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The Four Musketeers

Dr. Nick Lloyd Dr. Doug Degenstein  Dr. lan McDade  Dr. Dick Gattinger

This group have made OSIRIS tomography areality.
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*\What is tomography?

Lineintegrals

Inversion of aline integral, the adopted approach.

*How did we get into it? Stan Solomon did it with AE.
*Reverse digital filtering, frequencies are added not removed.
*Non-stationary simulations.

*Requirement for an imager, you can construct an image.
sExamples from OSIRIS.

L_ooking out of plane.

lmproving the horizontal resolution.



7 1 omography (from the Greek tomos, to slice)

— 1sthe representation of athree dimensional

object by means of its two dimensional cross
" sections.

=¥ For most tomographic applications this
requires the solution of a system of equations
that consist of many line integrals that are
represented in a discrete fashion.

Such techniques have been extensively applied
In the field of medical imaging but are still in
their infancy for atmospheric investigations.



The Geometry To Scalefor Limb Observations

Satdlite Orbit : 6978 km
Satellite Speed : 7.559 km/s
Satdllite Period : 96.7 min

The blue annulusisthe
atmosphere below 100 km.




A Single Observation

Observations : O;
Volume Emission Elements : VJ-

Orbit

|o
o
8

[92]
2
3

asc



LooVoo + LoV +LgVo + LgaVs
L,V + LV, + L5V,

LoV, + LYy

L3V



FOV

inst

Optical Axis

lens |

Z

inst

Preferred Direction

FOV

Simple imager instrument representation; the
Indicated FOV isthat for asingle pixel.



The observed brightness is the integral of the volume
emission contributions along the line of sight.

0, = j V (s)ds
sat
Thisintegral can be discretely represented as

Z L, Vv - [kR]

Wherel, o [km] geometric path is the length through

S

each element and v/, {k%m] |_3 the volume emission
contribution from each element |



The Line of Sight (black line) along a structured
Limb Emission
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Volume Emission Profile Along aLine of Sight
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Retrieval of a structured emission from a series of Limb
Images that are inverted individually with the assumption of
horizontal homogeneity.

- Input Velume Emission Profile With 30 Begree Structure
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The previous dlide shows that the volume emission
contributions along the line of sight are not well
recovered.

The retrieved V(s) values are some form of average.
Obvioudly for observations across the terminator the
solar conditions are not constant and the value of any
Inversion islimited. A real terminator satellite is Odin.

Thus for an accurate retrieval of the structure the
assumption of homogeneity must be eliminated.
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The figure shows the required dynamic range for a
limb viewing imager



The practical realization of
Satellite Tomography-1
Any instrument must have awide dynamic range,
#S ~107for observationsin the visible region in the limb.

Any instrument must have minimum spectral cross-
talk, ~10° for 1 nm resolution in the visible region.

Any instrument must have good baffle rgjection, I1.e.
baffle scattering must be minimized.

| nstrument response time must be appropriate for the
Imaging rate.

Pixel blurring must be minimal.




The practical realization of
Satellite Tomography-2
The Odin satellite has two instruments that both
observe the atmospheric limb in the orbit plane.
A sub-millimetre/millimetre radiometer (SMR)
An optical spectrograph infrared Imager system
(OSIRIYS)

"he OS dlit (1km x 40km) is oriented parallel to
the limb.

The IRI detector (110km x 2km) is oriented
perpendicular to the limb. The vertical FOV of
each pixel 1s1 km.







The Odin orbit is sun-synchronous with the ascending node at 1800L T



Entrance Flr.::ld

Vanes UV Aperture N:wrcr Shutter Baffle

Stop | / Grating

| i v Field Flattener Prism

IR Lenseas £ :
Mi

IR Calibration Baffle

IR Pre-Field Stop \ Dbjective

Mirror

__-Camera
Mirror

___ Parabolic
Divider

T Collimator
Parabolic

rror

| OSIRIS

Wireframe diagram of OSIRIS (Wiensz, 2005)



a © 9 @ |
OSIRIS A E |

i 1
., & |
RS oo
CRTICAL BFECTH CRIAARH \?\ Y .

2 el 4 2
IR MAGER BYHTEM Canada & |

OSIRIS on the bench at the Svobodny Cosmodrome, Siberia




|rr1|

. e AT i.

ﬁ%%

WL s

i

““““““““““““““

oy .n..| ............................

~y e e e e e e e = = — .

TR e e T L e e

107 |
100 -
10°

3000

BDGG

?GGU

6000

5000

4000

Wavelength (A)

Missing region is at the position of the order sorter.

Optical spectrograph Limb Scan from 10 — 60 km.

Location ~80 N, O W.



