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ABSTRACT

Understanding the Earth spectral bio-signatures provides an important reference datum for accurate de-convolution of
collapsed spectral signals from potential earth-like planets of other star systems. This study presents a new ray tracing
computation method including an improved 3D optical earth model constructed with the coastal line and vegetation
distribution data from the Global Ecological Zone (GEZ) map. Using non-Lambertian bidirectional scattering
distribution function (BSDF) models, the input earth surface model is characterized with three different scattering
properties and their annual variations depending on monthly changes in vegetation distribution, sea ice coverage and
illumination angle. The input atmosphere model consists of one layer with Rayleigh scattering model from the sea level
to 100 km in altitude and its radiative transfer characteristics is computed for four seasons using the SMART codes. The
ocean scattering model is a combination of sun-glint scattering and Lambertian scattering models. The land surface
scattering is defined with the semi empirical parametric kernel method used for MODIS and POLDER missions. These
three component models were integrated into the final Earth model that was then incorporated into the in-house built
integrated ray tracing (IRT) model capable of computing both spectral imaging and radiative transfer performance of a
hypothetical space instrument as it observes the Earth from its designated orbit. The IRT model simulation inputs include
variation in earth orientation, illuminated phases, and seasonal sea ice and vegetation distribution. The trial simulation
runs result in the annual variations in phase dependent disk averaged spectra (DAS) and its associated bio-signatures
such as NDVI. The full computational details are presented together with the resulting annual variation in DAS and its
associated bio-signatures.

Keywords: Disk Averaged Spectrum(Spectra), Full 3D Earth Model, Extra-solar Planet, Terrestrial Planet Finding,
Integrated Ray Tracing, Spectral Bio-signature of the Earth, Earth Observing Simulation, Astrobiology

1. INTRODUCTION

Studying spectral bio-signatures from potential earth-like planets in other star systems has attracted great attention from
the astrobiology community recently. One of the technical challenges facing the researchers in this field would be
accurate de-convolution of measured spectrum collapsed (spatially and temporally) into a single detector pixel of the
instruments even for TPF and Darwin missions. Therefore, understanding the Earth disk averaged spectral signatures, as
the unique life bearing planet we know as of today, offers an important reference datum for accurate spectral de-
convolution.

There have been two approaches to the study of disk averaged spectrum (DAS) of the Earth. First, as for the simulation
studies, Ford et al.'(2001) simulated the diurnal variation of earth light curve by Monte Carlo integrations. The work was
followed by Tinetti et al.>*(2006a, 2006b)’s computation of synthetic DAS, using Spectral Mapping Atmospheric
Radiative Transfer (SMART) model. The DAS was computed for variation of cloud coverage, illumination phase and
geometric configurations. Their simulated spectrum averaged over the daily time scale with various cloud coverage
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showed well known ‘red-edge’ signals indicative of surface vegetation from the Earth. In the meantime, Fujii et al.*(2010)
constructed simulated light curves of the Earth model while considering ocean scattering, parameterized land
bidirectional reflectance distribution function(BRDF), and cloud-free atmosphere with Rayleigh scattering characteristics.
The second approach is spectral measurements. Examples may include, but not limited to, measured spectrum of the
earthshine and moon light by Woolf et al.’(2002). The resulting observation data show clear Rayleigh scattering effects
of atmosphere and the ‘red-edge’ signals for vegetation surface, while atmospheric aerosol and ocean scattering effects
were less visible. Furthering this line of study, Montafiés-Rodriguez et al.’(2006) observed earthshine spectra and
determined a correlation between the ‘red-edge’ signal variation and changes in cloud-free vegetation area.

