IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 5, MAY 2017

1897

Physically Based Model for Multispectral Image
Simulation of Earth Observation Sensors

Xiaoyu He and Xiaojian Xu

Abstract—Physically based multispectral image simulation con-
sists of sensor system modeling, bottom-of-atmosphere (BOA) im-
age generation, and top-of-atmosphere (TOA) image calculation.
TOA radiance images are usually generated using a lookup table
(LUT) for computational efficiency, which is calculated by means
of atmospheric radiative transfer codes with different combination
of input variables, including viewing zenith, solar zenith, and rela-
tive azimuth angles; visibility; columnar water vapor; and ground
elevation. In this paper, a new strategy is proposed for TOA ra-
diance image simulation, where transmitted surface radiance and
atmospheric radiance at the TOA are calculated, respectively, to
improve accuracy as well as efficiency. The transmitted surface
radiance image is obtained from pixel-by-pixel calculation of BOA
radiance and path transmittance. In calculating the atmospheric
radiance of TOA, two LUTs are built for the emitted and the scat-
tered radiance from each atmospheric layer, respectively. The ef-
fects of visibility and columnar water vapor on the atmospheric
radiance are characterized by means of an equivalent path trans-
mittance, which is related to the scene geometry as well as the
thickness of atmospheric layer. In this way, when a new scene is
simulated, except for three variables, i.e., viewing and solar zenith
angles and atmospheric layer number, other parameters are set
as constants in building the LUTSs, enabling more combinations of
input variables without adding excessive computational burden.
Multispectral images in different bands with moderate spatial res-
olution are simulated and compared with the moderate-resolution
imaging spectroradiometer (MODIS) images to demonstrate the
accuracy and the usefulness of the proposed strategy.

Index Terms—Earth observation sensor, infrared image simula-
tion, multispectral image, physically based model, radiative trans-
fer calculation.

1. INTRODUCTION

LOBAL remote sensing gains importance in an adversity

G of applications in environmental management and secu-
rity. With the improvement of spectral resolution, multispectral
and hyperspectral spaceborne sensors [1]—-[4] can provide high-
resolution data about the spectral characteristics of the Earth for
scientific studies [5], [6] as well as practical applications [7], [8].
Physically based image simulation is an effective tool in in-
frared (IR) sensor design. A number of end-to-end simulation
models were developed covering different spectral ranges for
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various remote sensing missions. Examples include the Environ-
mental Mapping and Analysis Program (EnMAP) end-to-end
Simulation (EeteS) software [9], the Sentinel-2 end-to-end Sim-
ulation (S2eteS) software [10], Land Scene Generator (LSG)
[11] for the Sentinel-3 mission [4], the Software ENviroment for
the Simulation of Optical Remote sensing systems (SENSOR)
[12] for the Airborne Prism EXperiment (APEX) [13], simulator
for the Surface Processes and Ecosystem Change Through Re-
sponse Analysis (SPECTRA) mission [14], performance sim-
ulator for the FLuorescence EXplorer (FLEX) mission [15],
and the simulation and analytical model of the Compact Re-
connaissance Imaging Spectrometer for Mars (CRISM) [16].
Other simulation approaches were also proposed for scientific
studies. Examples are the Digital Imaging and Remote Sensing
Image Generation (DIRSIG) model [17], the Parameterized Im-
age Chain Analysis and Simulation SOftware (PICASSO) [18],
the Discrete Anisotropic Radiative Transfer (DART) [19], and
simulation of top-of-atmosphere (TOA) image in 4.3 pm band
[20]. The simulated images can be used for developing and test-
ing algorithms in fields, including band selection [21], image
segmentation [22], atmospheric compensation [23], land-cover
discrimination [24], and spectral unmixing [25].

In general, remote sensing images can be simulated follow-
ing three steps, i.e., generating bottom-of-atmosphere (BOA)
images, calculating atmospheric effects on TOA radiance, and
modeling IR sensor system to generate synthetic images. The
BOA images, including the Earth surface reflection and emis-
sion images are usually generated using spectral and spatial
interpolations and extrapolations to adjust existing remote sens-
ing images. The approach has been validated in transmittance
spectral bands [9]-[12], [18]. When the BOA images are ob-
tained, atmospheric transfer codes are utilized to calculate TOA
radiance images. The pixel-by-pixel calculation of TOA radi-
ance is adopted to simulate the images covering small ground
areas [14], [19]. However, to improve computational efficiency
for simulating images covering thousands of kilometers, the
TOA radiance images are generated using a lookup table (LUT)
calculated by means of the atmospheric transfer codes with dif-
ferent combination of input variables [11], [20], [26], [27]. The
calculated TOA images are used as the input of IR sensor system
models to generate synthetic images in different spectral bands
[91-(16].

