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Imaging spectroscopy — 100s
of parallel spectrometers

Detector Array

Spectrometer

Telescope




Imaging spectroscopy — 100s
of parallel spectrometers
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Spectrometer

Telescope
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Imaging spectroscopy at JPL
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24 Months

First Imaging Spectrometer AIS flights in 1982

AVIRIS imaging spectrometer > 1000 refereed journal
articles

NIMS imaging spectrometer to Jupiter

VIMS imaging spectrometer to Saturn

MICAS Miniature Integrated Camera and Imaging
Spectrometer to Comet

Hyperion-Earth, CRISM-Mars and ARTEMIS-Earth imaging
spectrometers (gratings, designs, calibration, science)
NASA Moon Mineralogy Mapper (M3)

> 7 Airborne/Rover-type Imaging Spectrometer operating
at cryogenic temperature and in a vacuum (2005-2015)

ESWIRS 2014  MISE 2015
St
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From radiance to reflectance

[Thompson et al., RSE 2015;
Thompson et al., RSE 2018]
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Agriculture and Terrestrial Ecosystems
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Special needs of remote Earth
science

High accuracy: e.g. sub-percent surface
reflectance

Physical interpretability: Output
reported in physical units of quantities
measurable in situ, and traceable to
rigorous physical models

Rigorous uncertainty propagation:
Respect input noise, report confidence
intervals

Generalizability: should apply across
different new locales, new
spatiotemporal sampling

Array

@ 8 March 2019 D. R. Thompson - JPL Center for Climate Sciences 11
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Localized greenhouse sources

Transmittance
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Localized greenhouse sources

Matched filter applied independently in each column

a(x) = (x —p)' Tt/ (tT )
— f N\ X
Mixing ratio Tested Background Background target
length spectrum mean covariance

Using the target signature

t =0x/00 = —pe "k = —pk
N

Unit
absorption
coefficient

@ 2/19/21 HyspIRI Workshop, June 2016
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Aliso canyon gas storage leak

ER-2 at 6.6 km altitude, 1/12/2016 EO-1 Spacecraft at LEO, 1/1/2016

Thompson et al., Geophys. Res. Lett. (2016)
2/19/21 HyspIRl Workshop, June 2016 15



Fugitive CH, emissions
at Four Corners, NM

Detection threshold

Frankenberg, Thorpe, Thompson et al., PNAS 2016

200m
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CH4 in Cal iforn ia Duren et al. (in review), Thorpe et

al. (2016), Thompson et al. (2015)
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Berinyg
U

Sea

Arctic CH,
Emissions

Elder, Thompson, et al.

(in preparation)

Analysis of AVIRIS-NG data
from the ABoVE campaign,
Pl: Chip Miller
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Arctic-wide
statistics
reveal a two
component
power law

Elder, Thompson,

et al. (in preparation)
Analysis of AVIRIS-NG
data from the ABoVE
campaign

Pl: Chip Miller
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The CORAL EV-S mission

Pl: Eric Hochberg (BIOS) Deputy PI: Michelle Gierach (JPL)

brown fleshy algae green fleshy algae red fleshy algae
n=1377 n=1,158 n=1,062

Sensorl Scattering and

‘ absorption in Step 1

Aerosol optical depth T
Aerosol type C

Water leaving reflectance
Rirs

atmosphere

calcareous non-fleshy algae
n =991

turf non-fleshy algae

bleached hermatypic

Sky

reflection
Sun glint Step 2
Glint-corrected Rrsg

blue hermatypic coral brown hermatypic coral soft/gorgonian coral
n =539 n=4,308

Reflectance (%)

Scattering and

absorption in Step 3
water column Backscatter by,

Bottom Attenuation Ky

reflection Depth H
I/ Benthic reflectance Ry,

seagrass terrigenous mud carbonate sand
n=341 n=1,064

f1)00 500 600 700 400 500 600 700 f1)00 500 600 700
Wavelength (nm)
Hochberg et al., Remote Sensing of Thompson et al., Remote Sensing of
Environment 2003 Environment 2017

8 March 2019 D. R. Thompson - JPL Center for Climate Sciences 20



Estimating Benthic Reflectance

Retrieved quantities

Sensor I Scattering and
‘ absorption in

atmosphere Step 1

— Aerosol optical depth T
Aerosol type C
Sky —  Water leaving reflectance R,
reflection
\r \/Sun glint — Step 2

—~ Glint-corrected Rrs,

Scattering and n

absorption in
water column Ste 3

Bottom Backscatter b,
reflection \k - Attenuation K
Depth H
Benthic reflectance R,

@ Graphic inspired by [Kirk, 2011].
6/22/2016 david.r.thompson@jpl.nasa.gov - ICRS 21