In our earlier work, Ryu et. al.”*(2009a, 2009b) introduced a new DAS computation method with a 3D optical Earth
model, contributing to technology evolution along the first approach. The core computation is Integrated Ray Tracing
(IRT) capable of simultaneous computation of both imaging and radiometric transfer using Monte-Carlo ray tracing.
Whilst the earlier model used Lambertian surface (land and ocean) scattering, the work showed computational validity
that the IRT model resulted in comparable Earth DAS with other studies for seasonal changes, daily rotation and orbital
orientations. Evolving further from the earlier works, this study is aimed at seasonal variations in phase dependent DAS
and its vegetation signatures. Especially the computation technique uses, for the first time, the integration of semi-
empirical and non-isotropic (i.e. non Lambertian) scattering models for the Earth elements such as atmosphere, land and
ocean. This paper describes the concept of the improved IRT computation in Section 2. This is followed by construction
of the improved 3D earth mode with non-Lambertian scattering models in Section 3. Section 4 shows the model
performances in imaging and radiative transfer computation. The trial simulation runs for DAS and associated bio-
signatures are reported in Section 5, before their implications summarized in Section 6.

2. METHODOLOGY - INTEGRATED RAY TRACING MODEL
2.1 Concept of Integrated Ray Tracing computation

The initial version of Integrated Ray Tracing (IRT) model was originally developed as an end-to-end performance
simulation tool for satellite instruments.” The current model incorporates improvements in the Earth components (listed in
Table 1) including non-Lambertian scattering surfaces. In the model, the three elements (i.e. source, target and instrument)
are integrated into single Monte-Carlo ray tracing computation flow as listed in Table 2 and shown in Figure 1. The IRT
computation flow starts from the sequence 1 and progresses in step by step manner to the sequence 7 in Table 2.

Table 1. Summary of IRT Model Elements

Model Earth System Model Instrument
Sun Model Model
Sub-Model Atmosphere Land Ocean 0
Radius 695500 km 6499.000 km 6400.767 km 6400.000 km 29 mm
Primary
Position (0,0,1.496E8) km (0,0,0) km (0,0,0) km (0,0,0) km (0,0,1.5E6) km
Movement Distance Variation Spherical Rotation Spherical Rotation Spherical Rotation Rotation around
4 Seasons Earth
Spherical Surface with | Spherical Surface with Sphere Cassegrain
Surface Shape Hemisphere Latitudinal Bounded Coastline and Searl)ce Ca Telescope with
Distribution Vegetation P Catadioptric system
Atmospheri Non-Lambertian
Surface Optical Lambertian ospherie Scattering with Lambertian Scattering Reflectance +
- . Transmittance + N . . .
Characteristic Scattering . . Directional Parameter + Sun-glint Scattering Transmittance
Rayleigh Scattering
(Knj)
Surfagg 1 Layer 18 Latitudinal Layers 6 kinds of Surfaces 1 Layer Mirrors and Lenses
Composition
3 Referenc-e Seasonal Spectral
Atmospheric Directional Parameter
Surface Conditions with 4 Sea Ice Area Variation
Variati None S " from (Monthly) None
ariation | >easons POLDER3/PARASOL onty
Continental/Desert/Ma .
. Observations
ritime Aerosols
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Initially, 40,000 light rays are created inside the Sun from using Geymard'®(2004)’s spectral solar constant(W/m?*/nm)
(trace sequence 1). They then encounter with the Sun surface, where each ray is scattered into 4 child rays through
Lambertian scattering surface (i.e. trace sequence 2). Among those scattered rays, the 120,000 rays emitted within the
solid angle defining the Earth sphere are traced. The rays arriving at the Earth experience reflection, transmission and
scattering as they pass through atmospheric layer (i.e. trace sequence 3 and 4) twice (i.e. inward and outgoing) and are
bounced from the land and ocean surfaces (i.e. trace sequence 5). The rays scattered and emitted out from the top of the
atmosphere are traced into the instrument aperture, where they are to pass through the instrument optical train before
arriving at the detector plane (i.e. trace sequence 6 and 7). These trace sequences are illustrated in Figure 1.