In the previous simulation [20], [26], [27], a comprehen-
sive LUT with six variables is built to improve efficiency of
the TOA radiance calculation. The combinations of input vari-
ables (defined as breakpoints in [26]) are selected elaborately to
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compromise sufficient sampling and the LUT size since a few
extra samples of one variable will lead to a dramatic increase
of computational time and storage capacity. As a result, the
TOA radiance calculated with extreme variable values are not
included in the LUT. Examples are viewing zenith angle close
to 90° (the Earth limb observation) and visibility lower than
10 km. Besides, the available BOA images depend upon the
coverage area and the observational bands of existing satellite
images.

The aim of this paper is to develop a physically based image
simulation model for Earth observation sensors which allows
multispectral image simulation from visible to thermal IR bands.
In the simulation of TOA radiance image, based on the assump-
tion that the Earth is an ideal sphere with constant temperature,
a procedure was earlier presented by the authors [28]. As an
extension, a new strategy is proposed for TOA radiance image
simulation in this paper, where transmitted surface radiance and
atmospheric radiance at the TOA are calculated, respectively,
to improve accuracy of simulation as well as its efficiency. The
transmitted surface radiance image is obtained from pixel-by-
pixel calculation of BOA radiance and path transmittance. To
calculate the atmospheric radiance of TOA efficiently, two LUTs
are built for the emitted and the scattered radiance from each
atmospheric layer, respectively, where a few approximations
are adopted to reduce necessary variables. The LUTs are built
with three variables enabling more breakpoints without adding
excessive computational burden. To generate BOA images for
various scenes under different illumination and observation ge-
ometries, the pixel-by-pixel variation of spatial information on
the Earth surface, namely image texture, is obtained by means
of consulting a prebuilt database. The database is established at
a spatial resolution of 1 arc minute with public data, including a
global land cover feature map [29], material spectral character-
istic data [30]-[32], a digital elevation model (DEM) [33], and
global surface temperature maps [34]-[36]. Since the spatial
resolution of the BOA images is limited to the collected data,
the current model is suitable to generate satellite images at a
moderate spatial resolution, such as images for the moderate-
resolution imaging spectroradiometer (MODIS) [37] and the
Visible Infrared Imaging Radiometer Suite (VIIRS) [38]. The

Flowchart of radiance image simulation for Earth observation sensors.

Module 2: TOA Image Calculation Module 3

sensor system is modeled using the methods introduced in [39]
and [40].

The remainder of this paper is organized as follows. Section I1
makes a brief introduction to the model framework including
database preparation, geometry calculation, and surface texture
generation. The strategy for TOA image calculation is detailed
in Section III, where the LUTs are built in a different way to
improve accuracy as well as efficiency. In Section IV, simulation
examples are presented to demonstrate the accuracy and the
usefulness of the proposed strategy. We conclude the paper in
Section V.

II. MODEL FRAMEWORK

The procedure for radiance image simulation is descripted
in Fig. 1. As it can be seen, the model consists of BOA image
generation, TOA image calculation, and sensor system modules.
Only the modules of the BOA image generation and the TOA
image calculation are introduced in this paper since the sensor
system module has been detailed in [39] and [40]. The approach
for BOA image generation is described in the following while
the strategy for TOA radiance calculation will be discussed in
the next section.

As it can be seen in Fig. 1, BOA images, including the re-
flection and the emission images are obtained in module 1. To
generate surface texture, based on the assumption that the Earth
terrain changes over time slowly, a comprehensive database of
the Earth surface is built integrating different public data sets.
The surface texture images can be generated via consulting the
database with latitude and longitude images. Since the spatial
resolutions of most available data are 1 arc minute (geographic
projection), the surface texture images can only be generated at
a moderate spatial resolution. Scarce global surface feature data
at a high spatial resolution can be a bottleneck of the current
model.

A. Reflection Image

The BOA reflection can be calculated as
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where F, is the BOA spectral reflection, E; is the spectral irra-
diance at the BOA, p, is the reflectance of a surface illuminated
from a direction (0, ¢5) and observed from a direction (6,, ¢,,),
A is the wavelength, 6, is the viewing zenith angle, 6, is the
solar zenith angle, and ¢ is the relative azimuth angle between
the solar and the viewing geometries.

In most simulation models [9]-[12], BOA reflection image is
generated using interpolation and extrapolation to adjust exist-
ing satellite images. However, the BOA reflection in (1) is cal-
culated with the BOA irradiance and the reflectance. As shown
in Fig. 1, the BOA irradiance F; is obtained from atmospheric
radiative transfer model, which will be detailed in the Section I11.

