere is a simple superimposition
of layers (i.e., Nhorizontal cells,MA = 1), the maximum number of layers
of MA and HA is 30, γ = 95% and εo = 20%.

- “Manual approach”: the user defines all geometry parameters
Nlayers,HA, Nlayers,MA, Nhorizontal cells,MA, hFLMA,…

This procedure can be applied to all possible DART configurations.
Two examples are given below:

- Simulation of Nλ (e.g., 102) spectral bands, either all together (one
simulation with Nλ bands) or sequentially (Nλ simulation with one
band). For a sequential modeling, the atmosphere geometry is com-
puted independently for each spectral band. For a parallel modeling,
a single atmosphere geometry is computed, using the band for
which the atmosphere optical depth is larger.

- Spectral bandwhere there is thermal emission only, without any sun
irradiance. The procedure determines the so-called optimal geome-
try that leads to an accurate simulation of scattering mechanisms.

Table 3 shows atmosphere parameters (i.e., Nlayers,HA, Nlayers,MA,
hFLMA) and the associated computer time for simulating the atmosphere
geometry with the fast mode and the automatic mode, with 3 relative
error thresholds ε on TOA and BOA radiance values. Atmosphere optical
depths are Δτscat = 0.8 and Δτabs = 0.29. As expected, the number of
layers increases if ε decreases. The fast mode leads to the simpler
atmosphere geometry with the smaller computer time. The associated
relative error is less than 0.5%, which is quite acceptable for many appli-
cations. It is interesting to note that the atmosphere discretization re-
mains the same if ε becomes smaller than 0.01.

3.5. Simulation products

DART simulates a large number of remote sensing products
(e.g., images of reflectance, brightness temperature, radiance, irradi-
ance, exitance and albedo values) for the BOA, Sensor and TOA altitude
levels. It computes also several Earth and Atmosphere radiative budget
products (e.g., profiles and 3D distributions of the energy that is
intercepted, scattered, emitted and absorbed). DART simulated images
are georeferenced and can be ortho-projected using a Digital Elevation
Model (DEM). Hereafter, the remote sensing products are noted X.
Fig. 6 shows 2 types of TOA and BOA atmosphere products:

- TOA: upward 1st scattering order X1,atm,TOA (Fig. 6a) and total Xatm,TOA

(Fig. 6b). Xatm,TOA includes single and multiple scattering, and ther-
mal emission, without any Earth influence.

- BOA: upward and downward products: without Xatm,BOA
no coupling (Fig. 6c)

and with Xatm,BOA (Fig. 6d) “Earth–Atmosphere” coupling.

Components of remote sensing signals and radiative budgets with/
without atmosphere scattering and with/without Earth–Atmosphere
radiative coupling can also be computed. For that, DART simulates 3
types of BOA downward fluxes and 3 types of upward fluxes for the
BOA, Sensor and TOA levels. This leads to 9 radiative configurations, as
explained below. As for the BOA level, the direct and hemispheric
(diffuse) downwardfluxes at the Sensor level are simulated for comput-
ing reflectance values at the Sensor level. The abovementioned radiative
components are noted Xi–j,level where index “i” is downward fluxes at
BOA and Sensor levels and index “j” is for upward fluxes at Sensor and
TOA levels (Fig. 7):

- i = d (direct): downward fluxes that come directly from the sun
or from atmosphere thermal emission, without any atmosphere
scattering.

- i = h (hemispheric): downward fluxes that come from the sun
or the atmosphere thermal emission after some scattering by
the atmosphere.

- i = t (total): downward fluxes that have been or not scattered by
the atmosphere. This case includes a configuration that is not
taken into account by the configuration “i = d + h”: the
“Earth–Atmosphere” coupling associated to the direct irradiance
of Earth surfaces.

- j = d (direct): upward fluxes that come directly from the Earth
surface, whatever the type (i.e., direct or hemispheric) of BOA
downward flux, or directly from the atmosphere thermal emis-
sion, without any atmosphere scattering.

- j = h (hemispheric): upward fluxes that have been scattered by
the atmosphere.

- j = t (total): upward fluxes that have been or not scattered by
the atmosphere.



Fig. 6. Atmosphere products (X = reflectance, radiance, brightness temperature). Radiation sources are the sun (blue) and the Earth and the atmosphere (red). TOA: a) Single scattering.
b) Total (scattering + thermal emission). BOA: c) Total without No “Earth–Atmosphere” coupling. d) Total.
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Four examples of components Xi–j,TOA(Ωv) at TOA level associated to
DART mode (R) are given below:

- Xd–d,TOA(Ωv): Earth direct irradiance (i.e., no atmosphere scattering
on the way “Sun–Earth”) and direct TOA irradiance from the Earth
(i.e., no atmosphere scattering on the way “Earth–TOA”).

- Xd–h,TOA(Ωv): Earth direct irradiance (i.e., no scattering on the
way “Sun–Earth”) and hemispheric TOA irradiance from the Earth
(i.e., scattering and/or thermal emission on the way “Earth–TOA”).

- Xh–d,TOA(Ωv): Earth hemispheric irradiance (i.e., atmosphere
scattering on the way “Sun–Earth”) and TOA direct irradiance
Fig. 7. The 3 downward fluxes “i” (a: Direct d, b: Hemispheric h, c: Total t) and the 3 upward fluxes
for sunflux, direct and scattered by the atmosphere. Red color is for Earth/Atmosphere thermalflux
fluxes (solid line), or from direct sun and atmosphere thermal fluxes (dotted line).
from the Earth (i.e., no atmosphere scattering on the way
“Earth–TOA”).