Table 2. Integrated ray tracing computation flow

s . Atmosphere Atmosphere Land / Ocean Scattering Rays Image
Ray Emitting Sun Scattering Transmission Scatter Surface Scatter in Aperture Plane
Computation | 5 3 4 5 6 7
Sequence
Object Inside of Sun Sun Surface Atmosphere Atmosphere Lands Aperture Detector
Rays(n) 40,000 40,000 120,000 40,000 120,000 ~160,000 ~160,000
Position x| < 695500km m i gggggglﬁg}l [x| < 6499km [x| < 6499km |x| < 6499km [x| <29mm Focus
P 2) [v| <695500km | SES-6.9E5 < [v] < 6499km [v] < 6499km [y < 6499km v <29mm z=1.5E6
oY 2] = 1.50E8km | 0o 0<[z/<6499 | 0<[<6499 | 0<I|<6499 z=15E6 km km
|z] < 1.50E8km
Direction Random Toward Toward Land Toward TOA | Toward TOA or Toward Primary Focus
D(a, b,c) Atmosphere and Ocean or Instrument Instrument Mirror
Radiant Radsigrfift}:il or Lambertian Atmospheric Rayleigh Non-lambertian Sum of scatterin P]zad;?]:)tn
Power (f) W BRDF Transmittance BSDF BRDF u mne W
(W)/n detector
Status(€) Emitting Scattering Transmission Scattering Scattering Stored End Trace

*
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Trace Phase 1
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Seq.4 and §
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Lens System —

Trace Phase 2
Primary Mirror — . -
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Figure 1. Elements and trace phase in IRT model (Sun/Earth/AmonRa instrument: Ray tracing sequence 1-7)
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In the ray tracing computation, a set of ray is defined as in Equation 2.1."

ﬁ(l, X, y,z,a,b,cf,€) 2.1

n
=1

4

where i is the i"" ray, 1 wavelength, (x, y, z) global coordinate position, (a, b, ¢) direction cosine, f radiant power of a ray
and € is ray status (i.e. current object surface, history of object, ray condition — parent, scatter, split ray). In this ray
expression, the ray before it encounters an object has subscript “s” and the ray after it experiences with an object has the
subscript “v”. Following this convention, a set of ray passing an object can be defined as in Equation 2.2 below.

n n n
Hy= ) TE+ ) RED+ ) M) 22
i=1 i=1 i=1
n nxn'
Y TE) = ) R P, 2), Dr(a b,0), £iT, ) @3
o
ZR(E)) = Z ﬁ(l, PR(x,y; Z)! DR(al br C)if:gRl SR) (2'4)
i=1 i=1”
n nxn
Y@ = Y Tt PaCe,y,2), D@, b,€), By ) @)
i=1 i=1

where n' is the number of split rays (for Equation 2.3 and 2.4) per each parent ray and n”’ is the number of scattered rays
(for Equation 2.5) per each parent ray. The object surface has reflectance (Equation 2.3), transmittance (Equation 2.4)
and bidirectional scattering distribution function (BSDF in Equation 2.5). For each and every ray encounter with an
object, the total energy conservation is applied as expressed in Equation 2.6,

A=1—-[R+T+TIS] (2.6)
where A is absorption and TIS means total integrated scatter (TIS) defined as in Equation 2.7. '
2n"/2
TIS(6s, 65) = f f BSDF (6,6, ¢, $,,) cos 8, sin 8, d6,d ¢, (2.7)
00

In the meantime, radiant power f, when experiencing scattering can be defined as in Equation 2.8."

Acos8,cosb,
fo = fsBSDF (65, 6,, ¢, dy,) n''R2

where 6, is incident zenith angle, 6, scattering zenith angle, ¢, incident azimuth angle and ¢, scattering azimuth angle.

(2.8)

3. EARTH MODEL CONSTRUCTION
3.1 Atmospheric Sub-Model and Seasonal Variation

The Earth atmosphere is defined with 18 sub components as drawn in Figure 2 and each component is defined with
Spectral Mapping Atmospheric Radiative Transfer (SMART) model'*'* and with continental, maritime' and desert'®
aerosol models. In addition, NASA Earth Observation (NEO) database'’ was used to obtain disk averaged CO,
concentration and aerosol optical depth at 550nm for the period of Nov. 2005 — Oct 2006. For characterizing the
atmospheric transmittance, spectral atmospheric transmittance (except for Rayleigh transmittance) was used. For
reflectance, Rayleigh scattering was considered as its BSDF is expressed in Equation 3.1 from Fujii et al.*(2010).