Procedure

Posit the relation [Maritorena et al., 1994]:

-2K4H
Rrsy = Rins + (Rp — Rip¢) € pepth
1 ! |
bb / (2K,) Benthic reflectance Attenuation

@ 6/22/2016 david.rthompson@jpl.nasa.gov - ICRS
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Procedure
Posit the relation [Maritorena et al., 1994]:
2K H
RFSO = Rlnf + (Rb - Rmf) e \Depth

? !

bb/(2Ky)  Benthic reflectance Attenuation

Problem: underdetermined
Ky, bb, and R, yield (3N + 1) parameters for just N measurements

@ 6/22/2016 david.rthompson@jpl.nasa.gov - ICRS 23



Procedure

Posit the relation [Maritorena et al., 1994]:

2K H
Rrs'O = Rim‘ T (I?b o Rinf) € 1 oeptn
)

bb/(2Ky)  Benthic reflectance Attenuation

Problem: underdetermined
Ky, bb, and R, yield (3N + 1) parameters for just N measurements

Solution: represent as linear mixtures

Parameterize K4, bb, and R, as nonnegative linear combinations of
endmember spectra, and retrieve mixing coefficients (~20 DOF)

6/22/2016 david.rthompson@jpl.nasa.gov - ICRS
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Example of R, endmember library

0.8 T T T T T
= 1. sand

= 2. algae fleshy green
= 3. coral blue

4. coral brown

5. sand
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0.6 7. cnidarian

8. algae coralline
= 9. algae coralline
0.5 | =10. sand -
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R, vs. bottom reflectance result
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Water-leaving Rb Benthic Cover
Reflectance
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De|ta-X EV‘S miSSiOn Pl: Marc Simard

Urgency: If ignored, Relative Sea Level Rise (RSLR) will very soon have devastating consequences on the
livelihood of the half billion people that live in these low-lying coastal regions. Nearly all the world’s major
river deltas are threatened along with the services they provide: flood protection, carbon sequestration,
biodiversity and food supply.

Delta-X Science Question: Will river
AVIRIS-NG deltas completely drown, or some parts

(Spectroscopy: of these deltas accumulate sufficient
sediment and

vegetation)

In Situ

(Water flow and sediment)

sediments and produce enough plants
to keep pace with RSLR ?

(Radar interferometry:
water height and slope)

UAVSAR

(Repeat-pass Radar interferometry:
water level change)

In Situ
(Vegetation & Soil)
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Launching 2021: EMIT
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Salton Sea, CA (AVIRIS instrument)

Kaolinite

Reflectance (offset for clarity)
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Salton Sea, CA (AVIRIS instrument)

Salton Sea
Mineral Map

50km

2/19/21
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AVIRIS
130924 mosaic-aln

Color intensities are
proportional to abundance

Black areas indicate these
materials not detected in
those pixels

Tetracorder 5.1

Clays, Carbonates, Sulfates, other

Sulfates:
Gypsum

Mixtures with Gypsum

Other Mineral
Chilorites, Serpentines, other

Zeolites
Other Sulfates

Carbonates:
Calcite

Mixtures with Calcite

Other Carbonates
Clays:

Montmorillonite group

Mixtures with Mont. group

Kaolinite group

Mixtures with Kaolinite

ite.
Mixtures with lllite
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Cloud optical properties at high
spatial resolution

[Thompson et al., JGR 2016; Thompson et al., AMT 2018]
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Fits of liquid and ice cloud spectra
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Cloud optical properties at high
spatial resolution

: [ ﬁ) 0%
o%s (%g%) m

0(100km) 100km

Tan and Storelvmo, Journal of
the Atmospheric Sciences, 2016 RGB Image lce Liquid Vapor
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[Thompson et al.,

& 0.035¢ JGR. Atm. 2016]
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Global cloud
survey by

Hyperion on
EO-1

[Thompson et al., AMT 2016]
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Top: Example Hyperion data showing visible RGB channels (left) and
associated thermodynamic phase map. Bottom: Zonal variability of liquid
phase (dark green), ice phase (dark blue), and intermediate phases.
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Atmospheric correction

[Thompson et al., RSE 2015; Thompson et al., RSE 2018, Thompson et al., RSE
2019a, Thompson et al., RSE 2019b]
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Atmosphere varies over short
spatiotemporal scales

“AVIRIS Classic” imaging Retrieved Water vapor
spectrometer, visible wavelengths [Thompson et al., Surv. Geohysics, 2018]
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The “forward problem”