- Xh–h,TOA(Ωv): Earth hemispheric irradiance (i.e., scattering on the
way “Sun–Earth”) and TOA hemispheric irradiance from the Earth
(i.e., scattering/thermal emission on the way “Earth–TOA”).

The Xi–j components are related by the following expressions:

Xd‐t;TOA Ωvð Þ ¼ Xd‐d;toTOA Ωvð Þ þ Xd‐h;TOA Ωvð Þ
þ Xd‐coupling‐h;TOA Ωvð Þ and Xh‐t;TOA Ωvð Þ

¼ Xh‐d;TOA Ωvð Þ þ Xh‐h;TOA Ωvð Þ
“j” (d: Direct d, e: Hemispheric h, f: Total t) for remote sensing components Xi–j. Blue color is
. Green color is for Earth scatteredflux, fromhemispheric sun and Earth/Atmosphere thermal

image of Fig.�6
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The term Xd–coupling–h(Ωv) stands for the “Earth–Atmosphere”
coupling due to the Earth direct irradiance, from the sun and/or atmo-
sphere thermal emission.

The separation between direct and hemispheric radiance values
is very useful for studying directional effects (Vermote et al., 1997;
Verhoef & Bach, 2003), topographic effects (Hay & Davies, 1978;
Ricchiazzi et al., 1998) and adjacency effects (Dave, 1980; Mekler and
Kaufman, 1982; Lee and Kaufman, 1986; Vermote et al., 1997).

4. Tests of validity

This chapter illustrates how the new atmosphere R.T. module
improves DART products.

4.1. Beer law adaptation

To simulate the atmosphere R.T. with the Beer law, even in spectral
domains with strong absorption variations where this law is not valid,
DART uses pre-computed transmittance values Tgas,abs↕ (λ) that take
into account this non-Beer law behavior of the atmosphere R.T. These
transmittance values are stored in the DART database. Tgas,abs↕ (λ) is the
spectral coupled direct path transmittance, at a 1 cm−1 resolution for
a pure gaseous atmosphere. In addition, DART uses the downward di-
rect transmittance Tgas,abs↓ (λ). As already mentioned, Tgas,abs↕ (λ) and
Tgas,abs↓ (λ) are pre-computed with the MODTRAN model (Berk &
Bernstein, 1999) for major standard atmosphere models and for nadir
sun and view directions. It explains that DART andMODTRAN TOA sim-
ulations are nearly equal for sun and view directions close to nadir.

Fig. 8 comparesMODTRAN TOA reflectance, from 0.32 μm to 2.3 μm,
to DART TOA reflectance that is simulated without and with the use of
Tgas,abs↕ (λ). All scattering orders are simulated. Here, one considers a US-
Standard atmosphere with nadir sun and view directions. MODTRAN
simulations were conducted with the DISORT algorithm, using 8 itera-
tions. DART reflectance is usually very close to MODTRAN reflectance.
Fig. 8. DART and MODTRAN TOA reflectance spectra at 1 cm−1 resolution. From top to
bottom: a) MODTRAN reflectance. b) DART reflectance. c) Absolute error “MODTRAN–
DART”without Beer law adaptation. d) Absolute errorMODTRAN–DARTwith Beer law ad-
aptation. US-Standard atmosphere. ρground = 0.5, θs = 180°. θv = 0°.
However, its absolute error can be as large as 0.05 if the atmosphere
R.T. is simulated with Beer law using the transmittance Tgas,abs↓ (λ) and
not Tgas,abs↕ (λ). Use of Tgas,abs↓ (λ) improves a lot results, with an absolute
error that is less than 0.004 for all wavelengths larger than 0.4 μm. It
can be noted that differences increase for wavelengths smaller than
0.4 μm. We assume that these differences are due to multiple scattering,
becauseMODTRANandDARTdonot use the same approach formodeling
multiple scattering.Maximal error reaches 0.0104 (i.e., 1.8% in relative) at
0.32 μm.The above results justify theBeer's lawadaptationbyDART: sim-
ulation of the atmosphere R.T. with transmittance values that account for
the non-Beer's law behavior of atmosphere R.T.

It is interesting to note that without the Beer law adaptation, DART
and MODTRAN reflectance differences increase if bandwidths Δλ in-
crease. Indeed, the approximation Tgas,abs↕ (λ) = [Tgas,abs↓ (λ)]2 is less
and less valid if Δλ increases, at least in spectral domains where optical
properties strongly vary. This is illustrated by Fig. 9. It shows DART re-
flectance values simulated without and with the use of Tgas,abs↕ (λ), for
bandwidths Δλ equal to 0, 0.01 μm and 0.1 μm. DART–MODTRAN dif-
ferences without Tgas,abs↕ (λ) increase a lot if Δλ increases. On the other
hand, DART–MODTRANdifferences remain nearly equal to zero ifΔλ in-
creases with Tgas,abs↕ (λ).

4.2. Use of points Ms as the origin of 1st order scattering

The use of points Ms as the origin of 1st order scattering (see
Appendix A) is expected to lead to exact 1st order TOA reflectance
values, whatever the number of layers used for simulating the atmo-
sphere geometry. This is shown here, using the atmosphere analytic
1st order reflectance:

ρanalytic1;atm;TOA Ωs;Ωvð Þ ¼ 1
μv−μs

: 1−e
Δτ
μs
−Δτ

μv


 �� �
:
PR Ωs;Ωvð Þ

4π
:ω

with PR Ωs ;Ωvð Þ
4π the Rayleigh phase function (Chandrasekhar, 1960).