BSDE, 0y t0ign (B, 60, ,2) = — et &) |1- exp e ( L )] (3.1)
rayteign (s Oy, ¢, " cos 6 + cos 6, exp T cosf;  cosb, .

where ¥ (§) is Rayleigh scattering phase function, ¢ phase angle (angle between the incident and scattered direction)

and 7 (1) optical depth for Rayleigh scattering defined as in Equation 3.2°
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0.05
A1) = 0.00864 <7) —(3.16+0.o74/1+T) i)
() 1013.25mbar (3.2)

In here, w is spectral atmospheric transmittance (except for Rayleigh scattering) accounting for ozone (T, 3), nitrogen
(Ty_2), other mixed gas (T _3), water vapor (T,, ») and aerosols (T,_;) and it can be expressed as in Equation 3.3.1

W =Ty 3Ty 2Ty 2Tw aTan (3.3)

Using Equation 3.1, atmospheric BSDF was computed and an example of the resulting BSDF data is presented in Figure 3.

Atmpsheric Transmittance(w)
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Figure 2. (A): Longitudinal atmospheric structure (A: arctic, SA: sub-arctic, M: mid-latitude, ST: sub-tropic, T: tropical/ last letter:
maritime(M), continental(C), desert(D) aerosol model) (B): Atmospheric transmittance (first letter: Winter(W)/summer(S)) and zoom
in H,O absorption line from 920nm to 970nm

Atmosphere Rayleigh Scatter BSDF (Summer, Arctic Maritime, 401nm, w=0.863, P=1013.25 mbar)
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Figure 3. Atmospheric Rayleigh scatter BSDF (example case; summer, arctic maritime, 401nm, w=0.863, P=1013.25mBarr)
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3.2 Land Sub-Model and Seasonal Variations

The land sub-component consists of 3D polygon surfaces with spherical curvature and it is divided into 5 different types
(including ice, tundra, forest, grass, and ground) of vegetation and non-vegetation surfaces using Global Ecological Zone
(GEZ) map'®. For each surface type, a non-Lambertian spectral BRDF is defined using a semi empirical parametric
kernel model used for MODIS and POLDER missions as expressed in Equation 3.4.""°

BRDF (65, 6,, ¢, ki 1) = Ko 2 + K1 2F1 (65,6, §) + K 2F> (05, 6, $) (3.4

where K|, , is isotropic (Lambertian) scattering, K; ; geometrical roughness indicator (shadow effect) and K, 5 volume
scattering indicator. F; (s, 6, ¢) is reciprocal geometric kernel of “Li_sparse” defined by Lucht et al.*'(2000) and
F,(6,,8,, ) is volumetric kernel of “Ross_thick” defined by Roujean et al.*(1992) merged with a hotspot module
suggested by Breon et al.>*(2002). Using the level 3 data set of the POLDER-3/PARASOL instrument, we obtained Ko 2
K; ; and K; , for the period of Nov. 2005 — Oct 2006, and examples of computed Kj ; are illustrated in Figure 4.
Employing Equation 3.4, K, ;4 value of each land surface BRDF was obtained and is illustrated in Figure 5 and they were
then imported into the IRT computation.

(A) Global Ecological Zone Map (6 reduced surface type) Constructed 3D Earth Land Surface Model

P . e VN

(©) Seasonal Directional Parameter(K 0)

1 T . . 1 : .
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,’,':,:,./.:m.hl....___r" ‘ . Summer A , . Autumn
Z?OO 600 800 1000 1200 4?00 600 800 1000 1200
Wavelength(nm)

Figure 4. (A): Global ecological zone map (B): Constructed 3D land surface model (C): Example of seasonal directional parameter K
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LAND BRDF (Summer, Forest, 401nm K0=0.0250, K1=-0.0017, K2=0.1743)
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Figure 5. Land BRDF model (example case; summer, forest, 401nm, K,=0.0250, K;,=-0.0017, K,=0.1743)

3.3 Ocean Sub-Model and Seasonal Variations

(A)

. Monthly Sea Ice Area Variation (1987-2005)
x 10

Sea Ice Cap

m T T

North Hemisphere Data
South Hemisphere Data
14 ===North Hemisphere Fit
= South Hemisphere Fit