State vector Forward mOdeI Measurement
N . N M
x€R F(x):R" - R y € RM

Surface parameters

Atmosphere parameters Calibrated at-aperture

e Y= |radiance measurements
Instrument parameters
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The “inverse problem”

Measurement Inversion algorithm Estimated state vector
o - N
y € RM R(y) : RM s RV % eR
[ Estimated i

surface parameters

Estimated

_ Calibrated at-aperture strmosphere parameters

radiance measurements
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|
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Maximum A Posteriori solution

p(y|x)p(x)
p(y)

p(x|y) =

8 Feb. 2019 EARSel 2019 / david.r.thompson@jpl.nasa.gov
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Maximum A Posteriori solution

_ p(y[x)p(x)
p(y)

p(x|y)

The Maximum A Posteriori estimation is equivalent to
the optimization:

XX = FX)-NTSTF —-y)+ x—x)7S;! (x—x,)
\ } | Y J \ Y J

Cost Model match to Bayesian prior
measurement

... We can solve it by conjugate gradient descent.

8 Feb. 2019 EARSel 2019 / david.r.thompson@jpl.nasa.gov
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Maximum A Posteriori estimation

p(x|y)

@ 2/19/21 david.rthompson@jpl.nasa.gov 44



lterative simultaneous estimation of
atmosphere and surface

1. Predict

. =FXx)+ €
radiance y=FX

Reflectance Spectrum

Radiance Spectrum

0.5 .

L ] 15 —
04F . i
03[ ] 10 —

Reflectance
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(3}
T T
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2. Optimize

XX = FE) —YTSe (FR) —y) + (x—x)T 85T (x - x,) state vector

\ ) ( J \ J
I ! !

Cost Model match to measurement Bayesian prior
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Case study

[Thompson et al.,
Remote Sensing of Environment 2018]

* In-situ AOD via Reagan v
sunphotometers
* In-situ surface reflectance VI
via ASD Fieldspec
Ivanpah Playa California Institute of Technology
‘ i i : B T I “‘-1_‘:.;,-" ‘;;-,,«_,:;:ah .,(.‘*:
v

From Thompson et al., RSE 2018.
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Reflectance estimate vs. in situ

[Thompson et al., Remote Sensing of Environment 2018]
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Posterior uncertainty
compared to actual
discrepancies

[Thompson et al., Remote Sensing of Environment 2018]

005 - Remote retrieval: converged solution

S0% \
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Speeding up the forward model

images: Mishra et al., Heliyon 2015, wikimedia
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Summary

Imaging spectroscopy:
 |s statistically rigorous and
quantitative

 Reveals physical and
chemical processes in the
environment

 Has unique accuracy and
generalizability needs

Get ready for global-scale
spectroscopy datasets

Your help will be critical

@ 8 March 2019 D. R. Thompson - JPL Center for Climate Sciences 51
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these slides
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Theory and Practice, 2000).

NASA Earth Science for sponsorship of AVIRIS-NG and the
AVIRIS-NG India investigation and analysis.

The JPL Research and Technology Development and
NASA Center Innovation Fund Programs

The JPL Office of Chief Scientist and Technologist

Other coinvestigators, coauthors and colleagues including
Amy Braverman, Jonathan Hobbs, Robert Spurr, Steven
Massie, Bruce Kindel, Manoj Mishra, et cetera.

The NSF National Robotics Initiative




Backup

8 March 2019

D. R. Thompson - JPL Center for Climate Sciences

53



Sensitivity and depth
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Conventional

atmospheric correction:

A sequential process

Radiance (uW/nm/sr/cm2)

2. Estimate atmosphere
(typically by band ratios)

Lookup table of
transmission,
scattering
indexed by H,0,
etc.

1. In advance, do
RTM calculations

EARSelL 2019/
david.rthompson@jpl.nasa.gov

8 Feb. 2019
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3. Algebraic

Inversion
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Ongoing: Optimal Estimation for iterative
fits of surface and atmosphere

[Thompson et al., Remote Sensing of Environment 2018]

Bayesian Maximum a Posteriori —
estimate using a combined model of
surface, atmosphere, instrument x

Improves atmospheric correction s |
accuracy

Rigorous uncertainty accounting lterative

Optimal weighting of information N optimization
from instrument vs. domain - = :
knowledge

15

adial (uW/nm/sr/cm2)

*\"l

500 1000 1500
Wavelength (nm)

Reflectance
o
N

https://github.com/isofit/isofit A /\

560 10‘00 15‘00 20.00 25-00
Wavelength (nm)
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Limitations of conventional methods