Fig. 10 shows the analytic reflectance ρ1,atm,TOA
analytic and 3 DART TOA first

order reflectance products, as a function of the atmosphere optical
depth, for a 30° sun off-nadir angle and a 40° view zenith angle in the
solar plane and in the perpendicular plane. The 3 DART configurations
are characterized by:

- Ms points are the origin of scattering and the atmosphere geometry
is automatically computed.

- Ms points are the origin of scattering and the atmosphere geometry
is simulated with 8 layers.

- Cell centers are the origin of scattering and the atmosphere geome-
try is simulated with 8 layers.

With the analytic reflectance ρ1,atm,TOA
analytic as a reference, Fig. 10 shows

also the associated absolute and relative differences. As expected, the
use of pointsMs leads to exact results, even if the number of atmosphere
layers is very small (e.g., 8 layers). On the other hand, R.T. simulation
using cell centers instead ofMs points as scattering points leads to errors
that increase with large atmosphere optical depths. For example, the
relative error reaches 6% for an optical depth equal to 2.

Fig. 11 shows how DART 1st order reflectance varies with the view
and sun zenith angles. The analytic expression of 1st order TOA reflec-
tance is used as a reference. Similarly to the variation of TOA 1st order
reflectance with the optical depth, the use of points Ms allows DART to
simulate exact TOA 1st order reflectance. If these points are not used,
differences with the analytical reflectance reach large values such as
10% with a 70° view zenith angle. This stresses the usefulness of the
Ms points for simulating exactly 1st order reflectance.

4.3. DART convergence

DART accuracy depends on how the xyz coordinate and 4π direction
spaces are discretized. A basic assumption is that DART simulation is

image of Fig.�8


Fig. 9. DART (green) andMODTRAN (blue, dotted line) TOA reflectancewith a 0.1 μm step, for 3 bandwidths (0, 0.01 μm, 0.1 μm), without (left)/with (right) spectral coupled direct path
transmittance Tgas,abs↕ (λ). Relative difference (red) increases with bandwidth if Tgas,abs↕ (λ) is not used. ρground = 0.5, θs = 180°. θv = 0°.

Fig. 10.DART and analytic atmosphere reflectance with variable optical depth. Reflectance (top), absolute (middle), and relative (bottom) errors. 30° sun off-nadir angle. 40° view zenith
angle in the solar (left) and perpendicular (right) planes. 3 DART atmosphere configurations: “8 layers, no Ms”, “8 layers, with Ms” and “automatic geometry, with Ms”.
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Fig. 11.DART and analytic atmosphere reflectancewith variable sun and zenith angles. Reflectance (top), absolute (middle), and relative (bottom) errors. Solar (left) and perpendicular (right) planes,with 3DART atmosphere configurations: “8 layers,
no Ms”, “8 layers, with Ms” and “automatic geometry, with Ms”. Optical depth is 1.5. A) Variable view zenith angle. Sun zenith angle is 30°. B) Variable sun zenith angle. View zenith angle is 40°.
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Fig. 12. DART reflectance of a non-absorbing gas atmosphere in the solar and perpendicular planes. a) Number of atmosphere layers from 1 up to 180, with 100 directions. b) Number of
discrete directions from 2 to 500. Four atmosphere optical depths: 0.25, 0.5, 1, 1.5, with a number of atmosphere layers close to 100. Computer time is also shown (dotted line).

164 E. Grau, J.-P. Gastellu-Etchegorry / Remote Sensing of Environment 139 (2013) 149–170
optimal if the sampling grid of these 2 spaces is infinitely small. Obviously,
this is impossible because the numbers of cells and directions must be
finite in order to bemanageable, even if DART can handle very large num-
bers of cells and directions (e.g., 103 directions). Thus, the problem is to
determine the xyz space and 4π space sampling grids that give the best
trade-off in terms of simulation accuracy and computer time. Generally
speaking, the sampling grid of the xyz space must be adapted to the di-
mensions of the scene elements that influence the scene radiative budget
and/or its remote sensing images. As a rule of thumb, and in order to com-
ply with the Nyquist–Shannon sampling theorem, the xyz sampling grid
must be smaller than half the dimension of the smaller element that
Fig. 13. Illustration of the calculation of the altitude of the 1st order sc
must be considered. In the case of the atmosphere, the sampling grid
must be small enough for an accurate R.T. modeling, especially in pres-
ence of a heterogeneous Earth surface. The already presented automatic
procedure computes the optimal atmosphere geometry.

Fig. 12 shows howDART reflectance varies with the number of atmo-
sphere layers, from 1 up to 180 layers, andwith the number of directions,
from 2 up to 500 directions. Here, we consider a 30° sun zenith angle, a
40° view zenith angle in the solar and perpendicular planes, and a non-
absorbing atmosphere with 4 optical depths (i.e., 0.25, 0.5, 1, and 1.5).
In all cases, DART converges fast. For example, the simulation of TOA re-
flectance with 30–40 atmosphere layers is very close to the simulation
attering points Ms (Ωv) in the DART atmosphere cells and layers.
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Fig. 14. Path AB along a direction with a θ zenith in a spherical atmosphere. Here, RT is the
Earth radius and R(z) is the radius of the sphere at the altitude z. RA(z) = Rt + zA.