The bidirectional reflectance distribution function (BRDF)
proposed by Rahman et al. [41] is adopted to calculate the re-
flectivity varying with illumination and observation geometries.
In flat terrain, the reflectance p, can be expressed as

cos® 16, cos 10,
17
(cosf, + costly) "

pr (%, Oy, O, &) = py(2) F()IL+ R(G)

2
where p, is the surface spectral reflectivity, a is the empirical
structural parameter indicating the surface anisotropy level, F is
the modified Henyey & Greenstein’s function, R is the function
accounting for hot spot effect, and G is the geometric factor.

When topographic effect is considered, the solar and the view-
ing zenith angles in (2) are substituted by the solar incident angle
and the viewing angle, respectively. The solar incident angle, a
key factor in BRDF, depends upon the solar zenith and the az-
imuth angles as well as terrain slope and aspect derived from
DEM [42], [43].

The ETOPOL elevation map [33], a global relief model with
1 arc minute spatial resolution at a height accuracy of 1 m is
utilized as the DEM in modeling. At an arbitrary acquisition
time, the viewing zenith and azimuth angles depend upon the
position of the sensor while the solar zenith and azimuth angles
depend upon the position of the sun. Z-buffer algorithm [44]
is adopted to calculate the geometry variables for each pixel,
including surface elevation, the viewing angle, the solar incident
angle, and the relative azimuth angle. In this way, a surface
bidirectional reflectance image involving topographic effect can
be obtained via substituting the calculated geometry variables
into (2).

Besides, the surface elevation is related to atmospheric path
transmittance due to the fact that atmospheric density varies
with altitude.

The surface spectral reflectivity p,, another important fac-
tor in BRDF, is different for each type of land cover. The land
cover classification map of the International Geosphere Bio-
sphere Programme (IGBP) [45] is used in the model where the
Earth surface is classified into 17 different types. The IGBP
map with geographic projection at a spatial resolution of 0.5
arc minute is available on the U.S. Geological Survey (USGS)
website [29].

The reflectivity and emissivity profiles of various materials
are provided by different spectral databases [30]-[32]. These
data are interpolated into 1 nm spectral resolution covering
wavelength range from 0.4 to 14.5 pm. For a classification map
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TABLE I
ASSIGNMENTS OF MATERIAL SPECTRAL PROFILES TO SURFACE TYPES

ID Surface Type Material Mixing Ratio
1 Evergreen Needle leaf Forest  Spruce, pine 1:1

2 Evergreen Broad leaf Forest ~ Laurel, Sycamore 1:1

3 Deciduous Needle leaf Forest Ponderosa, Magnolia, Hawthorne 1:1:1
4 Deciduous Broad leaf Forest ~ Oak, Maple 1:1

5 Mixed Forest ID1-ID4 1:1:1:1
6 Closed Shrub lands Sagebrush, Quartz Sand 3:1

7 Open Shrub lands Sagebrush, Quartz Sand 1:3
8  Woody Savannas Grassland, ID1, ID2 6:1:1
9  Savannas Grassland, ID1, ID2 18:1:1
10  Grassland Grassland 1

11 Permanent Wetlands Grassland, Seawater 1:1
12 Croplands Bean 1

13 Urban and Built-Up Grassland, ID5, Concrete 5:4:1
14 Natural Vegetation Mosaic ID5, ID12 1:1
15 Snow and Ice Fresh snow, Old snow 1:1
16 Barren or Sparsely Vegetated Quartz Sand 1

17 Water Bodies Seawater |

with moderate spatial resolution, a single type of land cover
usually consists of several different materials leading to a mix-
ing spectral characteristic. The mixing coefficients for the IGBP
map are given subjectively with reference to linear combinations
in [46] and [47], as listed in Table 1.

B. Emission Image

The BOA emission can be expressed as
Ey(A) =e4(2) - B(A,T}) (©)

where E is the BOA spectral emission, B is the Planck function,
T, is the surface temperature, and ¢, is the spectral emissiv-
ity calculated by the spectral reflectivity with Kirchhoft’s law,
which can be written as

gg(A) =1—py(2). 4)

It is a challenge to predict surface emission precisely since
the surface temperature is changing every day, even every hour.
For simplification of the problem, monthly average temperature
maps are included in the current model to study the spectral
emission characteristics of the Earth surface.

Three public databases are integrated to build monthly aver-
age temperature maps at a spatial resolution of 1 arc minute. The
land temperature maps at a spatial resolution of 0.5 arc minutes
are provided by the WorldClim website [34]. The ocean tem-
perature maps obtained from the MODIS are available on the
NASA’s website with a spatial resolution of 6 arc minutes [35].
The global surface temperature maps at a spatial resolution of
60 arc minutes offered by the Berkeley Earth [36] are utilized
as supplementary data to fill the blank pixels.

