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Deriving Surface Reflectance From Visible/Near
Infrared and Ultraviolet Satellite Observations

Through the Community Radiative Transfer Model
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Wenhui Wang , and Changyong Cao

Abstract—Earth’s surface reflectance is an important parameter
affecting ultraviolet (UV) and visible (VIS) radiance calculations at
the top of the atmosphere because many UV and VIS channels can
acquire information about the surface and atmosphere. This article
provides the theoretical basis for deriving the surface reflectance
from satellite-measured UV and VIS observations at window and
lower sounding channels with the help of the community radiative
transfer model (CRTM) and collocated atmospheric profiles such
as ozone, water vapor, and aerosols. Cirrus cloud may be included
in the calculation as long as the observations contain enough
reflected radiation from the surface. An explicit equation with three
scalar parameters α, β, and δ is obtained for users to calculate
Lambertian surface reflectance from the observation. The expres-
sions for the three parameters are somewhat complicated and
computationally expansive. We found a simple and smart way that
can exactly calculate the three parameters with quasi-linear func-
tions. Numerical experiments using the CRTM simulations have
demonstrated the algorithm accuracy for the surface reflectance
retrieval better than 2.0E-14. As a case study, measured surface
reflectance and the derived surface reflectance over desert from
satellite UV measurements are compared. The derived surface
reflectance from Suomi National Polar-orbiting Partnership. Visi-
ble Infrared Imaging Radiometer Suite (VIIRS) observations and
the VIIRS reflectance product are compared as well. In addition,
this methodology can also be used to calculate microwave and
infrared surface emissivity with scatterings and solar radiation by
adding the surface Planck radiance at the surface temperature.

Index Terms—Community radiative transfer model (CRTM),
ozone mapping and profiler suites (OMPS) observations and visible
infrared imaging radiometer suite (VIIRS) observations, surface
reflectance.
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I. INTRODUCTION

EARTH’S surface reflectance is an important parameter
affecting most of the ultraviolet (UV) and visible (VIS)

and near-infrared (NIR) radiance calculations at the top of the
atmosphere (TOA), thus, playing a critical role in the calibra-
tion/validation of the ozone mapping and profiler suites (OMPS),
sensor data record (SDR) [1], [2] ,and Visible Infrared Imaging
Radiometer Suite (VIIRS) [3]. The surface reflectance is also a
key parameter [4] for the retrieval of aerosols [5], [6], clouds [7],
and chemical compositions [8], [9] in the atmosphere from re-
mote sensing data within UV and VIS spectral ranges [10], [11].
Our recent study [12] further showed that the Earth’s surface
reflectance plays an important role in UV radiance assimilation
for total column ozone in the atmosphere. Thus, the information
of accurate surface reflectance is highly desirable in UV/VIS
satellite data calibration/validation, satellite environmental data
record (EDR) retrieval systems, and data assimilation into nu-
merical weather prediction (NWP) models.

Surface reflectance is referred to a spectral reflectance as the
ratio between reflected radiance (Is) to downward irradiance
(Fs) at the surface, that reads as follows [13]:

ρ =
πIs
μ0Fs

(1)

where μ0 is the cosine of a solar zenith angle. Generally speak-
ing, surface reflection has a bidirectional reflectance distribution
function (BRDF). However, the Lambertian equivalent reflec-
tion, where the surface’s reflection is isotropic no matter what
downward radiation is, is still a good approximation for many
applications [10]. The surface albedo is defined as the fraction
of sunlight reflected by the surface of the Earth. The surface
albedo is usually a function of solar zenith angles. However, for
a Lambertian surface and a given wavelength, the value between
the surface albedo and the surface reflectance is the same and
the surface emissivity equals one minus the reflectance.

In practice, the surface reflectance may show large variabili-
ties over time and location. Static/climatology surface spectral
reflectance library [14]–[16] is very helpful to wide applica-
tions. Recently, Tilstra et al. [10] generated the Earth’s surface
reflectivity climatology from UV to NIR observations from
Global Ozone Monitoring Experiment (GOME)-2. They retrieve
the surface reflectance based on lookup tables, which is very
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efficient to process big remote sensing data. The limitations of
the technique are that the vertical distribution of absorbing gases,
molecular and aerosol scatterings, as well as those interactions
cannot be included.

