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| Raserens Stokes Parameters
The electric field can be resolved into two components as
follows: E = Eéi +E e,

Where EH and [ | wre components parallel and perpendicular
to a reference plane, respectively.

The four component Stokes vector can now be defined as:

[=EE +E E =1 +1, B \What human eyes can see.

Q=E,E -E E} =1 -1,

| I . ——
. Linear polarization.
E| +EE

V=i(EE| —~E E) sl Circular polarization.

U=Lii




UNIVERSITY

;\@l{ ‘ R1 DOCTORAL

Light Scattering Geometry

Scattering object
Incident beam

Scattering
plane
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Light Scattering: Mueller Matrix
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the modified gamma distribution

or’
n(r) = constantxr“exp| — E
yrt

the log normal distribution

(Inr—Inr,)? J

n(r) = constantxr ' exp| — -
2In“o,

the power law distribution

)= constantxr=>, 1 <r<n,
0, otherwise;

the gamma distribution

n(r) = constant x »173/bexp (_’_bJ be (0,0.5);
a

Light scattering by a collection of particles: size distribution
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Source: Mishchenko et al., 2002
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Fitting of Supernumerary Rainbows
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Source: Bréon and Goloub, 1996.
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Research Scanning Polarimeter (RSP)

* Prototype for APS on Glory

* Two versions built in 1999 and
2001

« 152 viewing angles per scene +
dark reference and unpolarized
calibrator views on every scan

* 9 bands in visible and shortwave
infrared:

410, 470, 555, 670, 864, 960, 1593,
1880, 2263 nm for aerosols and clouds

* 960 nm for column water vapor

» 1880 nm for cirrus (lower atmosphere .
screened by water vapor absorption) _—

* 14 mrad Field of view .

» Accuracy: polarimetric <0.5%, o
radiometric <5%

Image: Brian Cairns




Polarized reflectance
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» Auto-conversion is important for the initial formation of drizzle near 1.0 () .
cloud top (e.g. Fig 9c from Wood 2005, JAS). 08|
» Cloud top droplet number concentrations and size distributions sl
from lidar and polarimeter allow auto-conversion rates to be ¥ oa /
directly estimate using the SCE kernel. Remote sensing t
provides large numbers of observations (e.g ~100,000 from the O'ZF
00 -==-===-=======

three NAAMES deployments) to evaluate against.
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« The Liu-Daum (2004) Kessler type bulk auto-conversion parameterization works quite well for
broader monomodal size distributions (v > 0.07), but not for the narrow size distributions
that are common at cloud top (60-80% of DSDs have v+ < 0.07). Bulk parameterizations will
hugely overestimate auto-conversion rates for narrow size distributions since they have similar

dependencies on liquid water content-and droplet number.
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« Bimodal size distributions at cloud top are common (~10-20%) and show larger random
differences between the Kessler type (LD2004) bulk parameterization and estimates of
auto-conversion rate integrated over the SCE kernel than monomodal size distributions.

» Drizzle at cloud top is also quite frequent (~10%) and can also be detected from remote
sensing observations.
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Cloud Size Distribution Retrieval Using air-HARP
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Joint Retrieval of Aerosols and Ocean Color: A Schematic View
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e Different algorithms use )io
different cost functions VRT R!(x,) Ré(xo)
and retrieval parameter
space. d(x,)
e Different instrument/ ¢.
measurement data have . . :
Sifforent information Find p to satisfy ®(x, +p) < P(x,) : Dp < A)
content, which leads to A= D

Converged
different designs of the V\b%es No

cost function and retrieval Successful Retrieval of State vector X =X, +p

pa ra m ete rS - 1. Moré, J. J., B. S. Garbow,, and K. E. Hillstrom, “User Guide for MINPACK-1, Argonne National, Laboratory Report ANL-80-74",
Argonne, Il1., 1980. 7922
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Joint Retrieval of Aerosols and Ocean Color: An Incomplete Survey

Generalized Retrieval of Aerosol and Surface Properties (GRASP) (Dubovic et al.,
Front. Remote Sens., 2021)

o Multi-pixel joint retrieval with smooth constraints.
o Multiple instrument combined retrieval.
o Aerosol oriented (ocean is not the focus).