III. TOA IMAGE CALCULATION

TOA radiance consists of transmitted surface radiance and at-
mospheric radiance. Since path transmittance can be calculated
efficiently using transfer path length and extinction coefficient,
the transmitted surface radiance image is obtained from pixel-
by-pixel calculation to ensure accuracy. On the other hand, LUTs
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are built for the atmospheric radiance to improve computational
efficiency. The procedure of TOA image calculation with the
equivalent coefficient is described in Fig. 2.

In previous LUTs, the input parameters of atmospheric ra-
diative transfer model [48]—[50] are utilized as variables, which
include atmospheric model; aerosol type; viewing zenith, solar
zenith, and relative azimuth angles; surface elevation; visibility;
and columnar water vapor. The LUTs with six to eight variables
have a disadvantage in setting breakpoints since a few extra
samples of one variable will lead to a dramatic increase of com-
putational time and storage capacity. In the proposed strategy,
the parameters in radiative transfer equations are selected as
variables to build LUTs in the developed model. Then, a few
approximations are taken to reduce necessary variables enabling
more breakpoints without adding excessive computational bur-
den. The basic radiative transfer equations are given to detail
this idea in the following.

The total TOA radiance E; consists of four types of radiations
and can be written as

Et:Er+Eb+Es+Ee (5)
where I, is the surface reflection, Fj, is the surface emission, F
is the atmospheric scattered radiance, and F, is the atmospheric
emission.

Due to the fact that the atmospheric density varies with alti-
tude, the inhomogeneous atmosphere is divided into a number
of homogenous layers during radiative transfer calculation. As
shown in Fig. 3, assuming the atmosphere consists of n layers
while the ground with an elevation of H is located in the mth
layer.

To simplify the expression, the wavelength A is omitted in
the following equations. Four types of radiations in (5) can be
expressed as

Er(e'va 653 (rb) = EO * Pr (07)7 95, ¢) : H [7_7', (011) © T (91;)]
i=1
(6)
Ey(0,) = E, - [[7:(6.) 7
i=1
ES(HT, 95, (,0) = Z [ci ' Esfi(elw 957 (p)] (8)

i=1

Atmospheric Radiance

Transmitted Surface Radiance

Procedure of calculating TOA radiance image. Two blocks of transmittance image are the same.

Fig. 3. Sketch of radiative transfer calculation.
E.(6,) = lci - Eei(0,)] ©)
i=1
with
Es_i(0y, 05, p) = Eoy -wi - Pi(p)
i—1
(1 —7—i(0s) - 7—i(60)] - H (75(05) - 75(6,)) (10)
Jj=1

i—1
Eei(0,) = (1 —w;) - [1 = 7-i(6u)] - B(T;) - H 7;(0y)
Jj=1

Y

cos ¢ = cos 0,cos s + sin ,sin O,cos ¢ (12)

where F,_; and E,_; are, respectively, the spectral emission
and the spectral scattered radiance of the ith layer at the TOA;
E, is the surface spectral emission calculated in (3); Ey is
the solar TOA spectral irradiance; 75_; and 7; are the spectral
transmittances of the direct and the total radiation in the ith
layer, respectively; w; is the spectral albedo in the ith layer; T;
is the atmospheric temperature in the ith layer; P; is the phase
function in the ith layer; ¢ is the scattering angle; p, is the
reflectance computed in (2); and ¢; is the equivalent coefficient
added manually for approximation, which is equal with one in
atmospheric radiative transfer calculation.
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The transmittances 7,_; and 7; are related to atmospheric
conditions and transfer path lengths, i.e.

To—i(0) = exp(=1;(0) - ki)
Ti(a) = Ts_j(e) + (1 — 7'5_/5(9)) swy ot PO—i

(13)
(14)

where k; is the spectral extinction coefficient in the ith layer; [;
is the path length in the ith layer solved with the zenith angle 0
and the thickness of the ith layer; and F,_; is the phase function
of diffuse radiation in the ith layer.

From (5) through (12), the parameters in radiative transfer
equations can be classified into two sets. One set is related to
geometry, including viewing zenith angle 6,,, solar zenith angle
0, and relative azimuth angle ¢. The other set depends upon
atmospheric conditions [51], which includes albedo w;, phase
function P;, atmospheric temperature 7;, and extinction coef-
ficient k;. When one set of atmospheric conditions is specified
to calculate TOA radiance, the effects of atmospheric condition
variation on the atmospheric radiance of TOA are expected to
be approximated using the equivalent coefficient ¢;. In this way,
except for viewing zenith, solar zenith, and relative azimuth
angles, other variables are set as constants in building LUTs.

A. Approximation with Equivalent Coefficient

As shown in Fig. 2, the variables related to real atmospheric
conditions are distinguished with a hat while the specified at-
mospheric conditions are set subjectively.