The surface reflectance database is important to climate stud-
ies as well and can serve as the first guess in the retrieval. How-
ever, the database does not meet the requirement for real-time
satellite radiance assimilation and the instrumental radiometric
calibration and validation through radiative transfer (RT) cal-
culations. Another approach is to provide surface reflectance
available near real-time.1 However, the product is also based
on a lookup table technique. The RT models used for those
surface reflectance retrievals are typically not consistent with
the radiative transfer model (RTM) used in radiance assimilation
and satellite instrumental radiometric calibration. For example,
the TOMRAD [17] is used in the satellite ozone and surface
effective reflectance product retrieval system (OMPS ATBD,
2014). The inconsistency may be due to different aerosol models,
gaseous absorption models, radiative transfer solvers, and other
inputs. In direct radiance assimilation, the inputs are from six
hours forecast. Those discrepancies call for a need to establish a
methodology for surface reflectance calculations using an RTM
consistent with that for satellite data calibration and assimilation
studies.

In this study, we derive an explicit equation for calculating the
surface reflectance from UV VIS and NIR radiances measure-
ments onboard satellites through community radiative transfer
model (CRTM). The CRTM has been developed and maintained
at the Joint Center for Satellite Data Assimilation (JCSDA) for
direct radiance assimilation in support of weather forecast and
for operational retrievals of EDRs [18]. In our previous studies
[12], we assimilated ozone mapping and profiler suite (OMPS)
nadir mapper (NM) radiance [1] for atmospheric column ozone
with the information of derived surface reflectance. We used a
linear spectral reflectance model that can be determined inline by
fitting two OMPS NM channel radiances at 347.6 and 371.8 nm.
The two channels have nearly zero sensitivity on atmospheric
ozone. Compared with the approach, a new algorithm in this
study is established by taking advantages of the CRTM compu-
tations.

The rest of this article is organized as follows. The method-
ology for deriving surface reflectance from satellite measured
radiance is described in Section II. Section III discusses the
algorithm verification using the CRTM simulations and one case
study over Libyan desert site 1 by using OMPS NM measure-
ments and VIIRS measurements. Finally, Section IV concludes
this article.

II. METHODOLOGY

For a Lambertian surface, the TOA radiance can be ex-
pressed as a sum of cosine and sine harmonic functions

1[Online]. Available: https://www.avl.class.noaa.gov/saa/products/welcome;
jsessionid = 506D9B420A2144918EDB6EE82A6C5AD8

[19]–[21] as

I (ρ, μ, φ, μ0, φ0) = I0 (ρ, μ, μ0)

+

M∑
m = 1

Icm (μ, μ0) cos m (φ0 − φ)

+ Ism (μ, μ0) sin m (φ0 − φ) . (2)

Here, μ is the cosine of the viewing zenith angle, μ0 is
the cosine of solar zenith angle, φ is the viewing azimuthal
angle, and φ0 is the solar azimuthal angle. The upper limit M
depends on the number of Gaussian quadrature points used for
the integration of the radiative transfer equation. One can see
from (2) that only the zeroth radiance component depends on
the Lambertian surface reflectance. The sine harmonic part is
zero for a scalar radiative transfer model. The zeroth radiance
component vector at a given wavelength or channel can be
obtained in a vector/matrix form as follows [22]:

I0 = Su + Ta(E − rsRd)
−1 rs

(
Sd + V1

μ0F0

π
e−

σ
μ0

)
. (3)

Su and Sd are the vectors for the diffuse radiation scattered
by atmosphere in upward (u) and downward (d) directions,
respectively. E is a unit matrix. V1 is the vector in which all
elements equal to one for a scalar radiative transfer. For a fully
polarized radiative transfer, each element of V1 is expanded by
a transpose of the vector [1,00,0]. To be simple, the derivation
below is for a scalar radiative transfer. However, the results are
valid for the fully polarized model as well. Ta is the matrix
for atmospheric transmission. Rd is the matrix for atmospheric
reflection at the bottom of the atmosphere. σ is the total optical
depth of the atmosphere.