—
[\S]
T

- —
- -
- -~
-
-’

7 N

[
o
N,

Sea Ice Area (kmz)
&

~,
' S g

Ocean Model

?an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. (A): Sea ice area variations (B): Sea ice cap with land and ocean model
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The ocean sub component model consists of two parts. They are a spherical surface layer covering the earth globe and
the sea ice caps around the north and south poles. Using the annual average data over the period of 1987-2005 from
Snow and Ice Data Center (NOAA)*, the monthly variation of sea ice area is modeled as illustrated in Figure 6. The
scattering characteristics of sea ice caps is the same BRDF model as the land ice and described in Equation 3.4 in Section
3.2 whereas the ocean surface BRDF model is defined as in Equation 3.5.

BRDFOcean (95' 917' ¢: /1) = BRDFLambe‘rtian_/l + BRDFsun—glint (95' 917' ¢: /1) (3~5)

The BRDF, gmpertian 2 term is defined with the ocean spectral albedo (i.e. TIS of BRDFy eqr, (65, 0,,, @, A) ) from Tinetti
et al.’(2006a) subtracted by the computed TIS of the Sun-glint scatter model expressed in Equation 3.6. For
BRDFgy—g1int (85, By, @, 1), the ocean scatter model from Fujii et al.*(2010) and Nakajima et al.”(1983) expressed in
Equation 3.64 was used to approximate the global ocean scattering by accumulating scattering contributions from small
wave facets.

BRDFsun—glint(es' 0y, 9, 1) = =16, u10)G (05, 0,, ), us0)7 (1, 05,6, ) (3.6)

4cos 6, cos 6, cos 6,
where 6, and ¢, are normal direction to the ocean wave facet created by wind, p(6,",1,,) empirical density
distribution function of wave slope, G (05, 8,, @, U;,) bidirectional shadowing effect, u,, wind speed at 10 m above the
ocean, r(n, 0, 8, @) Fresnel’s scattering coefficient and n refractive index of water. The realistic ocean scatter data
were computed from using Equation 3.5 and an example is shown in Figure 7 where the Lambertian scatter term
computed from 0.0598 (i.e. TIS = 19%) for 401 nm in wavelength was added by the Sun glint scattering obtained from
Uy 0=4m/s in monthly averaged wind speed at 10m in altitude.*

Ocean Scattering BRDF (401nm, Lambertian BRDF=0.0598, Windspeed=4m/s)
0.12 : - ; ‘ ;
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Figure 7. Ocean BRDF model (example case; 401nm, Lambertian BRDF=0.0598, monthly averaged wind speed=4m/s)

Proc. of SPIE Vol. 7819 78190E-8

Downloaded From: http://spiedigitallibrary.org/ on 10/19/2012 Ter ms of Use: http://spiedl.org/terms



4. IRT MODEL VERIFICATION

4.1 Imaging performance verification

Figure 8. True color images of the Earth model (Center of viewing direction: 120E, 23.5N) at the AmonRa instrument detector plane.

Assuming that the hypothetical AmonRa instrument’ looks at the Earth from the L1 distance (i.e. 150,000,000 km from
the Earth) while maintaining the fixed viewing direction toward (120E, 23.5N) on the Earth surface, the Earth images
were computed at 30 degree in illumination phase variation step (i.e. Al to A8 in Figure 8(A)), each being a RGB
composite image obtained from simulation results in 5 wavelength bands (i.e. 451 nm, 491 nm, 521 nm, 566 nm and 651
nm). We note that i) the central part is brighter than the rest of the Earth globe and it is caused by strong sun glint
scattered light entering into the instrument aperture, ii) the images show atmospheric scattering features from the
shadowy side of the Earth globe, iii) the land surface show uniform scattering while exhibiting weak features of hot spot
toward the forward specular direction. Specially, the four images (i.c. B1-B4) in the bottom row represent the Earth
globe in seasonal changes from winter to autumn and show the seasonal changes in sea ice cap area around the North
Pole and Tundra area as well as its changes in surface color and brightness.