Similar to (13) and (14), the image of total transmittance in
the ith layer can be calculated as

7(0) = exp(=1;(60) - k) + [1 — exp(=1i () - k)] - @i - By
5)
Substituting the real atmospheric condition parameters in (15)
with the specified parameters, the equivalent transfer path length
in the ith layer [; can be solved from

I = filn <ﬁt - WiPO—i>
k‘i 1-— Wi P(],i
where 7; is the estimate of the real transmittance of the ith layer
calculated in (15) and k;, w;, and P,_; are the parameters related
to the specified atmospheric conditions.

It should be noticed that the real atmospheric parameters are
usually not completely known in the simulation of wide-swath
images. The atmospheric parameters derived from existing sen-
sor images are used to retrieve an estimate of the real transmit-
tance in (15) and (16).

For transfer paths at specific zenith angles, the transfer path
lengths in the ith layer can be solved with the zenith angles and
thickness of the ith layer. To simplify expression, the relationship
equation under the assumption of plane-parallel atmosphere is
given as

(16)

Ah; =1;/cos 17

where Ah; = h;_1 — h; is the thickness of the ith layer. As
shown in Fig. 3, the thickness of the mth layer is obtained from
Ahp, = hp-1 — H.
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Then, the equivalent coefficient in the ith layer can be defined
as

where Ah} is the equivalent thickness of the ith layer, which
is calculated via replacing /; with [ in (17). It should be noted
that Ah;* can be calculated in incident and viewing paths, re-
spectively. Ideally, the solutions are the same for two paths. A
weighted factor is added in case of unexpected differences.

As it can be seen in Fig. 2, only one set of atmospheric
conditions is used in building LUTs. Considering the vertical
variation of atmospheric conditions, the layer number is added
into the LUTs as an extra variable. For geometry variables, since
the relative azimuth angle ¢ can be calculated using the viewing
zenith angle 6, and the solar zenith angle 6, [28] in a specific
scene, only 6, and 6, are selected as interpolation variables.
Then, interpolation is implemented on a two-dimensional (2-
D) space to calculate the emitted and the scattered radiance
from each atmospheric layer. Since the radiance from upper
atmosphere is less intense than that from lower atmosphere, the
computational time can be saved via reducing the number of
atmospheric layers at higher altitude.

From (15) through (18), the equivalent coefficient matrix
characterizes the spatial distribution of atmospheric conditions
in a specific scene. Instead of building a comprehensive LUT
with all possible variables in the previous method, the LUTs
are built for each simulation scene separately in the proposed
strategy. The LUTs allow more breakpoints to simulate images
with extreme variable values whereas the equivalent coefficient
¢; will inevitably case extra accuracy loss in the TOA radiance
calculation. It should be noted that the vertical profile of at-
mospheric temperature is assumed the same for all pixels to
simplify simulation.

B. Approximation with Average Reflectivity and Emissivity

The approach proposed in Section III-A can be used to cal-
culate spectral radiance at the TOA. For multispectral sensors,
the spectral radiance should be integrated in specific bands to
generate radiance images. As it can be seen from (6) and (7),
the surface reflection and emission are related to the spectral re-
flectivity and emissivity. For computational efficiency, average
reflectivity p, and emissivity £, are utilized to generate BOA
images in specific bands, which are, respectively, defined as

5= 3 1) B S B 19)
=S 0 BOT)/S BLT) Qo)

where p, and ¢, are, respectively, the spectral reflectivity and
emissivity of surface described in (2) and (3); A; and A, are the
cut-in and the cut-off wavelength, respectively; and 75 is the
assumed surface temperature.

In this way, the coupling between atmospheric radiative trans-
fer and surface radiance can be obtained from the average
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TABLE II

SIMULATION PARAMETERS FOR MODIS IMAGE SIMULATION

Parameters Values
Data file information Date 2015003 (Jan. 3, 2015)
Hour 5:30 a.m. to 5:35 a.m.
Bands Band 6 (1.628—1.652 pym)
Band 7 (2.105—2.155 p1m)
Image size 2708 x 4080
Sensor Orbit height 705 km
FOV 110°x163.2°
IFOV 0.04°
Effective pupil diameter 17.78 cm
Effective focal length 380.86 mm
Operating temperature of 293K
focal plane
Calibration accuracy +2%
Specified atmospheric Atmospheric model Mid-latitude winter
conditions Boundary aerosol type Rural
Relative humidity 0.7
Visibility 18 km

LUTs

Solar zenith angles
Viewing zenith angles

Atmospheric layers

51.7°—67.2° in step of 0.1°
—65.5° to 65.5° in step of
0.2°
0—100 km, 60 layers in total

reflectivity and emissivity [49], which can be expressed as

* ﬁ!/
Po =15, @ @1
éfl

1 (-)w @2

where p; and ¢ are, respectively, the total reflectivity and emis-
sivity; and is the total atmospheric albedo.