The vectors and matrices in (3) can be evaluated by using
Gaussian quadrature points and weights μi and wi [23]. In the
CRTM, a cosine of the sensor zenith angle μ is treated as
additional quadrature point with zero weight [24]. We use N to
represent the number of the quadrature points. The Lambertian
surface reflection matrix is defined as

rs (μi, μj) =
ρμjwj∑N
j=1 μjwj

. (4)

Using (3) and (4), we can obtain the solution of (3) at the
sensor zenith angle as (see Appendix A)

I0 (ρ, μ, μ0) = S0 (μ, μ0) + (1− ρα)−1ρ β (5)

with

β =
t (μ)

π

(
d (μ0) + μ0F0e

− σ
μ0

)
(6)

where t(μ) is the diffuse transmission at the sensor observing
direction; α and d(μ0) are the atmospheric spherical reflectance
and downward diffuse flux without the surface reflection at the
bottom of the atmosphere, respectively; S0(μ, μ0) is the upward
radiance of the atmosphere.

The actual surface reflectance γ can be derived from observed
radiance Iobs with the CRTM simulation for an initial nonzero
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surface reflectance ρ [see (2) and (5)] as follows:

Iobs (γ, μ, φ, μ0, φ0) = I0 (γ, μ, μ0)

+

M∑
m = 1

Icm (μ, μ0) cos m (φ0 − φ)

+ Ism (μ, μ0) sin m (φ0 − φ)

= I0 (γ, μ, μ0) + I (ρ, μ, φ, μ0, φ0)− I0 (ρ, μ, μ0)

= S0 (μ, μ0) + (1− γα)−1γβ + I (ρ, μ, φ, μ0, φ0)

− I0 (ρ, μ, μ0)

= (1− γα)−1 γβ + I (ρ, μ, φ, μ0, φ0) + δ (7)

where

δ = S0 (μ, μ0)− I0 (ρ, μ, μ0) . (8)

Finally, the surface reflectance corresponding to the observed
radiance can be derived from (7) and (8)

γ =
Iobs (γ, μ, φ, μ0, φ0)− I (ρ, μ, φ, μ0, φ0)− δ

β + α (Iobs (γ, μ, φ, μ0, φ0)− I (ρ, μ, φ, μ0, φ0)− δ)
.

(9)
One can directly calculate the three scalar parameters α, β,

and δ using their expressions (A6, A9, and A10) in Appendix A.
However, the new coding may demand a significant effort and
the numerical accuracy (∼0.05%) is not very high because of
multiple matrix/vector manipulations including the matrix inver-
sion. Theoretically speaking, one can call the radiative transfer
model three times for three surface reflectance values 0, ρ, ρ1,
respectively. The three calculated zeroth radiance components
can establish three equations [see (5)] for solving the three
scalar parameters α, β, and δ. We only call the CRTM one
time for the surface reflectance ρ since all layer transmission
and reflection matrices, layer source vectors, I0(ρ, μ, μ0), and
I(ρ, μ, φ, μ0, φ0) are computed and saved in single CRTM for-
ward calculation. It is straightforward to write a short sub-
routine (24 lines code for the algorithm core part) using the
saved variables to calculate TOA radiance zeroth component
for a given surface reflectance; for example, I0(ρ1, μ, μ0) and
I0(0, μ, μ0). We choose ρ1 = ρ

2 . The three results for the three
surface reflectances lead to three equations, which are sufficient
for calculating the three parameters as follows:

α =
Aρ− ρ1

ρρ1 (A− 1)
(10a)

β =
I0 (ρ, μ, μ0)− I0 (0, μ, μ0)

ρ
(1− ρα) (10b)

δ = I0 (0, μ, μ0)− I0 (ρ, μ, μ0) (10c)

where

A =
I0 (ρ1, μ, μ0)− I0 (0, μ, μ0)

I0 (ρ, μ, μ0)− I0 (0, μ, μ0)
. (10d)

