


NASA and ESA are designing space=based observatories to detect and characterize 
extrasolar terrestrial planets. Because these systems will initially resolve planets only as point 
sources, we must learn f3 distinguish habitable worlds and to discriminate between planets with 
and without life based entirely on the interpretation of remote sensing observations of disk- 
averaged spectra. The Virtual Planetary Laboratory (VPL) is being developed to assess the 
information content of such observations and to optimize the designs and search strategies for 
future missions. 

The VPL is a suite of computer models that simulates environmental processes that 
contribute to a planet’s spectrum. Its core consists of coupled radiative transfer, climate, and 
atmospheric chemistry models that have been validated in studies of the Earth and our 
neighboring planets. Geologic, biospheric, and exogenic modules are being added to simulate 
a broad range of environments on planets in orbit around stars with different luminosities and 
stellar types. A self consistent description of these physical, chemical, and biological 
processes is essential for assessing the detectability of spectral biosignatures because these 
processes can conspire to exaggerate or mask discriminating spectral features. 

and atmospheric bulk composition, surface type, volatile inventory, etc.), the VPL marches 
forward in time to generate an equilibrium environment. It then produces a disk-averaged 
spectrum for a specified viewing geometry, processes this spectrum with an instrument 
simulator model, and analyzes it to assess the detectability of biosignatures with instruments 
like those being considered for NASA’s Terrestrial Planet Finder and ESAs Darwin missions. 

Given initial conditions (stellar type, orbit characteristics, mass, radius, rotation rate, surface 

Acknowledgements: This work was performed by the Jet Propulsion Laboratory, California 
Institute of Technology, under contract to NASA. 

2 





I I Science Goal of an Earth at 10 pc (5 AU) (1 AU) (1 AU) (1 AU) (1 AW 
12 pm observation 4x2m 4x0.85m 4xZm 4x2.7 m 4 x 3 5  m 

I Detect Planet Spectra I Resolution 1.4 hr 470 hr 15.3 hr 5.1 hr 2.0 hr 1 

I Detect Atmosphere 2.4 day I 18.1 day 5.9 day 2 .3  day 1 



from its parent star 
- All information about its 

environment will arrive as photons 
- This information can be decoded 

using remote sensing methods 

Several remote sensing techniques 
have been developed for studying 
planets in our solar system 

Extrasolar planets will pose special 

- The planet will appear as an 
unresolved point source 

No direct constraints on size 
No spatial details 
Limited signal-to-noise 

- No prospects for ground truth 5 



Photometric observations of an 
unresolved planetary disk are 
most useful when you know what 
you are looking for 
- Surface properties 

Chlorophyll red edge 
- Atmospheric constituents 

0.76 pm 0, A-band 

Conlf er Forest 
- - - - - - - - 

- - -  

0.4 0.5 0.6 0.7 0.8 0.9 1 .c 
Wavelength ( p m )  

0.63 pm H,O band 
9.6 pm 0, band 
15pm CO, band 

- Atmospheric and surface 
temperature 

15pm CO, band or other well- 
mixed absorbing gas 

CAUTION: Terrestrial planets are 
NOT black bodies!! 

6.0 8.0 10.0 ' 2 . 0  l L . 0  16.0 18.0 20.0 
Wave I en 9 t b ( p m  ) 6 
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1 Reflected Stellar Radiation - Conifer Forest - Ocean - Desert - Cirrus Cloud 1 - "Coior" of the refiecting surface 

0 

0.6 0.8 1.0 1.2 1.4 0.4 
Wavelength (pm) 

0 

(cloud toplground) 

reflecting surface 
- Atmospheric pressure at the 

If a primary constituent absorbs at 
these wavelengths (O,, CO,) 

- Column abundance of trace gases 
- Clouds/aerosols 

Thermal Emission 
- 

- - ... . . .... . .... . .... . . 