It should be noted that use of the average reflectivity and
emissivity may cause extra accuracy loss. When the spectral
reflectivity and emissivity are constants in spectral range from
A1 to Ag, the computational error will have a little effect on the
results.

IV. EXAMPLES AND ANALYSIS

The developed model is suitable for the simulation of satellite
images at a moderate spatial resolution. Radiance images are
simulated in different MODIS bands to illustrate the usefulness
of the proposed strategy. There is no specific reason to select
the MODIS bands as examples except for the similar spatial
resolution.

A. Earth Surface Scene

The MODIS images are simulated as an example for the ob-
servation of the Earth surface. The structural similarity (SSIM)
[42], [52], [53] is used as a criteria to evaluate the simulation
quantitatively, which is defined as

(2,&;1:,“/;/ + Cl)(20-‘l,[/ + 02)
(2 + /‘12/ +C)(o2 + Jz +Cy)

SSIM(z,y) = (23)
where 1, and p, are the mean values of images x and y, re-
spectively; o, and o, are their standard deviations; o, is the
covariance of x and y; and C and (', are two defined constants

Fig.4. Simulation of MODIS image in band 6 (1.628—1.652 pzm). (a) MODIS
image. (b) Calculated image. (c) SSIM image.

included to avoid unstable results when 2 + p2 and o7 + o
are close to zero. In the simulation, C'; and C, are set as 0.01
and 0.03, respectively, following the default value [53]. Accord-
ing to Wang et al. [53], the performance of the SSIM index is
insensitive to the variations of these values.

A mean SSIM index (MSSIM) is used to evaluate the over-
all similarity of simulated images. Additionally, for the local
similarity evaluation, an 11 x 11 circular-symmetric Gaussian
weighting function moves pixel-by-pixel over the image to com-
pute the local SSIM and generate a SSIM image. The MSSIM
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Fig.5. Simulation of MODIS image in band 7 (2.105—2.155 pm). (a) MODIS
image. (b) Calculated image. (c) SSIM image.

index and the SSIM image are useful tools for the image quality
assessment.

The files of the MODIS level 1 product can be downloaded
from the NASA’s website [54]. A scene of China eastern coast
is selected to simulate images in band 6 (1.628—1.652 pum) and
band 7 (2.105—2.155 pm). The simulation parameters are listed
in Table II where the sensor parameters are given in [55].

The simulation results of the MODIS band 6 and band 7 are
shown, respectively, in Figs. 4 and 5. Figs. 4(a) and 5(a) are the
MODIS images in the unit of W - m~2 - ym~"! - sr~!. Figs. 4(b)
and 5(b) are the simulated images with the same unit. Figs. 4(c)
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Fig. 6. Simulation of Earth limb scene in band 7 (2.105—2.155 pm).
(a) Pixel-by-pixel calculation. (b) Proposed strategy. (c) Relative error image in
logarithmic value.

and 5(c) are the SSIM images. As it can be seen from Figs. 4
and 5, even though only one set of atmospheric conditions is
used in the simulation, the SSIM values are higher than 0.9 in
most cloudless areas since these two bands are insensitive to
the aerosol conditions. However, the SSIM values of the cloudy
areas are dramatically low since the reflectivity of cloud is more
intense than surface. The MSSIM indices of band 6 and band 7
are, respectively, 0.818 and 0.887 when the SSIM values of the
cloudy areas are included in statistics.

Even though the BOA images are generated with a database
and a few semiempirical models, the physically based model
allows simulating radiance images of the Earth surface with high
similarities. A major drawback of the proposed strategy is that
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TABLE III

SIMULATION PARAMETERS FOR ASSUMED SCENE SIMULATION

Parameters

Value

Geometry

Sensor

Specified Atmospheric
Conditions

LUTs

Greenwich Time (Starting)
Platform starting location
Platform moving direction
Nadir angle

Number of detectors
Number of sampling points
IFOV

Radiometric accuracy
Spectral resolution

Bands

Atmospheric model

Boundary aerosol type
Relative humidity
Visibility

Solar zenith angles
Viewing zenith angles

2016.5.28, 8:28 a.m.
705.3 km, 115°E, 23°N
East
—11.2°t0 71.2°
2030
1374
0.04°
0.5%

1 nm
Band 7 (2.105—2.155 pzm)
Band 21 (3.929—3.989 pim)
Band 25 (4.482—4.549 pim)
U.S. Standard 76

Rural
0.99
18 km
54.9°—63.1° in step of 0.1°
—12.2°t0 90.0° in step of

0.2°

Atmospheric layers 0—100 km, 60 layers in total

the spatial distributions of atmospheric conditions, especially for
aswath covering large area, can hardly be obtained without using
satellite images. For this reason, it is more appropriate to utilize
the developed model to analyze the spectral characteristics of
the Earth surface and atmosphere.