III. RESULT AND DISCUSSION

In our previous study on OMPS NM radiance assimilation,
the surface reflectance of the OMPS NM channels at the wave-
lengths of 347.6 nm and 371.8 nm are retrieved iteratively [12].
The two channels have nearly zero sensitivity on atmospheric
ozone. We interpolated or extrapolated the two reflectance for
the reflectance of other OMPS NM channels. We used a finite
difference method to calculate the radiance derivative to the
surface reflectance by calling the CRTM forward model twice.
One can directly calculate Jacobian (same as the derivative)
by calling CRTM K-matrix. The Jacobian is also called the
sensitivity of radiance to geophysical variables such as aerosol
mass and water vapor in the atmosphere. The CRTM Jacobian
calculation is very efficient. It takes less than three times of
the CRTM forward computational time to calculate Jacobian
values for all input variables. In radiance assimilation, the input
variables of atmospheric profiles and surface variables are more
than hundreds that would demand more than one thousand
computational times of the CRTM forward model calculation in
a finite difference method. For the surface reflectance retrieval,
the finite difference method is fast because it only deals with one
variable. It typically takes three iterations to retrieve the surface
reflectance and demand computational time about six times
of the CRTM forward computation. Contrary to our previous
study, the analytic equations in the above section offers users
a new approach to calculate surface reflectance from either
observations or simulations. It only takes additional 4% CPU
time of the CRTM forward model calculation, which is about
six times faster than that needed for the traditional retrieval
method in [12]. In addition, the analytical algorithm achieves
a numerical accuracy while a traditional (iterative) retrieval
algorithm achieves an accuracy of about 1%. There is no impact
on users who do not need to calculate the surface reflectance.
Below, two examples are given to validate the accuracy of the
analytical algorithm for deriving the surface reflectance through
RTM simulations and satellite observations, respectively.

First, we check the difference between the original surface
reflectance and the analytic solution for the surface reflectance
through the CRTM. We first call the CRTM by (10a)–(10d) with
a constant surface reflectance of 0.4 to compute the three scalar
parameters α, β, and δ for the VIIRS M1 band at 412 nm.
In the second step, we simulate the VIIRS M1 band radiance
for a set of solar zenith angles and a set of the original sur-
face reflectance: 0.01, 0.1, 0.5, 0.9, 0.99. Finally, we apply
(9) and use the simulated VIIRS radiance at the second step
as “observation” to retrieve the surface reflectance with α, β,
and δ that are calculated at the first step. The experiments are
designed to demonstrate the numerical accuracy of the exactly
analytic solution. Table I lists the original and retrieved surface
reflectance for a set of the surface reflectance and a set of solar
zenith angles. The comparison is limited to the solar zenith angle
not larger than 70 degrees because the CRTM model is a plane
parallel 1-D radiative transfer model. Spherical coordinate is
necessary for very large solar zenith angles. In the simulations,
an ECMWF atmospheric profile and a dust mass profile is used.
The aerosol optical depth of 0.5 at 550 nm and the effective
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TABLE I
COMPARISON BETWEEN ORIGINAL SURFACE REFLECTANCE (VALUES IN THE

FIRST ROW) AND DERIVED SURFACE REFLECTANCE FOR THE VIIRS BLUE

BAND AT 412 NM FROM THE CRTM SIMULATED RADIANCE OVER LAND

The aerosol Optical depth was set to 0.5 and the corresponding dust effective radius was set
to 0.6 μm. The first guess of the surface reflectance was fixed to 0.4. Equations (10a)–(10d)
are used to calculate the parameters α, β, and δ at the first and then (9) is applied to derive
the surface reflectance.

dust radius of 0.6 μm are chosen. The comparison result shows
that the derived surface reflectance agrees well with the true
(original) surface reflectance. The maximum difference is less
than 2.0E-14, which is a numerical precision. We also test
the analytic algorithm by using vectorized CRTM model. The
maximum difference is less than 2.0E-14 as well. The analytic
solution in (9) and the expressions of α, β, and δ in (10a)–(10d)
are applicable for most radiative transfer models.

The methodology (9) has also been tested with the CRTM
simulations for various aerosol optical depths and for different
atmospheric profiles. All results showed that the retrieval accu-
racy of the algorithm achieve the numerical precision, which
indicates (9) is strictly an analytic solution for deriving the
surface reflectance from radiative transfer simulations.