SRON Algorithm (Hasekamp et al., JQSRT, 2019)

A Principal Component Based Algorithm (Xu et al., MDPI| Remote Sensing, 2019).
RSP algorithm (Chowdhary et al., RSE, 2012)

MAPP algorithm (Stamnes et al., Applied Optics, 2018).

MAPOL and FastMAPOL Algorithm (Gao et al., Optics Express, 2018; AMT,
2021)
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MAPOL Joint Retrieval Algorithm

Retrieval Optimization _ Levenburg- Marquardt non-linear least

. squares optimization (More et al., 1980)
Forward Model (VRT for CAOS, Zhai. et

: 2
al., (2009, 2011)) Cost function (X )
2
Aerosol Model () = 12 RO - pi G D] | [Am@ - Al G i)]z)
« Six sub mode volume distribution N£ a¢ () i (i)

(3 fine modes, 3 coarse modes)
» Refractive index based on PCA for
real and imaginary spectra

Bio-optical Models Parameters
« Open waters — case 1 Aerosol refractive index spectra — 8

(Phytoplankton) Aerosol volume distribution — 6
» Coastal waters — case 2 Wind speed — 1

(Phytoplankton, CDOM, NAP) Hydrosol optical properties

Rough ocean interface [Chla] based model — 1
(Isotropic Cox-Munk Model) General model -7

Gao M. et al., (2018,2019) 3

RSP: A — Polarized Reflectance
SPEX: A-DOLP
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Coupled atmosphere and ocean system in retrieval

Gas absorption: ozone,
oxygen, water vapor, nitrogen dioxide,
methane, and carbon dioxide

Fine mode aerosol

Coarse mode
aerosol

Molecule
(Rayleigh
Scattering)

Sensitivities:
* Aerosol height

* Ocean water depth
» Surface pressure

- Molecule + Aerosol

— n (ph)
CDOM(g)

Non-algal
Particle(d)

Retrieval

| PCA /PCA+ adjustment

[~ Param
l Refractive index spectra

+Depolarization

Ocean bio-optical model
considering scattering
and absorption of Water,
Phytoplankton, CDOM,

and NAP
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Aerosol models (8*+6 parameters)

e Refractive index spectra representation using PCA
o Applicable for both discrete and hyperspectral bands
o PCA can be updated with more datasets available

m(A) = mo + a1p1(A) Lok l
my: mean refractive index = 0.8 | .
p1(4): First order of principle 5 06 s
component(PC) S 04} -
ay,:  PC coefficients 0.2} -

e 00 b 247 X804 — o

e Volume distribution 102 100 10° 10! 102
o Six sub mode summation Radius (um)

o Look up table can be built with each fixed mode

Adopted from Xu et al, AMT 2016
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Ocean Bio-optical model

e Sea water(w) ary, = A»(N\)[Chla)Eer

e Phytoplankton (ph) adg = Qdqg(440)exp[—Saq(A — 440)]

e CDOM(g) > by = bep(660)(\/660) e

o Non-algal PartiCle(d) Bp _ Bp(660)()\/660)—53p
+Depolarization ratio

Potential retrieval parameters as
highlighted

« Coastal waters: multiple parameters can be used for retrieval (Bio-2).
« For open waters, [Chla] is the single parameter used for retrieval (Bio-1).
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Inversion algorithm

I I I

: 0.24 | it : i
« Inversion method R Initial value: o
. £ 022k iteration i
* Levenberg—Marquardt algorithm = process
 Forward model _§ 0.20 | Converged =
* VRT SOS code for CAOS (Zhai et al,s 018 i
2010) gost 7l -
« Cost function (x2) ©
o 0.14 } 10° .
1. Radiance + Polarized Radiance é @ . w0l
: 0.12 = 102§ -
2. Radiance & 10'}
3. Radiance + DOLP " 010 | 1T 2345673809
08 Iterations