165E. Grau, J.-P. Gastellu-Etchegorry / Remote Sensing of Environment 139 (2013) 149–170
with 180 layers; the relative difference is less than 10−4. Thus, a number
of 30–40 layers are usually large enough, whatever the atmosphere opti-
cal depth. The “optimal” number is given by the procedure that simulates
automatically the atmosphere geometry. Similarly, TOA reflectance simu-
latedwith 100 discrete directions is very close to that simulatedwith 500
directions, whatever the atmosphere optical depth.

Reflectance in the solar plane is systematically smaller than in the
perpendicular plane. Indeed, the phase angle is larger in the solar
plane, which gives a small gas phase function value (i.e., Rayleigh
phase function). Fig. 12 shows also computer time for an Intel 2.5 GHz
Fig. 15. Plane atmosphere versus Spherical atmosphere. Ratio (A) and relative error (B) an
0.1 (i.e., T = 0.9) and τ = 1 (i.e., T = 0.3).
processor. As expected, computer time increases when the numbers of
atmosphere layers and directions increase.

The above results stress that for usual configurations of the “Earth–
Atmosphere” system, DART reaches convergence with relatively small
numbers of atmosphere layers (around 100) and discrete directions
(around 100). This is very interesting in terms of computer time.

5. Concluding remarks

The atmosphere R.T. code presented in this paper transforms DART
into an “Earth–Atmosphere” model that takes into account the scatter-
ing and absorption mechanisms of gasses and aerosols in a spherical
“Earth–Atmosphere” system. Comparisons with MODTRAN4 model
showed that DART leads to very comparable results with differences
less than 0.004 for wavelengths larger than 0.4 μm. These excellent re-
sults are explained by the fact that the DART R.T. atmosphere module
uses transmittance values that are pre-computed by the MODTRAN
model for a number of major atmosphere models. The use of these
transmittance values allows DART to simulate R.T. with Beer law, even
in spectral domains with very strong spectral variations where the appli-
cation of this law becomes less accurate. The major advantage of DART is
to combine an accurate atmosphere R.T. modeling with a very accurate
R.T. modeling of man-made and natural Earth scenes. As a result, it simu-
lates accurately the radiative coupling of the “Earth–Atmosphere” system,
with possibly complex and anisotropic Earth scenes.

Different modeling procedures were introduced for improving the
atmosphere radiative transfer in the DART model. The approach was
d absolute error (C) on transmittance T, for 5 scale factors and 2 optical depths τ =
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Fig. 16. TOA 1st order reflectance in the solar plane. DART with (ρ1,sphere,TOADART ) and without (ρ1,plane,TOADART ) account of Earth curvature (top) and associated absolute (middle) and relative
(bottom) reflectance differences relative to analytic ρ1,plane,TOAanalytic , for 2 sun off nadir angles (80°: left, 20°: right) and an absorbing atmosphere (transmittance = 0.75).
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aimed to improve simulation accuracy while maintain acceptable
computer times. For that, one introduced (1) transfer functions for
transferring radiance values from one atmosphere level to another one,
(2) an adaptation of Beer law, (3) mid-points Ms as origin of scattering
for simulating exactly 1st order TOA and BOA radiance values, (4) an
account of Earth curvature, and (5) an automatic computation of the at-
mosphere geometry. The major advantage of transfer functions is to de-
crease computer time in a very efficient way. Another advantage is that
they can be computed for a specific atmosphere and applied to any land-
scapewith the same atmosphere. This is very useful for operational work.
The constraint of transfer functions is that the atmosphere is supposed to
be horizontally homogeneous at any level z. Work is planned in order to
circumvent this constraint in order to allow DART to consider clouds in
the atmosphere, without excessively increasing computational time.

A number of numerical experiments were conducted for validating
the new modeling approach. Comparison with theoretical expressions
of atmosphere 1st order radiance proved the accuracy and reliability
of the model for any optical thickness of the atmosphere and any angu-
lar configuration. The validity of the multiple scattering modeling was
successfully tested with comparisons with MODTRAN simulations. As
already mentioned, differences between DART and MODTRAN were
always very small, even in the strong molecular scattering domains.

In short, the addition of an accurate atmospheric radiative trans-
fer module to DART makes it an operational integrated model very
efficient for remote sensing and radiative budget studies, in the
UV, VIS, and IR domains. The new modeling of atmosphere radiative
transfer is implemented in the DART model version 5.3.2 that is freely
available for scientific work (http://www.cesbio.ups-tlse.fr/us/dart/
dart_licence.html).
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Appendix A. Within cell scattering

At first order (i.e., scattering of direct sun radiation), atmosphere
layers scatter from a single point Ms(Ωv) per scattering direction Ωv.
The altitude of Ms(Ωv) is such that DART 1st order fluxes are exact in
the case of an infinite plane atmosphere. At larger orders, multiple scat-
tering is simulated from cell centers in order to decrease computer time.
The computation of the altitude of Ms(Ωv) is shown below.

The altitude ofMs in an air cell is driven by 2 factors that have opposite
influences. This is shown here for a downward ray Win(zi + Δz,Ωs) that
crosses a layer i (Fig. 13) that is between the altitudes zi and zi + Δz
and the optical depths τi and τi + Δτ. W1(Δz/|μs|,Ωs → Ωv) is the within
layer 1st order scattered flux along direction (Ωv) and W1,out(zi + Δz,
Ωs → Ωv) is the 1st order scattered flux that exits the layer.