The second example is the comparison between a measured
desert surface reflectance and derived surface reflectance from
SNPP OMPS NM and VIIRS observations. The surface mea-
surement [25] is not an in situ measurements with the satellite
measurements. However, the desert has not been changed. In
applications, uncertainties in aerosol optical properties and in
observations are very challenging even under clear-sky condi-
tions. Besides, it is difficult to find out in situ experiments for the
surface reflectance and the associated radiance measurements.
Fortunately, we found the measured desert surface reflectance
between 297.7 and 400.0 nm [25]. The spectral range covers the
OMPS NM UV spectra. We have not found the desert surface
reflectance measurement over VIS and NIR spectra. We use the
operational VIIRS surface reflectance product [26] for the com-
parison. The VIIRS surface reflectance product was generated
using a lookup table technique based on 6S radiative transfer
model [27], [28]. Our comparison is carried out over Libyan
desert site 1 on March 2, 2021. The atmospheric and surface
parameters were taken from collocated ECMWF analysis. An
aerosol mass profile was taken from the Goddard Chemistry
Aerosol Radiation and Transport (GOCART) model [29] output.
The aerosol mass profile is scaled to fit with the aerosol optical
depth at 550 nm given by the VIIRS aerosol product [5], [30].
The VIIRS aerosol optical depth and aerosol particle size product
can be downloaded from.2 Aerosol refractive indices and size

2[Online]. Available: https://www.avl.class.noaa.gov/saa/products/welcome;
jsessionid = D7925CB67FC4E7112F806A32930EB14C

Fig. 1. Comparison between the measured and retrieved surface UV re-
flectance. The blue line is the retrieved surface reflectance from OMPS NM
radiance over Libyan desert site 1. For SNPP VIIRS channels, this retrieved and
VIIRS product surface reflectance are compared.

distribution are the most important parts to describe the aerosol
optical properties. Laszlo and Liu [30] used a bimodal (fine and
coarse) size distribution of spheroidal particles and retrieved
VIIRS aerosol optical depth based on a lookup table technique
using 6S radiative transfer model [27], [28].

The CRTM uses single size mode of spherical particles. For
dust aerosol, different imaginary values of the refractive indices
are used in various models. Laszlo [30] accepted the value 0.002
as the imaginary part at the wavelength of 550 nm for the VIIRS
aerosol optical depth product. The value is based on the data
from AErosol RObotic NETwork (AERONET) sites. The dust
refractive imaginary value was 0.005 in the CRTM aerosol opti-
cal table. To match with the imaginary value of AERONET [31]
at 550 nm, the CRTM imaginary parts of dust refractive indices
are multiplied by a factor 0.4 for this study. In this example,
the aerosol optical depth was 0.41 and the corresponded dust
effective radius was 0.68 μm according to the collocated VIIRS
aerosol optical depth product. As shown in Fig. 1, the UV surface
reflectance (red line) is derived from the SNPP OMPS NM
measurements by using the vectorized CRTM model. The black
diamonds indicate the measured surface desert sand reflectance
[25]. The measured and derived surface reflectance agrees well
except for the wavelengths between 300 and 310 nm. The
measured surface signal between 300 and 310 nm is very weak
because of strong ozone absorption and Rayleigh scattering. The
path atmospheric transmittance at the wavelength of 300 nm
from solar to the surface and to the sensor onboard satellites
is less than 1%. Using the scalar CRTM model, the derived

[Online]. ignorespaces Available: ignorespaces https://www.avl.class.noaa.gov/saa/products/welcome;jsessionid ignorespaces = ignorespaces D7925CB67FC4E7112F806A32930EB14C
[Online]. ignorespaces Available: ignorespaces https://www.avl.class.noaa.gov/saa/products/welcome;jsessionid ignorespaces = ignorespaces D7925CB67FC4E7112F806A32930EB14C
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surface reflectance (blue line) is off from the measured surface
reflectance.