B. Earth Limb Scene

Due to the lack of available multispectral images for the Earth
limb, a scene where the Earth limb can be observed is assumed
to assess the performance of the proposed strategy for TOA
radiance calculation. The results of the developed model are
compared with pixel-by-pixel calculation in different spectral
bands via relative error o, which is defined as

o=|Lyur — Leep|/Lprap (24)

where Ly yr is the radiance image calculated via the proposed
strategy and Lppp is the radiance image obtained from pixel-
by-pixel calculation.

Three MODIS bands are subjectively selected as exam-
ples to illustrate spectral characteristic differences. Band 7
(2.105—2.155 pm), band 21 (3.929—3.989 pm), and band 25
(4.482—4.549 pm) represent the spectral bands with dominant
scattering, emission, and absorption effects, respectively. Sim-
ulation parameters are listed in Table III.

To implement LUT interpolation, the spline interpolation
function provided by the Matrix Laboratory (MATLAB) is used
in the simulation. The results of bands 7, 21, and 25 are pre-
sented, respectively, from Figs. 6 through 8, where the images
labeled with (a) are obtained from the pixel-pixel calculation;
the images labeled with (b) are calculated via the proposed strat-
egy; the images labeled with (c) are the relative error images of
two approaches in logarithmic values.

The dominant radiance is surface reflection in band 7. As
shown in Fig. 6, the reflection of the sea is less intense than the
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Fig. 7. Simulation of Earth limb scene in band 21 (3.929-3.989 um).
(a) Pixel-by-pixel calculation. (b) Proposed strategy. (c) Relative error image in
logarithmic value.

land. Due to topographic effect, a number of sparkling pixels
are found in the radiance images which may lead to sensor
saturation. The relative errors of two radiance images are less
than 2 x 10~* in most surface areas. However, when the line
of sight direction approaches the horizon, the relative errors
increase rapidly and peak at about 0.1 in the edge areas of the
Earth surface. This phenomenon results from the rapid increase
of scattered radiance at large zenith angles. The accuracy can be
improved by setting more breakpoints in the LUTs at the cost of
computational time. As a consequence, a compromise between
accuracy and efficiency should be considered in building LUTs.
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Fig. 8. Simulation of Earth limb scene in band 25 (4.482—4.549 pm).
(a) Pixel-by-pixel calculation. (b) Proposed strategy. (c) Relative error image in
logarithmic value.

The surface emission in band 21 is much more intense than
that in band 7. As it can be seen from Fig. 7(a) and (b), the sea
and the land are hard to be distinguished since their temperatures
are almost the same. Comparing with radiance images in band
7, the radiant intense decrease dramatically at the edge area of
the Earth surface due to the fact that the transmittance in band
21 is more sensitive to the variation of transfer path length. Ad-
ditionally, although the emission effect is dominant, sparkling
pixels with intense reflection are also observed in this band. In
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TABLE IV
SIMULATION PARAMETERS FOR APPROXIMATION DIFFERENCE ANALYSIS

Parameters Value
Atmospheric Real Atmospheric model Tropical
conditions
Boundary aerosol type Tropospheric
Relative humidity 0.5
Visibility 18 km
Specified Atmospheric model Tropical
Boundary aerosol type Rural
Relative humidity 0.9
Visibility 5 km
Geometry Solar zenith angle 40°
Viewing zenith angle 20°
Relative azimuth angle 100°
Surface Altitude 0.5 km
Assumed temperature 290 K
Real temperature 313K
Type ID (IGBP) 1,7,13
LUTs Atmospheric layers 0—100 km, 60 layers

in total

Fig. 7(c), the variation of relative error is similar to Fig. 6(c), i.e.,
the edge areas of the Earth surface have the maximum relative
error.

Since the absorption effects are prominent in band 25, the
texture of the Earth surface is hardly recognized in Fig. 8. Ad-
ditionally, the Earth limb emission can be observed clearly as
atmospheric emission is dominant in this band. Even though the
variation of relative errors is almost unchanged, the maximum
relative error in this band decreases remarkably to 9 x 1073,
There is a reasonable explanation for this: since extinction co-
efficient is large in absorption spectral bands, atmospheric radi-
ance is less sensitive to the variation of transfer path length as
well as viewing zenith angle. As a result, the accuracy of LUT
interpolation in band 25 is a little higher than that in bands 7
and 21.

