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Quantification of rotation :
domain : millimete

Combination of
rotation = main dc
infrared

Can be very complex...
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Rate of radiative transfer energy around a given

frequency v (per frequency unit), per unit of
emitting surface dA along a given direction u (per
receiving solid angle around ).

d*P
dA dv df}

I,(M,u) =

@ Mathematical formalization of a light beam.. T T
. . dA M
@ In empty space, [, is conservative along the

optical path.

@ Note It can also be
defined with respect
to wavelength (1) or

@ [, can also be understood as per unit of receiving wavenumber (I,)
surface and per solid angle filled by the source.

@ If [, does not vary with w, the radiation is said to
be isotropic.
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First moment of I, with respect to the
direction.

F, = f I, cos 0 dQ

41 sr

e in W/m?/Hz (in SI)
@ Actually observable quantity

o Conveys information about energy transport: if I, is isotropic, there
is not net flux (F, = 0).

Note F, is sometimes divided into upward and downward
fluxes, in which case the integration should be performed
only over the relevant hemisphere.
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Absorption The radiative energy is transferred to the matter.

Scattering Matter locally disturbs the electromagnetic field, which
results (far away) in a spatial deviation of the optical path.

Emission Matter loses energy to the electromagnetic field, whether
in a spontaneous event or induced by the radiation field.

@ Absorption 4+ Scattering = Extinction

@ Emission processes are often divided into:

Thermal Emission Provided enough interaction events between
matter and radiation, both end up sharing the same

temperature T": Black body model
Non-Thermal Emission

o Fluorescence (decay of electronic or molecular
excited states)

@ Acceleration of charged particles: Bremsstrahlung,
cyclotron, synchrotron




Beer-Lambert's Law

@ I,(s): spectral radiance at s abscissa.

o [,(s+ds)=1,(s)[1 —oy,n(s)ds| with n(s) local density of
extinctors and o, the extinctors' cross-section.

total area & abeorbing epeses of
@ YIEl dS Ta " oross-sectiond area o

I,(s) =1,(0)exp (—fﬂgﬂyn(s)ds). = ot Dkl g

I l-dl 1
e If n(s) = n is constant, =l de molscules

I,(s) =I,(0)exp (—noy,s) R T eng b A

Optical depth 7,

@ dr, = n(s)o, ds
e Dimensionless quantity. Natural coordinate for radiative transfer

e 7 > 1: optically thick medium
e 7 < 1: optically thin medium

@ Beer-Lambert's Equation becomes dI, = —1I,, dr,

@ In case of emission, it becomes df, = —1I,, + 5, with 5, the source
term.




Planck’'s Law (Black Body Radiation)

2h3 1
I,(T) =B, (T) = ( c2 ) exp (;:_;) —1

2hc? 1

AET

3000

Wien's Law I reaches its maximum at Am [pm] = = K]

Nesting VA, T71 = Ts = I,(T1) = I,(T3)
Stefan's Law F' = [ F, dv = o T4 for a surface emitting in an hemisphere.

Kirchhoff's Law (only valid at local thermodynamical equilibrium)

Absorbance = Emissivity

Absorbance A,. fraction of incoming radiation (at a frequency /) absorbed by an
object. A, = 1 at all frequencies for a black body.

Emissivity =,, ratio between the thermal emission of an object (at a frequency )
and the black Liody emission for the same frequency and
temperature.




Single scattering albedo wy Refers to the proportion of extinction due to
scattering (vs absorption)

Phase function p ((f,2) —+ (6',")) Angular probability density function
between incoming and scattered beams.

o Often normalized so that [ p(f,p.0",¢") dY = 1.

@ It is often assumed that p = p(©) with © the

scattering angle.
@ p can differ for various polarization states of the

incident beam.

Asymmetry parameter g First moment of p with respect to ©.
o Isotropic scattering (p = 1/4wsr—1) implies g = 0.
The converse is not true! (e.g. Rayleigh
scattering).
@ g =1 is equivalent with full forward scattering (i.e.
no scattering at all!). g = —1 with full backwards
scattering.




Common scattering regimes in planetary atmospheres

Rayleigh Scattering occurs when scattering particles are much smaller
than radiation wavelength.

@ Cross-section proportionnal to A~%: matters most in
the UV /Visible, can often be neglected in the thermal
IR.

@ Polarizing scattering

Optical Refraction occurs when particles are large compared to the
radiation wavelength. Standard Snell-Descartes laws for a
medium of a given refractive index.

Mie Theory occurs with spherical scattering particles (e.g. liquid
droplets)

@ Vanishes into Rayleigh regime from small
particles, and optical regime for big particles.

@ Polarizing scattering, complex phase functions. :
Depends on the (complex) refractive index of | e
the material. CLEinad012




Grey approximation

@ No dependency on v.

@ Only valid for limited spectral bands, with thermal (A > 5 gm) and solar
components (A < 5pm) usually considered separately.