0. al
1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70
Fine mode refractive index @0.55um
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SABOR 2014: s

Connecticut

In-Situ measurement . S T s gy

,vfﬁ‘_:ﬁvé}i('
W Satlantic HyperPro

(,\v J20140804
New Jer_slvy
Measurement downwelling irradiance (0+) and
upwelling radiance (0-),
5 min deployment

Wavelength 348.9-802.1 hyperspectral with

‘20140801

resolution ~3.3nm (120“0”0 20140727 J  JR0140726
Depth ~0.2m
Pl lvona Cetinic (at NASA Goddard) ,

Wayne Slade (Sequoia Scientific)

https://seabass.gsfc.nasa.gov/search/experiment/sabor
Calibration Report: SABOR (Ship-Aircraft Bio-Optical Research) HyperPro (surface mode) @SEABASS

HyperPro
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SABOR 2014:

20140723 ‘20]40723

In-Situ measurement

‘2& 140804

W Satlantic HyperPro Sl

Measurement downwelling irradiance (0+) and

upwelling radiance (0-), \ ;??2 et

5 min deployment € T
Wavelength  348.9-802.1 hyperspectral with /k

resolution ~3.3nm Bl TR
Depth ~0.2m
Pl Ivona Cetinic (at NASA Goddard) ,

Wayne Slade (Sequoia Scientific)

https://seabass.gsfc.nasa.gov/search/experiment/sabor HyperPro

Calibration Report: SABOR (Ship-Aircraft Bio-Optical Research) HyperPro (surface mode) @SEABASS
Thank Alison Chase (University of Maine) for providing HyperPro the data.

20140727 ' J2M1
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SABOR 2014/07/27 : Open waters

e RSP observation
o 2014/07/27 UTC ~ 14.18-14.30 (Time zone: UTC-5)
o Altitude 8.99km, track length: ~30km
o Solar zenith angle: ~35 degree
O

Scattering angle: 103~148 degree
AOD@550nm~0.17

W

3 Matyl_‘arj'('i
Washingtonf 7%

HyperPro: 19:46:00

‘ LS6: RV Endeavor
= Jooe

20140727 Jpr

180°
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SABOR 2014/07/27 : Open waters

(a) = 1 1 I I I \ (b) 30

10"_::122222222‘}#31 o

—— | I

: 02 T4 (} i 3 712 |

» Cost function: R+Rp P -1 & 101

» Bio-optical model: Bio-1 s Il T &
. . 60 —-40 -20 0 20 40
« Remove major cloud influence.

Viewing zenith angle( )
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Retrieved AOD and Remote sensing reflectance

().25 T T I ()()14 T T [ | 1
0l A HSRL. I 0.012 | B In situ i
. I‘{ —}:— RSP:Bio-1 0010 F I RSP:Bio-1 I
.. ] T 0.008 b ' i
8 /'y = 0.006 i
< om0k ¥ | 2 0.004 | d
S = 0.002 F 0
0.05 - S~ 4 0.000 |- -
—0.002 A . . . -
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| | ] ]
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® (reeeces - Retrieved AOD across RSP track
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SABOR 2014/07/30 : Coastal waters

e RSP observation
o 2014/07/30 UTC ~ 15.18-15.32 (Time zone: UTC-5)
o Altitude 8.8km, track length: ~54km
o Solar zenith angle: ~31 degree
o Scattering angle: 88~164 degree

AOD@550nm~0.34

, 17:57:35
=" 1.S9: RV Endeavor

‘20140730

270 -+

180°
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SABOR 2014/07/30 : Coastal waters

(a)
« Cost function: R+Rp ;
» Bio-optical model: Bio-2

Pt
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(c)
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P Retrieved AOD across RSP track

AOD
7 1 1 1 1 T 0.36
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Remote sensing reflectance retrieval