[l
o

29.70.2003, orbit 023698, 1732, 4.

oo
o

B2* aro, T2"M,112"W

-l
O

)]
O

Tangentheight [k

&

o
Q0

k2
]

on
ol
= IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

2001 4010 ] /00 1G00
Integrated {1268.5 to 1296.5 nm)} calibrated radiance [countss{nm =r =]]

] IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

—

20

OSIRIS Infrared Imager Limb Image of the OIRA dayglow.



The Geometry To Scalefor Limb Observations

Satdlite Orbit : 6978 km
Satellite Speed : 7.559 km/s
Satdllite Period : 96.7 min

The blue annulusisthe
atmosphere below 100 km.




Limb Imaging from Space
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The basic matrix equation that hasto be
solved is

B=AIl

where
B isthe measured image,

A Is an apparatus dependent parameter,

T 1sthe contribution of each el ement to the
Image,



Initial approach used to deblur Fabry-Perot images
that were compressed with the assumption of
circular rings.

Maximum Probability (MP) method - the most
probable contribution of any element j to the
measurement B;, given that the T; values are
distributed according to photon counting, or
Poisson, statistics. The concept Is that each T;
value is the mean value, given that the contribution
of that object element to the Image Is P;;, and in the
mean Pj; = AjiT;.



The actual equations used were;

(Bi+ni)AijTj
TUEAT

2P,
T. =<
J ZAU

where P; Is the most probable value of the contribution to the

measurement B;, given that the mean value of the object Is T,

and n; isthe number of elements that contribute to measurement
I. These equations are iterative.




The Tomographic Equations

Original I.loyd, McDade and Llewellyn equations

Modified Equations

(n) __ (n—1)
V V Z[ (n—l) fj]
where

(re—1) (rn—1)
g o = ) 0n
J




OSIRIS Tomography

The Tomographic Algorithm
(n) _yy(n=) L
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Ancillary Data 0,

Note : For 700 images taken once every two seconds
and a grid cell size of 1 km by 0.2° there are 70,000
observations and 54,000 grid cells.
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The termination condition is a fixed number of
iterations.
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Model runs of the OSIRIS Tomography

Estimate of Recovery Accuracy
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Model runs of the OSIRIS Tomography

Horizontal Structure Resolution
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Model runs of the
OSIRIS
Tomography

Vertica Profiles
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Typica Nighttime Limb Observations of the
OH Airglow as seen with OSIRIS and the
retrieved volume emission profile
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OSIRIS IRI Limb Observations of the OIRA Bands
at 1.27um
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Inverted OSIRIS IRI Limb Observations of the
OIRA Bandsat 1.27um
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Emitted OIRA Band Signal
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Inverted OSIRIS IRI Limb Observations of the
OH(3-1) Meinel Band.
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Daily average of the inverted OSIRIS IRI Limb
Observations of the OH(3-1) Meinel Band.
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Daily average of the inverted OSIRIS IRI Limb
Observations of the OH(3-1) Meinel Band.
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Daily average of the inverted OSIRIS IRI Limb
Observations of the OH(3-1) Meinel Band.

Observed Emission, Day 7 (April 22-23)
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Daily average of the inverted OSIRIS IRI Limb
Observations of the OH(3-1) Meinel Band.
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Details of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um
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Details of the inverted OSIRIS IRI Limb
Observations of the OIRA Bandsat 1.27um
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Detalls of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um during
the Halloween Storm 2003.

Daily Average For October 28-0ciober29, 2003
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Detalls of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um during
the Halloween Storm 2003.
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Detalls of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um during
the Halloween Storm 2003.

Seventh Orbit For October 28-0ctober 29, 2003
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Detalls of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um during
the Halloween Storm 2003.
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Detalls of the inverted OSIRIS IRI Limb
Observations of the OIRA Bands at 1.27um during
the Halloween Storm 2003.
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Oxygen infraRed Atmospheric Band Retriewval
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OIRA and OH Comparison

OIRA and OH Comparison
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Details of the height profiles derived from the

Inverted OSIRIS IRl Limb Observations.
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The measured overhead profile.
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The derived height profile from the overhead
measurements.

Altitude Profile - corner 20
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The derived height profile from the overhead
measurements.

Altitude profile - corner 10
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lmager Observations of the
Atmosphere at 1.53 um

Daytime Meinel band brightness < Nighttime Meinel band brightness
A series of images around a single orbit, frequency 0.5Hz. The party hat
structure is due to the satellite nod that allows the SMR to scan the limb.
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Other things seen by
OSIRIS
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Thank you to everyone
who has made the journey
with OSIRIS possible.

It Isan incredible feeling to
be able to see things that
we have only dreamed of.
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