Plane-parallel approximation

@ Standard geometry for atmospheres much thinner than planetary radius and not
too horizontal line-of-sights.

@ Angles defined with respect to a common vertical (zenith-nadir) = axis.
0 < @ < m: zenithal angle, 0 < ¢ < 27: azimuth. Standard notation & = cos#@

@ Vertical coordinate is the optical depth along the vertical direction from zenith
to nadir. Horizontally invariant.

Two-stream approximation
@ I, =1" forp>0and I, =1 for u < 0. Direct beam intensity Ip is
computed separately.
@ Enables explicit solving of the radiative transfer equation.

@ Accurate enough for flux computation, not for intensities!




Radiative transfer equation (plane-parallel)

diI,
| — e — L
ILI dTy L L

with

2w 1
Sv(Tip,e) = (1 — wo) By [T'(7)]+wo / f L (r;p' ") P(p' s pyp) dp’ d’
0 —1

o No analytic solution in the general case...

Radiative Transfer equations (two-stream, no thermal source)

=f+—%[(1+9)1++(1—9)1_] -

- la-grt+ (1 +9r7] -




@ Penetration depth of reflected sunlight
o IT(7)/IT(0) = e V30T,

average optical depth
7 =1//3(1 - wo)
at this depth,
Tecat = WOT = tm}‘.j-\/g{l — tm}) and
Tabs = (1 - TD}T_' — \/[1 — ’E’D}I,"Ig
A lower gy implies a shallower
sounding.

@ Possible uses

Known absorption profile measuring
optical properties of
scattering particles (wo,
particle density, size, etc.)

Known scattering profile measuring the
absorption vertical profile.
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° Definition
o (0 f{: WF(p)B, [T'(p)] dInp
o W F( ) = e~/ — AT ith the
transmission factor T, =exp(—7v/1t)

e Contribution Function CF defined by
CF(p) = WE(p) By [T (p)]

0.010 0.100
Fonction de Chapman

@ Chapman Function
» Hypotheses
Thermal emission comes

mainly from layers centered
onT =/

e Uniformly mixed absorber ;
@ Cross-section o, uniform ;
o lIsothermal hydrostatic atmosphere.

o dr, = —ky dz = —o,n(z)dz = "”Hdp

) e
o WF(Inp) Chapman Function :

@ peaks near 7 ~ 1
o Ilypical height Az ~ H
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@ Principle
o A uniformly mixed IR-absorbing species is used (eg: CO2 on Earth)
and whose o, is known.
o Computation of each WF(p) with varying v, peaking at p,
o [,(0) ~ B, [T(pf,}]
e T'(p) is then retrieved on a certain p range

Typical Daytime TES Sp
I I i i = [ 7 T T | T T T l T T ] | T T T | T

cO

Brightness Temperature
[t ] 5%
b= a3

2]
=]
(=]

a0 PR B P P

! 800 1000
Contribution Funchion Wavenumber (cm™)
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@ Principle

e Species of unknown vertical distribution but known o,,.

o T'(p) profile known.

o Brightness temperature T'? vyields sounded level p° :
T2 =T (p)

o Column density between p and observer knowing o, .

o Inversion is possible above the minimum of p” with respect

to v.
Difficulties : several species may contribute to IR absorption,
scattering by aerosols, sufficient spectral resolution required

@ Lines seen in emission or absorption

s Curvilinear abscissa oriented towards observer

Emission if d1'/ds > 0
Absorption if d1'/ds < 0 Figure: Line profiles

as seen from above.
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Advantages

@ Access to 7 > 1 (as defined downward from space) for an observer
deep into the atmosphere

@ Valuable scientific information from 4 sr instead of < 2 sr.

@ A vertically mobile instrument will help in solving amibguities usually
encountered with remote observations (relative contribution of IR
absorbing various species) since the probed layers will move along.

Drawbacks

@ Engineering constraints more challenging in an atmosphere: weight,
size, cost, power, thermal design, etc.

@ T[herefore, usually lower spatial and spectral resolution than
achievable from space.

@ Single use instruments most of the time, except on a landing station
(which do not move vertically). Limited horizontal coverage.
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e Layering into homogeneous layers whose
reflexion F; transmission 1; coefficients are
computed

@ In the semi-infinite case, T =0 and R=A

o Adding method: layers are then iteratively
combined in pairs

T?R, o _ Db
1 —RRy T 1-R{R,

Ri+2 = R1 +

@ Cloud/reflecting surface+ non-scattering
atmosphere (7., = w7 K 1)

_TU(LJFL)
e Then: I,(0) = R(u,p; pno,po)Foe ro

o Measuring 1, = / ovn(z)dz =
0

oo
E crf,/ n;(z)dz = E o, a;
i o i

o Yeilding column density a; of absorber .
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@ Principle

e Study of reflected /scattered
radiation whose emission was
controlled by the observer.