Refractive index spectra: PCA +

Refractive index spectra: PCA adjustment at 410 and 470nm

a
( ) 0.005 — ' : e (b) 0.005 — , ; , :
0.004 L B [nsitu 1 Fbid B Insit
= 0.003 - t b | L + §  RSP:Bio-1
= 0.00 L A| ¢ RSPBio-2|| == 0.003 Py
v % 0.002 i
< 0001 E i \M [ < 0.00]
0.000 | . =- = . .
~0.001 L— ! ' L L '
400 500 600 700 00 900 R 4(1)0 5(1)0 6(1)() 7(1)() 8(1)() 900
Wavelength(nm)

Wavelength(nm)
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SABOR 20140731, 523 retrievals, MAPP v1.32, 78.3% converged

Multiple groups working on this 0.4 ms .
approach, this example from i P i
. = o °
collaboration between GISS and 025 [ wsnsw
JFeass
LaRC S e ,
14 14.5
0.015r o © RSP bbp 532
o .. § : 3 o HSRL <tbp 532~
SREED (1A A4 &
2 4,005 ‘“ .S § a4 8§
115 15.5 16 16.5
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031 )y 3 © RSPKd5
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HySPIRI 2013/2014 Santa Barbara, 10/21/2014.
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HySP|R| 201 3/201 4 Santa Barbara, 10/21/2014.
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HySPIRI 201 3/201 4 70% of coarse mode non-spherical,

effective radii of 0.09 and 2.0 um for
fine and coarse mode (10/31/2013).

0.00 F=>F

0.100 L
[ -0.02

-0.04

Reflectance

0.010}

-0.06

- Solar zenith = 55.83°
| Relative azimuth = 2.86°
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0.001 E

P TR | L ¢ R IR SR TR ST VOISR T VI U TR [ VA IS S T | L
-60 -40 -20 0 20 -60 -40 -20 0 20
Viewing Zenith (°) Viewing Zenith (°)

Polarized Reflectance (in scattering plane)




Remote sensing reflectance retrieval

HySP|R| 2013/2014 70% of coarse mode non-spherical,

effective radii of 0.09 and 2.0 um for
fine and coarse mode.

Comparlson between AERONET and RSP AOT

S , : 0.015
: : MO station — HyperPro
- RMSE = 0 0C03 — ATREM-
0.08 '
s | : EmpLinel 519
5 Rrs=Lw / Ed o RSP
L 0.06
: | \
©
O .
g. 0.04 0.005
[ o)
L \_,A—"v’_—‘_/_/ﬁ
0.02.— \Nﬂ—ﬁ o Ooo
ool 400 450 500 550 600 650 700 750

0.5 1.0 1.5 2.0
Wavelength (um) Wavelength (nm)
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Date » Campaign » Target RSP AVIRIS | Boat
(season) (study case) data data data
» Ivanpah
Mar 31 | Check flight » Salton Sea Yes Yes No y
(dark target)
» HyspIRI » Yosemite/Neon Box
ApLT, (Spring) » Soda Straw Yes e No
Apr 10 z (}.lS’Z)SrE’nlglil » Tahoe Box Yes Yes No
3 ) » Tahoe Box
N L Sep 19 < g«"‘:/?)ml » King & Irene fires Yes Yes No
Apr 14 = E{Sysl_’"il < ?g(}:l al;r};omy EcoHab Yes Yes No (study case for smoke)
Pring > So ox
» HyspIRI » Yosemite Box i i :
& Oct 6 £ 2 Yes Yes No
Apr 16 = EIS;S:’::)I » Santa Barbara Yes Yes No L), o R
s » Santa Barbara rosette
» ACOCO = L - e PnB
» HyspIRI > Bay Area Box y ; : Oct 21 Fall) (study case for ACOCQO) Yes Yes
Apr 18 % Y N ( s ) 2 cruise
APt (Spring) (study case for dust) & = 2 (study case for clouds
» ACOCO > Santa Barbara (rosette) . Oct27 |~ HyspIRI > SFBav Box = N
Apr19 | » AirMSPI > SeaPRISM Yes Yes clr'fi:e C (Fall) N ol Xes e =2
(Spring) (study case for ACOCQ)
S » Ivanpah
Auciigl |2 HyspIRI » So Cal Box Yes Yes Ne Nov 7 S ?;/g]]ll » Min. Pass Yes Yes No
e (Late Summer) (study case for clouds) D] (AVIRIS calibration)
N ) » HyspIRI : e o \
Aug 26 > (}},):;gfgl:,fnmgr) $ So Cal Box Yeo Ve No Nov 17 (Fall) » Tahoe Box Yes Yes No
» > < 7 » HyspIRI » SF Bay ! - :
- » HyspIRI » So Cal Box Yes e . Nov24 |7 ) Ves Yes No
aUg 28 (Late Summer) (night flight) (dark) Yes No . (Fall) (study case for clouds)
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in-situ measurement ey i
ST ", ____,_ﬁ—/gi“e\}