C. Errors of Approximations

According to the discussions in Section III, two approxi-
mations are adopted in the developed model. One is proposed
for various atmospheric conditions while the other is presented
to avoid generating LUTs for each type of surface. Their
performance will be analyzed in the following to find out
suitable spectral ranges for application. The MODIS bands are
chosen in accordance with the simulation in previous sections.
The simulation parameters are given in Table I'V.

Fig. 9 depicts the accuracy of the equivalent coefficient ap-
proximation for surface type 1 in spectrum spanning from 2
to 5 pm. The TOA spectral exitance is presented in Fig. 9(a)
where the blue and the red profiles are calculated by the radiative
transfer model and the approximation, respectively. The corre-
sponding error and the relative error profiles are, respectively,
shown in Fig. 9(b) and (c).

Since only the total transmittance is considered in the ap-
proximation with the equivalent coefficient, the relative errors
of TOA exitance would be prominent in spectral bands with in-
tense atmospheric scattered radiance. As it can be seen in Fig. 9,
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W-m~2.um~!. (c) Relative error profile of TOA spectral exitance.
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Fig. 10.  Accuracy analysis of average reflectivity and emissivity approxima-

tion for surface type 1, 7, and 13. (a) Reflection. (b) Emission.

even though the errors of absorption bands, like 2.7 pm, are in-
significant in Fig. 9(b), the relative errors of these bands are over
5.0 x 1072 as shown in Fig. 9(c). The relative errors of other
spectral bands are less than 3.0 x 1072, for instance, the rela-
tive errors for band 7, 21 and 25 are, respectively, —1.1 X 1073,
1.0 x 1072, and 1.2 x 1073,

According to previous descriptions, the accuracies of the
average reflectivity and emissivity approximations are relate
to atmospheric spectral transmittance. TOA spectral reflection
and emission are calculated with the parameters in Table IV
under the specified atmosphere conditions. The relative errors
between the approximated results and the calculated TOA
radiations are compared for different surface types. Fig. 10
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shows the comparisons of surface types 1, 7, and 13. As it can
be seen, the relative errors of the surface reflection and emission
are significant for bands with intense absorption effects, such
as band 26 (1.360—1.390 pm), band 24 (4.433—4.498 pm),
band 25 (4.482—4.549 pum), band 27 (6.535—6.895 pum), and
band 28 (7.175—7.475 pm). Except for these bands, the relative
errors of the reflection and the emission in other bands are
lower than 2 x 1073,

V. CONCLUSION

A physically based simulation model that allows multispec-
tral image simulation from visible to thermal IR bands was
developed for Earth observation sensors in this paper. In cal-
culating TOA radiance image, a new strategy was proposed
to improve accuracy as well as efficiency, where transmitted
surface radiance and atmospheric radiance were calculated, re-
spectively. The transmitted surface radiance image was obtained
from pixel-by-pixel calculation of BOA radiance and path trans-
mittance while two LUTs were built for efficient calculation of
the emitted and the scattered atmospheric radiance. Two approx-
imations were adopted to reduce necessary variables in building
the LUTs, enabling more breakpoints without adding excessive
computational burden.

Examples were presented to demonstrate the accuracy and
the usefulness of the developed model. In the simulation of
the Earth surface scene, the calculated images were compared
with the MODIS data in bands 6 and 7 via SSIM. The SSIM
indices in the cloudless areas were higher than 0.9 while the
MSSIM were 0.81 and 0.88 in bands 6 and 7, respectively. The
radiance images of an assumed scene where the Earth limb
can be observed were simulated in different spectral bands to
illustrate applicability of LUTs for scenes with extreme variable
values. The simulated images were compared with the results
of pixel-by-pixel calculation via relative errors in transmittance
(bands 7 and 21) and absorption (band 25) bands. From the
comparison, the relative errors were less than 2 x 10~ in most
surface areas for all these bands whereas the relative errors
increased rapidly at the edge areas of the Earth surface. More
breakpoints can be set in the LUTSs to improve precision at the
cost of computational time. Besides, to quantify the accuracy
loss related to the approximations, the profiles of TOA spectral
exitance calculated via approximations were compared with the
results of radiative transfer model in spectrum spanning from 2
to 5 pm. The comparison indicated that the relative errors of the
TOA spectral exitance were less than 3 x 102 in most MODIS
bands. Additionally, although the relative errors of the spectral
exitance were over 5 x 1072 in bands with intense absorption
effect like 2.7 pm, the absolute errors were small in these bands.

As shown in the experimental results, the developed model
can be used to simulate multispectral images for scenes at mod-
erate spatial resolution in various bands. Although errors were
contained in the simulated images, the multispectral images
characterize the physical features of the Earth surface and at-
mosphere. The developed model provides a validation platform
for different algorithms, such as band selection and spectral
classification.
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