Let us call Es the TOA sun irradiance along direction (Ωs) and τ(z) the
atmosphere optical depth at the altitude z, with an origin at the top of
the atmosphere (i.e., τ(∝) = 0 and τ(0) = τo). This layer has a gas op-
tical depth Δτm, an aerosol optical depth Δτp and a total optical depth
Δτ = Δτm + Δτp. Gasses have a total extinction coefficientαm, a single
scattering albedo ωm and a phase function Pm(Ωs,Ωv). Aerosols have a
total extinction coefficient αp, a single scattering albedo ωp and a
phase function Pp(Ωs,Ωv).

For an atmosphere with extinction coefficient vertical profiles of
gasses αm(z) and aerosols αp(z), with gas and aerosol height factors
Hm and Hp, the layer mean extinction coefficients are:

αm ¼
τm exp − zi

Hm

� �
− exp − zi þ Δz

Hm

� �� �
Δz

αp ¼
τp exp − zi

Hp

 !
− exp − zi þ Δz

Hp

 !" #

Δz
:

Let us call x the gas (m) or aerosol (p) components, L1,xexact and
L1,xDART the layer exact and DART 1st order radiance, and I1,xDART the
DART 1st order intensity. The altitude of the scattering point
Ms(Ωv) (i.e., zi + δz′ or τi + δτ′) must be such that we have: L1,xexact =

http://www.cesbio.ups-tlse.fr/us/dart/dart_licence.html
http://www.cesbio.ups-tlse.fr/us/dart/dart_licence.html
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L1,xDART. The cases of upward (μv N 0) and downward (μv b 0) directions are
analyzed below.

μv N 0: Theory gives the exact upward1st order radiance L1,xexact(Δz,Ωv)
scattered by component x. We have:

Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ �ωx �
P Ωs;Ωvð Þ

4π
�
Zz1

z1þΔz

� exp − αm zið Þ þ αp zið Þ
� �

� 1
μsj j þ

1
μvj j

� �
� zi þ Δz−zð Þ

� �

� αx zið Þ � Δx � Δy � dz
Δx � Δy � μv

⇒Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ �ωx �
Px Ωs;Ωvð Þ

4π
� αx zið Þ
αm zið Þ þαp zið Þ �

μsj j
μsj j þ μvj j

� 1− exp −Δτi �
μsj j þ μvj j
μsj j � μvj j

� �
 �
:

Note. Total radiance is:

Lexact Δz;Ωs;Ωvð Þ
¼ Es zi þ Δzð Þ:ω:

P Ωs;Ωvð Þ
4π

μsj j
μsj j þ μvj j : 1−exp −Δτi:

μsj j þ μvj j
μsj j: μvj j

� �
 �
:

With ω: P Ωs ;Ωvð Þ
4π ¼ αm zið Þ:ωm:

Pm Ωs ;Ωvð Þ
4π þαp zið Þ:ωp:

Pp Ωs ;Ωvð Þ
4π

h i
: 1
αm zið Þþαp zið Þ

DART 1st order intensity is: IDART1;x Δz;Ωs;Ωvð Þ ¼ ωx:
Px Ωs ;Ωvð Þ

4π :Wint;x: exp

− δτ′x
μvj j

h i
with x interception:

Wint;x ¼ Es zi þ Δzð Þ:
Zzi

ziþΔz

exp − αm zið Þ þαp zið Þ
� �

: zi þ Δz−zð Þ
h i

:αx zið Þ

:Δx:Δy:dz

Wint;x ¼ Es zi þ Δzð Þ αx zið Þ
αm zið Þ þαp zið Þ : μsj j: 1−exp −Δτi

μsj j
� �
 �

:Δx:Δy:

Thus, DART 1st order radiance for component x is:

LDART1;x Δz;Ωs;Ωvð Þ ¼ LDART1;x Δz;Ωs;Ωvð Þ
Δx � Δy � μvj j

¼ Es zi þ Δzð Þ �ωx �
Px Ωs;Ωvð Þ

4π
� αx zið Þ
αm zið Þ þαp zið Þ

� 1− exp −Δτi
μsj j

� �
 �
� μsj j
μvj j � exp − δτ′x

μvj j

" #
:

Condition “ L1,xexact(Δz,Ωs,Ωv) = L1,xDART(Δz,Ωs,Ωv)” is verified if:

δτ′x ¼ − μvj j:ln μvj j
μsj j þ μvj j :

1−exp −Δτi:
μsj j þ μvj j
μsj j: μvj j

� �

1−exp −Δτi
μsj j

� �
0
BB@

1
CCA:

′
It appears that δτx does not depend specifically on Δτx. Thus, we
have:

δτ′m ¼ δτ′p ¼ δτ′

¼ − μvj j: ln μvj j
μsj j þ μvj j :

1−exp −Δτi:
μsj j þ μvj j
μsj j: μvj j

� �

1−exp −Δτi
μsj j

� �
0
BB@

1
CCA and δz′

¼ δτ′

αm zið Þ þαp zið Þ :
The validity of the expression of δτ′ can be verified with a Taylor
expansion, for the case Δτ ≪ 1:

μvj j
μsj j þ μvj j :