4.2 Radiative transfer performance

For assessing the radiative transfer computation accuracy, the IRT simulation was run for computation of radiant power
transfer from the Sun to the Earth (as a Lambertian sphere of 0.3 in uniform albedo) and then from the Earth to the
AmonRa instrument aperture. The same computation steps were also performed analytically and the results from both
simulation and analytic computation are compared in Figure 9. We note that as long as the number of rays used is greater
than 30000, the arriving radiant power difference between the IRT simulation and the analytical computation is kept
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below +0.5%. This led to the use of 40000 rays created inside the Sun for the IRT simulation for DAS computation, as
mentioned in Section 2.

(%)

|
=== Trace from Sun to Earth

=== Trace form Earth to Aperture
——~1% Boundary

2+ ——~-1% Boundary H
= 0.5% Boundary
1 ~ -0.5% Bondary

T

Difference between Monte-Carlo
Raytracing and Analytic Calculation (%)
(=]

T

2

| | | | | | | | |
1 1.5 3.5 4 45

o

2 2.5 3
Using Rays for Monte-Carlo Raytracing (n) <10

Figure 9. Difference between IRT simulation and analytical computation in arriving radiant power at the AmonRa instrument aperture

5. DISK AVERAGED SPECTRA AND BIO-SIGNATURE DETECTION
5.1 Disk Averaged Spectra

Table.3. IRT simulation cases

Simulation Case Illuminated Phase D “.e ction .0 f Eal:th 26 Seasons Result Parameter
Vlewmg Orientation
100% rad/rad,,
Case l Full Tluminated 120E, 23.5N : 4 NDVI
0% rad/rad,.
Case 2 Crescent 120E, 23.5N . 4 NDVI
0,
Case 3 50% 120E, 23.5N -~ 4 rad/raqmp
Half Illuminated Land Dominance NDVI
50% 120E, 23.5N rad/rad,,
Case 4 Half Illuminated Ocean Dominance . 4 NDVI
50% 30E, ON rad/rad,.
Case 5 Half Illuminated Land Dominance n 4 NDVI
0,
Case 6 50 A]. 150W, QN 4 rad/ra(vitop
Half Illuminated Ocean Dominance NDVI
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Figure 10. Earth DAS in four seasons and four illumination phases (i.e. full, land dominant half, ocean dominant half and zero)

According to Tinetti et al.%(2006a), DAS for visible and near infra-red (NIR) can be defined as the ratio of upward
radiance(rad) to downward radiance(rad,.,) at the top of the Earth atmosphere and it can be expressed as in Equation 5.1.
The equation can then be re-written to more practical form as in Equation 5.2 for IRT simulation based DAS
computation. Aided with the aforementioned computational verification, we performed IRT simulation for various cases

listed in Table 3 and the resulting DAS are shown in Figure 10.

2 /2
fo " f: LTOA_upward (95, 912' ¢s' ¢v' A) dQ

LTOA_downward (951 ¢s' A)

Disk Averaged Spectra(0,6,,p, 1) =

—
Z:l:nl” mlEarth to TOA “, X» Vs Zy» Qs Dy, Cy [ Ev) _ ?31" fv_/l )

° = ynnr P
I Ricun vo roa o Xs) Vs Zs, s, bs, €, o, €5) 01 fs.a(®)

Disk Averaged Spectra(l) =

where Q is solid angle and Y,/7" f;, 5 (i) extracted value of radiant power (W) from set of rays.

From Figure 10, we note that i) absorption lines for Rayleigh scattering, O,, CO, and H,O are clearly identifiable and ii)
the overall magnitude of averaged spectrum is comparable to those of the existing studies™® with the cloud free
atmospheric assumption. It is clearly seen that the DAS magnitude decreases from the full illumination to the crescent
‘red-edge’
signature is very prominent during the summer as expected from the increased amount of land vegetation. For four half
illumination cases, short wavelength (i.e. 400-700 nm) spectral differences are mainly caused by the seasonal variation in
the amount of sea ice cap. For the wavelength range over 700 nm, the ‘red-edge’ feature is sensitive to the seasonal