1. Limited size of state vector that can be
represented in the lookup table

2. Algebraic approximate solutions are less
accurate for extreme geometries

3. Do not couple surface and atmosphere

4. Estimate atmosphere and surface
sequentially, making it difficult to
disambiguate atmospheric effects from

surface effects
5. Disregard uncertainties

8 Feb. 2019 EARSel 2019 / david.r.thompson@jpl.nasa.gov
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Intrinsic dimensionality

* The degrees of freedom in a process under study
« Quantifies the measurable diversity in a dataset

18
16}
1.4+ T

121

channel 2

0.8} -

06 I f" :
0.4+ -~

02"

0 0.2 0.4 0.6 0.8 1
channel 1

Laplacian Eigenmap code via Kye Taylor, Mathworks file exchange
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Dimensionality estimates
must account for
measurement noise
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Laplacian Eigenmap code via Kye Taylor, Mathworks file exchange

8 March 2019

D. R. Thompson - JPL Center for Climate Sciences
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o7

Model

- N

Instrument: AVIRIS-NG

* Instrument model with Wavelength- and
signal-dependent SNR

* Photon shot & read noise
« Uncorrelated calibration uncertainty
« Systematic calibration / RT uncertainty

Atmosphere: MODTRAN 6.0 RTM
« DISORT MS, Correlated-k

« Rural aerosol model

* broad prior uncertainties

« Unmodeled unknowns, including H>O
absorption coefficients

com ponents Surface: Multi-component Multivariate

Pre-defined
Statistical, fit to data

Gaussians
* Prior based on universal library, highly

regularized to permit accurate retrieval of

arbitrary shapes

@ 8 Feb. 2019

EARSel 2019 / david.r.thompson@jpl.nasa.gov
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Maximum A Posteriori vs. MCMC

0.5 7 MCMC samples
0.45 - II MAP solution and
04 - linearized uncertainty

Reflectance

O I I I I I I I I I I I
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelengths (nm)
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Aerosol mapping
examples
(Hawaii campaign)

AVIRIS-C f170127t01p00r16
(subset, visible bands)

Combined estimate of H,0 vapor, AOT,
surface reflectance and temperature

g Wy

Aerosol Optical Depth at 550 nm

o,
s

Hot crater
\ )

i
Aerosol Optical Depth Uncertainty & »
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Variability due to measurement
noise vs. unknown state parameters

Total observation noise Jacobian WRT unknowns

\ -
\

Measurement noise Unknown parameters in the

(instrument effects) observation system
* Photon noise Sky view factor

* Read noise H,0 absorption coefficient intensity
 Dark current noise Systematic radiative transfer error
Uncorrelated radiative transfer error

8 Feb. 2019 EARSel 2019 / david.r.thompson@jpl.nasa.gov 63



Measuring subpixel coverage

3. Ecosystem fractional cover maps

1ol 1. Radiance at sensor

Non-Photosynthetic Vegetation (NPV) Green Vegetation (GV) Susbstrate (S)

Radiance (uW nm-1 sr-1 cm-2)

1 I 1
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or Liquid

Lo A

. Half dome

t al., RSE 2015




Shenandoa species map

2/19/21

X

\35 ¥

Species/Functional-type Map
Shenandoah
National Park, USA

Pinus virginiana

Pinus virginiana / deciduous mix
Pinus rigida

Pinus strobus

Pinus strobus / Quercus mix
Tsuga canadensis

Quercus rubra

Quercus rubra - Quercus spp. - Carya
B Quercus prinus - Quercus coccinea

Quercus coccinea / mix

Quercus velutina / mix
B Quercus alba
I Quercus prinus - Quercus spp. / mix
B Quercus prinus - Acer rubrum / mix
I Quercus prinus

Carya sp.

david.rthompson@jpl.nasa.gov
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High Intrinsic Dimensionality

40 + Dimensionality
30 ;:—'—l—l—'—,—l—li

< il

River Valley, Dimensionality 31 Cropland/Urban, Dimensionality 40 Barren, Dimensionality 23
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Interior Grasslands BNl
Woodland

Sierra Nevada

Dimensionality

24

22

Spring 2013

20

Images: Google / NASA / Sierra Nevada Photo by DAVID ILIFF. License: CC-BY-SA 3.0
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Geologic maps for the
EMIT mission

Mineral absorption
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119°15'W 119°W

Coincident multi-aircraft
measurement
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In situ corroborates remote data

llquid/ EWTall

EWT.

AVIRIS-C remote absorption path,
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Remote sensing of cloud phase

GB Image lce Liquid Vapor Pressure Altitude
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Vegetation signatures

1.0
Nitrogen & Chemistry Grassland |
/ “ + \ —Dryland Vegetatlo.n
2 Leaf Water & Cellular Scattering ——non-Photosynthetic
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Example of b, endmember library
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Example of K;endmember library
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