1−exp −Δτi:
μsj j þ μvj j
μsj j: μvj j

� �

1−exp −Δτi
μsj j

� � ≈1þ B−A
2

Δτi

þ A2

6
−A:B

4
þ B2

12

 !
:Δτ2i þ…

with A ¼ μsj jþ μvj j
μsj j: μvj j and B ¼ 1

μsj j

⇒δτ′≈A−B
2

:μv:Δτi þ
B2−A2

24
:μv:Δτ

2
i þ…

⇒δτ′≈Δτi
2

− 1
μvj j þ

2
μsj j

� �
:
Δτ2i
24

:

It means that for small Δτi values, the origin point for scattering is
located above the cell center. It is all the more above the cell center
that the illumination and scattering directions are oblique. If Δτi =

0.1, the ratio δτ′−Δτi
Δτi

is around 5%, if incident and scattering directions

have a zenith angle equal to 60°. In that case, the relative error on trans-
mittance is ≈5 10−3.

μv b 0 ≠ μs: Theory gives the exact upward 1st order radiance
L1,xexact(Δz,Ωv) scattered by component x. We have:

Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ:ωx:
P Ωs;Ωvð Þ

4π
:

Zz1
z1þΔz

� exp − αm zið Þ þαp zið Þ
� �

:
zi þ Δz−z

μsj j þ z−zi
μvj j

� �� �

:αx zið Þ:Δx:Δy:dz
Δx:Δy:μv

⇒Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ:ωx
Px Ωs;Ωvð Þ

4π
:

αx zið Þ
αm zið Þ þ αp zið Þ

:
μsj j

μsj j− μvj j : exp −Δτi
μsj j

� �
− exp −Δτi

μvj j
� �
 �

:

DART 1st order radiance for component x is:

Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ:ωx
Px Ωs;Ωvð Þ

4π
:

αx zið Þ
αm zið Þ þαp zið Þ

: 1− exp −Δτi
μsj j

� �
 �
μsj j
μvj j : exp −Δτi

μvj j
� �

: exp− δτ′x
μvj j :

Condition “ L1,xexact(Δz,Ωs,Ωv) = L1,xDART(Δz,Ωs,Ωv)” is verified if:

δτ′x ¼ μv:ln
μvj j

μvj j− μsj j :
1−exp −Δτi:

μvj j− μsj j
μsj j: μvj j

� �

1−exp −Δτi
μsj j

� �
0
BB@

1
CCA:

Because δτ′x does not depend specifically on Δτx, we have:

δτ′m ¼ δτ′p ¼ δτ′ ¼ μv: ln
μvj j

μvj j− μsj j :
1−exp −Δτi :

μvj j− μsj j
μsj j: μvj j

h i
1−exp −Δτi

μsj j

h i
0
@

1
Aand δz′ ¼ δτ′

αm zið Þþαp zið Þ:
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The validity of the expression of δτ′ can be verified with a Taylor
expansion, for the case Δτ ≪ 1:

μvj j
μvj j− μsj j :

1−exp −Δτi:
μvj j− μsj j
μsj j: μvj j

� �

1−exp −Δτi
μsj j

� � ≈1þ B−A
2

Δτi

þ A2

6
−A:B

4
þ B2

12

 !
:Δτ2i þ…

with A ¼ μvj j− μsj j
μsj j: μvj j and B ¼ 1

μsj j

⇒δτ′≈B−A
2

: μvj j:Δτi þ
A2−B2

24
: μvj j:Δτ2i þ…

⇒δτ′≈Δτi
2

− 1
μvj j−

2
μsj j

� �
:
Δτ2i
24

:

Itmeans that for smallΔτi, the origin point for scattering is above the
cell center if the illumination direction is much more oblique than the
scattering direction (e.g., |μs| b 2|μv|).

μv = μs b 0: Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ:ωx:
Px Ωs ;Ωvð Þ

4π : αx zið Þ
αm zið Þþαp zið Þ

: Δτiμsj j :exp − Δτi
μsj j

� �
.

Lexact1;x Δz;Ωs;Ωvð Þ ¼ Es zi þ Δzð Þ:ωx:
P Ωs;Ωvð Þ

4π
:

αx zið Þ
αm zið Þ þ αp zið Þ

: 1− exp −Δτi
μsj j

� �
 �
� exp −Δτi

μsj j
� �

� exp δτ′x
μsj j

" #

Lexact1;x Δz;Ωs;Ωvð Þ ¼ LDART1;x Δz;Ωs;Ωvð Þ⇒δτ′

¼ μsj j � ln
Δτi
μvj j �

1

1− exp −Δτi
μvj j

� �
0
BB@

1
CCA

In short, the above expressions stress that optical depth δτ′ depends
on the view direction (Ωv) and that δτ′m ¼ δτ′p . For very small Δτi
(i.e., very small layer gas and aerosol densities), Taylor expansions
show that Ms is very close to the cell center (i.e., Δτ′i≈ Δτi

2 ). However,
to simulate the atmosphere as the superimposition of layers with very
small optical depths would require a very large number of layers that
cannot be managed in the R.T. model such as DART. This justifies the
use of points Ms for 1st order scattering.

It is interesting to note thatwithin cellmultiple scattering is simulated
in a different way as in vegetation cells. An air cell intercepts part of its
own 1st scattering order radiation, which leads to within cell multiple
scattering. Conversely to vegetation cells, within cell multiple scattering
is not simulated at the same stage as 1st scattering order radiation. It is
simulated at the following stage with incident radiation that comes
from other cells and that is intercepted by this cell. However, similarly
to vegetation cells,multiple scattering is simulatedusing intercepted radi-
ation that is stored per incident direction on the cell, separately for gasses
and molecules, to take into account their different phase functions.