The red triangles in Fig. 1 represent the derived surface
reflectance from the SNPP VIIRS measurements through the
vectorized CRTM. The blue triangles in Fig. 1 represent the
derived surface reflectance from the SNPP VIIRS measurements
through the scalar CRTM. We did not find the measured desert
sand surface reflectance for visible band from literatures. The
black squares in Fig. 1 are the retrieved surface reflectance
that we take from the VIIRS satellite product [26]. For the
surface reflectance at blue bands and shortwave infrared bands,
our derived surface reflectances agree with the VIIRS satellite
product. We found about 2% difference in the surface reflectance
for green, red,and NIR bands. The difference is mainly caused
by the different aerosol models and radiative transfer models in
retrieval algorithms.

There are noticeable differences in derived surface reflectance
for OMPS NM ultraviolet channels and the VIIRS blue band
between using the scalar and the vectorized CRTM because of
strong polarized Rayleigh scattering at short wavelengths. The
difference becomes small for VIIRS NIR bands. In general, the
vectorized radiative transfer calculations are more accurate, but
it demands 16 times more computational resource. It is necessary
for the purpose to obtain the accurate surface reflectance. For
many applications such as the retrieval of atmospheric ozone
and the radiance assimilation for atmospheric ozone, the surface
reflectance is an intermediate parameter that is used in radiative
transfer calculations. In our previous study [12], we found that
the consistency is more important. If we use the scalar CRTM
model with the derived surface reflectance from OMPS NM
measurements through the scalar CRTM model, the simulated
radiance difference against the vectorized CRTM model with the
derived surface reflectance through the vectorized CRTM is less
than 0.1%. It is worthy to note that the difference between the
scalar and vectorized radiative transfer calculations is compen-
sated by the difference between their surface reflectances here.

IV. CONCLUSION

This article provides theoretical basis for deriving the surface
reflectance and emissivity from satellite-measured radiances
through the community radiative transfer model. The algorithm
is based on a rigorous radiative transfer model and is simplified
for the Lambertian equivalent reflection. Particularly, (9) is
obtained for user to calculate the surface reflectance from obser-
vations. A simple and smart way [see (10a)–(10d)] is presented
to calculate all needed parameters α , β, and δ. Furthermore, we
have demonstrated the accuracy of this methodology through
a numerical experiment in Table I. A case study showed that
the surface reflectance derived from OMPS NM measurement
over Libyan desert site 1 agrees well with a measured surface
reflectance. We also derived the OMPS NM and VIIRS surface
reflectance for August 9 and September 10, 2021. The derived
surface reflectance agreed with the measured desert surface
reflectance and the VIIRS surface reflectance product as well.
The derived surface UV reflectance is very stable. This implies
that the Libyan desert site 1 may be considered as a calibration

site for OMPS NM or other UV sensor radiance monitoring and
assessment. The surface reflectance derived from SNPP VIIRS
observations agrees with VIIRS surface reflectance product in
general. Our derived surface reflectance through the CRTM pro-
vides important information to future calibration/validation and
assimilation developments of OMPS and VIIRS radiance data.
In this study, we only discuss UV and VIS surface reflectance.
Actually, (5) in this study can also be extended to calculate
the infrared and microwave surface emissivity with atmospheric
scattering by adding a surface emission term

I0 (ρ, μ, μ0) = S0 (μ, μ0)

+ (1− ρα)−1 [ρ β + t (μ) (1− ρ)B (Ts)]
(11)

where B(Ts) is the Planck function as a function of the surface
temperature Ts and the surface emissivity equals 1− ρ. The
land surface emissivity is the most important parameter to the
retrieval of land surface temperature [32]. Therefore, the new
methodology with a small change as given in (11) is also
applicable for infrared and MW wavelength ranges for surface
emissivity estimates in the presence of scatterings and solar
radiation.

The surface reflectance under the Lambertian assumption is
an effective surface reflectance for giving applications instead
of “true” reflectance. Only one measurement at a giving OMPS
NM channel is available for us to determine one unknown
surface parameter, the effective surface reflectance. For some
applications such as the retrieval of atmospheric ozone and the
stability monitoring of ultraviolet sensors onboard satellites, we
may derive the effective reflectance at the wavelengths insen-
sitive to ozone from the OMPS NM observations in near real
time and then interpolate them for the surface reflectance at
other wavelengths sensitive to ozone change. The interpolation
is a good approximation because the measurements at various
wavelengths or channels are for the same surface type and the
same sun and sensor viewing directions.