- - - - - - - - 

- 

10.0 15.0 20.0 25.0 5.0 
Wavelength ( p m )  

Su dace temperature 

Atmospheric thermal structure 

Vertical distribution of temperatures 
and trace gases above emitting 
surface 

Window regions 

CO, 15 pm band 

H,O, 03, CH,, N,O 
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~ " " " " " ~ " ' l " ~ l ' ~ ~ I  Signs of Life: c 1 

0.4 0.6 0.8 1 .o 1.2 1.4 
Wavelength (pm) 

>O pm CH4 ... ....... . .... .. 
- - - - - -__ lOgppm CH4 

0 

0 

0 

Astronomical Biosignatures are 
photometric, spectral or temporal 
features indicative of life 
The visible (and NIR) 

The Mid-IR 

- 0, (direct detection), O,(UV), CH,, 
chlorophyll and red-edge, H20 

- 0, (sensitive indicator of 03), CH, 
-t . .  . and N,O (H20 - habitabilityr' 

Conifer rorest  

Desert 
Cirrus Cloud 

-. - -. -. - .- -. . 
.-- ..............____.. I' Ill 7 

I 
I , , , ,  

10.0 15.0 20.0 25.0 5.0 
Wavelength ( p m )  9 



Can observatories and instruments 
like those currently being conceived 
detect biosignatures from extrasolar 
terrestrial planets? 

The Virtual Planetary Laboratory (VPL) 
is a numerical model being developed to 

Simulate a broad range of planetary 
environments. 
- Planets other than Earth, around stars 

other than our Sun. 
Include abiotic and inhabited planets 
- Oxygenhon-oxygen producing life 

Generate realistic full-disk spectra that 
cover a broad range of wavelengths 
ultimately provide a comprehensive, 
flexible tool which can be used by a 
broader community . 

UV Flux and 

I I I  

Atmospheric 
and surface 

properties 
- optical 

- Stellar 
Spectra 
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Impacts 

ATM OS PH E R IC 
CHEMISTRY 

RADIATIVE TRANSFER 

Thermal 
Radiation 
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value problem by marching forward in time from an assumed initial 
state. I t  includes a series of modules that share environmental data 

Initialize I _. 

J V U 

Common Database 

U 
Convergence 
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Goal: Investigate spectra of planets 
in thermodynamic equilibrium 

Why a climate model? 
Climate affects a planet’s reflected and 
emitted spectrum 
Climate will change with 

stellar type 
orbital distance 

A Simple Climate Model 
One Dimensional (vertical) 
Three heat transport Processes 

Radiative Transfer 
Solar heating 
Thermal cooling 

Vertical Convection 
Latent heat 

Cloud condensation, 
evaporation, precipitation 

Atmospheric Composition 

Thermal 
/ Cioud 

! 
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2 Reduced 0 

? -  

rz 

Ozone 9.6um band vs 0 2  for G 2 V  

- PAL 0, 
0.1 PAL 0, 
0.01 PAL 0 - 
0.001 PAL - 
00001 PAL 0, . 
0.00001 PA[ 0, . 

- _ - _ _ _  
- - - ._ - . 
- . . . -. . -. . - - _ _  

. . . . . . . . . . . . . . . . . . . . . .  , Cloudy planets hide their secrets 
9.0 9.2 9.4 9.6 9.8 10.0 10.2 10.4 

Wavelength (pn)  
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ConTfer Torest 
- - - - - - - - 

Cirrus Cloud 
Stratus Cloud 

. .... . . . . . . . . . . . 

1 .o 1.2 1.4 0.4 0.6 0.8 
Wavelenqth (ym) 

0 8  
8 TFF Spectrum 

I 

0 1 1 I I 

10 12 14 16 8 

A b "  

VIS Coronagraphs 
Most trace gas information is at UV 
and near-IR wavelengths 
- Currently ignored in TPF designs 

spectroscopic data may be essential 
to detecvdiscriminate biosignatures 

IR Nulling interferometers 
Atmospheric temperatures must be 
measured to quantify trace gas 
amounts from thermal radiances 
- A well mixed gas with a well known 

spectrum is essential for this 
- The CO, 15 l m  band is the best 

candidate for terrestrial planets in our 
solar system (Venus/Earth/Mars) 

Moderate spectral resolution and 
high signal-to-noise are essential for 
characterizing environments 

Time dependent photometric or 
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