@ Access to round-trip
duration: altimetry. Titan (Cassfm')

@ Use in planetary science

o Radar Study of surface
properties: rugosity, state of
matter (liquid vs. solid)
Lidar Optical analog:
properties of scattering
particles (size, shape,
composition, etc.) and/or
gaseous scattering (Rayleigh)
or absorption.

VENUS RADAR MAP (MASA)

Venus (Magellan)
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Advantages

@ Mostly similar to the ones discussed previously. vertical profiling
possible during descent whereas remote sounding only yields column

densities.

@ Lidars much more useful (radio opacities substantially lower than
visible/UV opacities in planetary atmospheres)

Drawbacks

@ Mostly similar to the ones discussed previously, except that lidars on
landing stations have a potential high scientific value for a lifetime
comparable with orbiter instruments.

@ Lidars/radars only probe in a few selected wavelengths to be
carefully chosen.
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Azimuth Zenith Range Spectral
Range Range (nm)

Yiolet Photomeder
{ULY)

Yisible Spectrometer
(ULYS)

[nfrared Spactrometer
({ULIS)

Solar Auvreole (SA 1)
VWertical Polarization
Solar Auwreole (SA 2)
Horizontal Polanzation
Solar Auwreole (SA 3)
Vertical Polarization
Solar Auwreole (SA 4)
Horizontal Polanzation
Sun Sensor (55)

(647 cone FOY )

5 -85

57 -8F

Fo—8&E

25075

25°-T15"

25°-T5

257757

64" cone 25775
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Azimoth Madir Range Spectral Spectral Spatial  Pixel
Range Range (nm) Scale  Scale  Format
{jper {per
pixel)  pixel)

Yiolet Photometer 5 -8F 350480 - -
(DLV)

Yisible Spectrometer . 10--50° 480960 F o

(DLYS)

Infrared Spectrometer - 15.5"-24.5"
{DLIS)

High-Resolution lmager 9.6  &5°-21.5°
{HRI)

Medinm-Resolution 211 15.75°-
Imager (MREI) 46 25
Side-Looking  Imager 256% 452796
(5L
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SOLAR
AUREOLE
FIBER OPTIC =

N ==
RIBBONS //
} =

ULVS DLVS
FIBER OPTIC FIBER OPTIC
RIBBON RIBBON

— DLI-H! RES FIBER OPTIC CONDUIT
CONDUIT BAK{ G12 RAD RESISTANT GLASS

SLI DLI-MED RES

CONDUIT CONDUIT
Figure 3. The layout of the fiber optic conduit which brings light from the three imagers, from
the four-channel solar aureole camera, and from the upward-looking and downward-looking visible
spectrometer to the face of the CCD detector (right hand end of the conduit).
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Ditluser Windaw

Fused Silica
Fibar

~—— Camera Lens
< window

Figure 5. The schematic layowt of the components of the upward and downward-looking visible
spectrometer. The upward looking input views the bottom of a diffuser. The downward looking ingat
uses a lens to project the entrance slit onto a 4° = 40 region that extends from 107 to 50 madir

angle.




Solar Aureole
4 x 6x50 pixels

I

Image Section with Anti-blooming Drains

Down-looking Imager Side-looking Imager Down-lookinP Imager
160x254 pixels 128x254 pixels 176x254 pixels

at 0.06%/pivel at0.20%pixel at0.12"/pixel
covering 96 x15.0 covering 25.6 x 50.8° covering 21.1 x 30.5°

ULVS
8x200 pixels ===]|

DLVS
20x200 pixels il

7 dark pixels
plus 1 gray
pixel

Memory Storage Aroa
256x520 pivels

Serial Shift Register
Figure 8. Layout of the face of the CCD detector.
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Faizlcosllg = [Fel(z) + Fz)] — [Fai£) + F:(z)].

Observations at 4 different
azimuts

Fa(TOA)
Tz} =cos s Il ——.
o - .FEl{E"_:l }
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DISR movie

Aerial View of Titan Around the Huygens Landing Site
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ULVS lover F from 295 to 348 deg
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ULIS I/F Vs. Wavelength

—— 2076 KM =4 48 km

—— 3445 km 1013 |

1200 1300 1400 1600
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in central regions
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Reflectance

VIMS Titan spectrum

0.5 1.0 1.5 2.0
Wavelength
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= South Polar Cloud
— Clear Skys

Most sensitive to the Surface | == Clear Skys

C. Griffith, (priv. comm.)

Sensitive to Tropospheric Clouds

Sensitive to Stratospheric Haze

Wavelength (microns)

Resolving Power ~ 140
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Entry Site 1:  Lat=—10, Long=181
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Vs solar flux radiometer on Pioneer Venus probe
(LSFR, M. Tomasko et & R 1980)
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* Galileo/NIMS obs. @ Venus : Carlson et al,
1992
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Sounded levels: 25-45 km
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