The azimuthal dependence of the surface reflectance can
be significant. Generally speaking, the surface reflectance has
a BRDF. In order to derive the BRDF that depends on the
sun,observation zenith, and azimuthal angles as well as the
surface properties, simultaneous measurements for multiple an-
gles are required. The Polarization and Directionality of Earth’s
Reflectances (POLDER) delivered the data for multiple angles
and polarization from 1996 to 2013. Those POLDER data are
very valuable for deriving the surface reflectance [33], [34].
The future multiviewing multichannel multipolarisation imager
(3MI) is scheduled for launch in 2024.3

APPENDIX A

To be simple, we derive (5) from (3) using a scalar radiative
transfer model. All formulas for the scalar RT are applicable for
the vectorized RT. Assuming (it can be any element) the last

3[Online]. Available: https://www.eumetsat.int/eps-sg-3mi
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element of I0 corresponds to the sensor zenith angle (μ = μN )

I0 (ρ, μ, μ0) = [00, . . . . . . , 1](
Su + Ta(E − rsRd)

−1 rs

(
Sd + V1

μ0F0

π
e−

σ
μ0

))

= S0 (μ, μ0) + [Ta (μ, μ1) , Ta (μ, μ2) , . . . . . . , Ta (μ, μN )]

× (E − rsRd)
−1 ρ

π

(
d (μ0) + μ0F0e

− σ
μ0

)
V1. (A1)

where

rs

(
Sd + V1

μ0F0

π
e−

σ
μ0

)
=

N∑
j=1

ρμjwj∑N
j=1 μjwj

Sd (μj)V1

+
N∑

j = 1

ρμjwj∑N
j = 1 μjwj

V1
μ0F0

π
e−

σ
μ0

⎞
⎠

=
ρ

π

(
d (μ0) + μ0F0e

− σ
μ0

)
V1. (A2)

Here

d (μ0) = π

N∑
j = 1

μjwj∑N
j = 1 μjwj

Sd (μj) (A3)

is the downwelling diffuse flux. S0(μ, μ0) and d(μ0) include
μ0 because Su and Sd depend on the cosine of the solar zenith
angle. One can also prove

(E − rsRd)
−1 V1 = (1− ρα)−1 V1 (A4)

which is equivalently to prove

(1− ρα) V1 = (E − rsRd) V1. (A5)

Comparing the two sides of (A5), one can obtain the atmo-
spheric spheritic reflectance

α =
N∑
j=1

N∑
i=1

μiwi∑N
j=1 μjwj

Rd (μi, μj) . (A6)

Inserting (A6) into (A1), we will have

I0 (ρ, μ, μ0) = S0 (μ, μ0)

+ [Ta (μ, μ1) , Ta (μ, μ2) , . . . . . . , Ta (μ, μN )]V1

× (1− ρα)−1 ρ

π

(
d (μ0) + μ0F0e

− σ
μ0

)

= S0 (μ, μ0) + t (μ) (1− ρα)−1 ρ

π

(
d (μ0) + μ0F0e

− σ
μ0

)

= S0 (μ, μ0) + (1− ρα)−1ρβ. (A7)

Here atmospheric diffuse transmittance

t (μ) =

N∑
j=1

Ta (μ, μj) (A8)

and

β =
t (μ)

π

(
d (μ0) + μ0F0e

− σ
μ0

)
. (A9)

Finally, the zeroth component radiance difference between
the surface reflectance 0 and ρ is

δ = S0 (μ, μ0)− I0 (ρ, μ, μ0) . (A10)

APPENDIX B

All equations in the Appendix A are valid for using a fully
polarized radiative transfer, except for the index change for the
matrices and vectors. For example, (A6) can be expressed as

α =

N∑
j=1

N∑
i=1

μiwi∑N
j=1 μjwj

Rd (μ4×i−3, μ4×j−3) . (B1)

A short FORTRAN subroutine for deriving the surface re-
flectance is included with a CRTM module and plans to be
released with the CRTM version 3 in 2022.
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