and this tends to prove the validity of the computational flow. For full illumination case, the well-known
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changes in vegetation area and such tendency is very strong for the land dominant case 1, 3 and 5. Looking at the ocean
dominant case 4 and 6, DAS tends to increase sharply as the wavelength approaches to 400nm and this corresponds to
the ocean albedo increase toward the shorter wavelength. The seasonal difference in ‘red-edge’ signature becomes
almost indistinguishable for the ocean dominant cases. We also note that the water vapor absorption lines for the
wavelength range of 900-1000 nm and 1100-1200 nm appear in all illumination cases and they are very prominent
during the summer. This is coherent with the seasonal variation of atmospheric transmittance shown in Figure 2. In
summary, the resulting DAS from IRT model computation are in good agreement with other studies and with common
expectations from seasonal changes in the Earth components including atmospheric transmittance, vegetation and sea ice
cap areas.

5.2 Seasonal NDVI and surface type ratio

Normalized Difference Vegetation Index (NDVI) is a vegetation signature and can be expressed as in Equation 5.3
Red — NIR(n)

Red + NIR(n)

where Red is spectral magnitude of the wavelength range 651-681 nm (for both NDVI(1) and NDVI(2)), NIR(n) 751-
801 nm (for NDVI(1)) and 856-876 nm (for NDVI(2)), following existing studies®™”® The DAS data explained in the
previous section was used to derive the NDVI shown in Figure 11, where NDVI(2) is higher than NDVI(1) for all
seasons, as NIR(2) spectral magnitude is higher. Specially, both NDVI(1) and NDVI(2) increase by the factor of about
two as the season changes from winter to summer. This is a part of general tendency that both NDVI(1) and NDVI(2)
are weakest in winter, rises slowly in spring, reaches to the strongest signature in summer before it subsides in autumn. It
is also seen that the NDVI(1) and NDVI(2) are weaker in ocean dominant half illumination cases than in land dominant
half illumination cases. In general, our study shows that the computed NDVI ranges from -0.152 to 0.136 and the winter
NDVIs are somewhat close to -0.05~0.08 for full illumination case and -0.07 ~0.1 for half illumination case reported by
Tinetti et.al.*(2006a). Figure 12 shows surface type ratio versus NDVI for four surface types (i.e. forest, grass, ice and
ocean). It is clearly shown that the surface type ratio for vegetation area (i.c. forest and grass) has strong positive
correlation with the NDVI, whereas non-vegetation surfaces have somewhat vague (ground) and negative (ocean)
correlation with the NDVIL.

NDVI(n) = (5.3)

Full Illuminated(120E, 23.5N) Crescent (120E, 23.5N)
0.4 T T T T 1 T . T -
s :__—__:———‘4: ' @ Of e 7 <3 '
o
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= . . . 1 - . . . .
.g Winter Spring Summer Spring Winter Spring Summer Autumn
=
‘g‘SD Half Illuminated (120E, 23.5N-Land) Half Illuminated (120E, 23.5N-Ocean)
g 04 //\ o4
[5] __——"~.~
2 o02f I sl @ 0.2
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&
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N
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Figure 11. Seasonal NDVI variation and illumination phase
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Figure 12. Seasonal NDVI vs. Area ratio of surface types

6. CONCLUDING REMARKS

This study presents a new 3D Earth model equipped with semi-empirical and non-isotropic scattering models for its
components (i.e. atmosphere, land and ocean) and the resulting DAS and its associated bio-signatures based on the IRT
model computation. In particular, the model computation is benefitted from the use of seasonal changes in scattering
characteristics of the Earth components as well as variation in illumination phase. The computed DAS show good
agreement with other existing studies and with the common expectations from the seasonal surface changes such as
vegetation area and sea ice cap area. From NDVI analysis, our study shows that the increasing vegetation area in summer
tends to increase NDVI whereas it decreases during the winter and that there are strong positive correlation between
NDVI and surface type ratio at least for the vegetation area (i.e. forest and grass). On the other hand, non-vegetation
surfaces have unclear (ground) and negative (ocean) correlation with the NDVI. This proves that the current NDVI
definition is reasonable for bio-signature detection from potential extra-terrestrial planets in other star systems.
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