Section 4 presents how DART reflectance is improved due to the use
of mid-points Ms.

Points Ms are not used in DART mode T (i.e., thermal emission).
Atmosphere thermal emission is computed per layer with the altitude
dependent extinction coefficients

αabs λð Þ¼ αm
abs λð Þþαp

abs λð Þ and αscat λð Þ¼ αm
scat λð Þþαp

scat λð Þ:

Total extinction coefficient is: αe(z,λ) = αabs(z,λ) + αscat(z,λ)
with single scattering albedo

ωm z;λð Þ ¼ αm
scat z;λð Þ

αm
scat λð Þ þαm

abs λð Þ and ωp z;λð Þ ¼ αp
scat z;λð Þ

αp
scat λð Þ þαp

abs λð Þ :

A cell gives rise to a unique ray along a given direction,with an origin
that is located on the top or bottom cell face, depending if the ray direc-
tion is upward or downward. The vector source WA emitted along
(Ω, ΔΩ) is due to the emission of an oblique parallelepiped (height
Δz, base Δx.Δy):

WA λ;Tð Þ ¼ Δx � Δy �αabs λð Þ � LB λ;Tð Þ � ΔΩ �
Z Δz

0
exp ‐αe z;λð Þ � z

cos θð Þ
� �

� dz W � μm−1
h i

WA λ;Tð Þ ¼ ε λð Þ � LB λ;Tð Þ � Δx � Δy � cosθ

� 1− exp ‐αe z;λð Þ � Δz
cos θð Þ

� �� �
� ΔΩ ¼ LA λ; Tð Þ � Seff � ΔΩ

where Seff = Δx.Δy.cosθ, ε λð Þ ¼ αa λð Þ
αe λð Þ , and LA(λ,T) is the atmosphere

radiance (W.m−2.sr−1.μm−1).

Appendix B. Earth curvature

For very oblique sun and viewdirections (i.e., far from local vertical),
the atmosphere should not be treated as a horizontal plane. Indeed, for
an off-nadir angle θ, an atmosphere path length between altitudes zA

and zB is smaller than in a horizontal atmosphere (i.e., Δz/|μ|, with
μ = cosθ and Δz = |zA − zB|). This difference of path lengths must be
analyzed in conjunction with the fact that gas and aerosol vertical den-
sities are not constant. DART R.T. modeling considers the Earth curva-
ture. For that the “Atmosphere–Earth” system is assumed to be a
sphere. The adopted approach is presented below.

Fig. 14 shows a path AB along a direction with a θ zenith angle in a
spherical atmosphere. RT is the Earth radius and R(z) the radius of the
sphere at the altitude z. Thus, for point A, we have: RA(z) = RT + z.
Hereafter, we consider an upward path (i.e., μ = cos(θ) N 0) and a
downward path (i.e., μ = cos(θ) b 0).

μ N 0: Path {Δz N 0; μ} is AB ¼ −RA:μ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A:μ2 þ Δz: Δzþ 2RAð Þ

q
. It

can be treated as a path {Δz; μsph} in an horizontal atmosphere if we re-
place μ by μsph ¼ Δz

−RA :μþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A :μ2þΔz: Δzþ2RAð Þ

p .

Then AB ¼ Δz
μsph

b Δz
μ :

μ b 0: Path {Δz b 0; μ} is AB ¼ −RA:μ−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A:μ2 þ Δz: Δz−2RAð Þ

q
. It

can be treated as a path {Δz; μsph} in a horizontal atmosphere if we
replace μ by μsph ¼ −Δz

RA :μþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A :μ2þΔz: Δz−2RAð Þ

p :

Then: AB ¼ −Δz
μsph

b−Δz
μ :

The 2 expressions of AB and μsph are identical. Indeed: {μ N 0,Δz N 0}
for the 1st one and {μ b 0, Δz b 0} for the 2nd one. As expected, they
stress that a path between 2 altitude levels is smaller in a spherical
atmosphere than in a horizontal atmosphere.

The optical depth of path AB is:

Δτ zA;Δz; μð Þ ¼
Z Δl¼AB

0
α tð Þ � dl ¼

Z zB

zA
α tð Þ: RA þ tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
A:μ

2 þ t: tþ 2RAð Þ
q � dt



169E. Grau, J.-P. Gastellu-Etchegorry / Remote Sensing of Environment 139 (2013) 149–170
with t the altitude relative to zA and l the path length starting from A:

μ N0 : l ¼ −RA � μ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A � μ2 þ t � tþ 2RAð Þ

q
μb0 : l ¼ −RA � μ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
A � μ2 þ t � t−2RAð Þ

q
:

Let us consider the x component (m: gas; p: aerosol) and a layer i [zi
zi + Δzi] of a plane atmosphere with a mean extinction coefficient αi .
DART optical depth of a path Δlplane along a direction μj with a vertical

variation Δz is: Δτplane;x z;Δz; μ j

� �
¼ αx;i zð Þ � Δlplane ¼ αx;i zð Þ � Δz

μ j

��� ���:
In order to keep the rectangular geometry of DART scenes, the

spherical atmosphere is treated as a horizontal atmosphere. For
that, in the classical R.T. equations for a plane atmosphere, the

term μj is replaced by the term μsph,x,i,j that is defined by: Δτsph;x

z;Δz; μ j

� �
¼ αx;i zð Þ: Δz

μsph;x;i; j

��� ���:
Any DART atmosphere layer is usually too thick in order to consider

thatαx(z) is constant within it to compute the effect of earth curvature.
Thus, the optical depth is computed with the integral:

Δτsph;x z;Δz; μ j

� �
¼
Z zþΔz

z
αx tð Þ � F tð Þ � dt with F tð Þ

¼ RT þ tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
T � μ2 þ t � tþ 2RTð Þ

q :

For practical reasons, when the atmosphere R.T. is running, pa-
rameter αx(z) is not reachable, conversely to the i discrete extinc-
tion coefficients αx;i and the total optical depth τx. Because αx(z)
is not fully defined by αx;i , component x in any layer i is assumed
to have an exponential distribution with the same height factor Hx

in all layers (e.g., Hm = 8 km, Hp = 2 km). Thus, in any layer i, we

have αx;i;λ ¼ αx;0;i � exp − z
Hx

� �
, where αo,i is the extinction coeffi-

cient at altitude z = 0. It must be noted that this approach works
with any vertical distribution of atmospheric constituents, even for
components with non-vertical distribution.

For each layer i, one has:

αx;i ¼
1
Δzi

ZziþΔzi

zi

αx zð Þ � dz ¼ αx;0;i

Δzi

ZziþΔzi

zi

exp − z
Hx

� �
� dz

¼ αx;0;i:Hx

Δzi
exp − zi

Hx

� �
−exp − zi þ Δzi

Hx

� �� �
:

Thus, for each layer i, we have:

αx;0;i ¼
αx;i � Δzi�

Hx
� 1

exp − zi
Hx

� �
−exp − zi þ Δzi

Hx

� � :

Finally, in order to verify the equality Δτsph;x;i zi;Δzi; μ j

� �
¼ αx;i � Δzi

μsph;x;i; j

��� ���;
we must have:

μsph;x;i; j

��� ��� ¼ αx;i zð Þ
Δτsph;x;i zi;Δzi; μ j

� � :Δzi
|μsph,x,i,j| is computed for the 2 components (i.e., aerosols and gasses), the
Nlayers atmosphere layers, the Ndir discrete directions and the Nλ spectral
bands.

Fig. 15 illustrates the impact of the Earth curvature on the gas atmo-
sphere transmittance, for 5 atmosphere scale factors and 2 optical
depths τ = 0.1 (i.e., T = 0.9) and τ = 1 (i.e., T = 0.37). As expected,
the ratio μplane

μsph
and the relative and absolute errors on atmosphere trans-

mittance vary as a function of zenith angle θ (Fig. 15a), especially for
θ N 50°. For an atmosphere with an optical depth Δτatm equal to 0.1,
the relative error on atmosphere direct transmittance reaches 25% for
an 85° zenith angle. We verify also that the relative error increases
with zenith angles. The absolute error on atmosphere transmittance
behaves differently, because transmittance tends to the 0 value for larg-
er zenith angles: ifΔτatm increases, themaximal absolute error on atmo-
sphere transmittance arises for zenith angles smaller than 90°. For
example, Fig. 15c shows that the maximal absolute error occurs for
θ ≈ 70° if τ = 1.

The interest to consider the Earth curvature is shown here by com-
paring 3 computations of TOA atmosphere 1st order reflectance: DART
simulation ρ1,sphere,TOADART with the “Earth curvature” correction, DART sim-
ulation ρ1,plane,TOADART for a plane atmosphere and an analytically computed
reflectance ρ1,plane,TOAanalytic for a plane atmosphere. Here, we consider a pure
absorbing atmosphere with nadir transmittance Tabs, an Earth surface
with a Lambertian reflectance ρground, a sun direction Ωs and a view
direction Ωv. Then:

ρanalytic1;plane;TOA Ωs;Ωvð Þ ¼ ρground:Tabs
1
μsj jþ

1
μvj j

� �
with μs ¼ cos θsð Þ and μv

¼ cos θvð Þ:

Fig. 16 shows the reflectance values ρ1,sphere,TOADART , ρ1,plane,TOADART and ρ1,
plane,TOA

analytic and their associated absolute and relative differences,
for 2 off-nadir sun directions θs (i.e., 20° and 80°), with a Lambertian
Earth surface (ρground = 0.5). As expected, DART reflectance ρ1,plane,
TOA

DART that is simulated with no account of the Earth curvature is
equal to the analytic reflectance ρ1,plane,TOAanalytic for a plane atmosphere. In-
deed, the DART simulated atmosphere transmittance is equal to the
one used by the analytic reflectance. On the other hand, differences
occurwith ρ1,sphere,TOADART , due to the account of the Earth curvature. Differ-
ences are all larger than sun and/or view directions are oblique. For
θs = 20°, relative differences are almost zero for θv b 60°, and reach
5% for θv = 80°. Relative difference is much larger for θs = 80°: it is
≈6% (i.e., absolute difference ≈ 0.0035) for a nadir view direction
θv = 0°. The absolute difference decreases with larger θv, similarly to
the decrease of TOA reflectance. However, relative differences remain
at ≈6% level for θv b 60°. For θv N 60°, relative differences increase
strongly. These results confirm the interest to take into account the
Earth curvature when modeling R.T., especially for far-off nadir sun
and view directions.
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