IN-SItU Measurement

W Profiling reflectance radiometer

Measurement downwelling irradiance and
upwelling radiance

Wavelength 412, 443, 465, 490, 510, 532, 555,
560, 625, 665, 670, 683, 710,

780nm
Depth ~0.3-87m
UTC 14:20:00-14:22:58
Pl Norm Nelson (UCSB)

Thank Kirk and Joel for suggesting the data.

Profiling reflectance radiometer
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Retrieval and comparison

« Cost function: R+Rp ;
 Bio-optical model: Bio-1

Atmospheric correction

over glint is
challenging.
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Retrieved AOD and Remote sensing reflectance
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—¢$ RSP:Bio-2 0.005 | —e— [n situ =
0.08 | -

K —~ 0.004 - §  RSP:Bio-1 [
8 0.06 | \I\ . o 0.003 |- .
2 ol o . ~ 0.002 | -
; T I & 0.001 | .
T i 0.000 |- x-

OOO | | | | | _0'001 | | | | |

400 500 600 700 800 900 400 500 600 700 800 900

Wavlength (nm)

Wavelength(nm)



@ ‘ R1 POCTORAL

JINIVERSITY

NAAMES 2015/11/04: Costal waters

e RSP observation

o O O O

2015/11/04 UTC ~ 18:10-18:25
Altitude 6.3km, track length: ~150km
Solar zenith angle: ~60 degree
Scattering angle: 90~123 degree

AOD@0.55um~0.05

North
OO

180°
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 Cost function: R+Rp ;
* Bio-1

[Chla] based bio-optical model
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* Cost function:
* Bio-2

R+Rp ;

Seven parameter bio-optical model
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Retrieved AOD and Remote sensing reflectance
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Prince Edward Island
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Retrieval uncertainties with PACE atmospheric correction requirement

Je=3
% T 1 1 = 10 1 1 1 1
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MAP retrieval speed is a major bottleneck

* MAP retrievals are often slow due to (~¥1000 forward calculation)
e Large number of retrieval parameters (x ~15-20)
e Multiple bands (x 4 for HARP)
* |terative iterations in optimization (x ~10)
* High forward model accuracy
* Coupled atmosphere and ocean system

* Lookup table could be too large to accommodate the large number of
parameters (consider a table as large as 10715 B ~ 1076 GB)

* Forward model can be directly computed with accuracy often tuned
down to improve speed.

Is it possible to improve both speed and accuracy simultaneously?



A deep feedforward NN fits RT well

L ik * Two NNs for reflectance and DoLP:
Input hy =x 15 x 1024 x 256 x 128 x 4.

Layer | h; = ®(WTho +b;) * The NN and RT uncertainties are
Layerp+l | hpy 1 =®(WZ 1h,+b,;1) included in the total uncertainty
Output layer + y = W/ h; + b budget.

* Additional 6 NNs are developed for

aerosol single scattering and ocean
Uncertainty | Reflectance |DolP |

color retrieval
Measurement 3% 0.01

RT 0.4% 0.0007 NN training and testing details:
NN <1% <0.003 Gao et al, AMT 2021.

22



NN example on one synthetic AirHARP dataset

(a) Reflectance (b) DoLP
020 & ; ‘ : a3 }o:440nm .+ ' '
" o 0.5F +0:550 nm +: g;l:]
0.15F @ +0:670 nm ©:
04F +o:870 nm §
QL [ ] (-9
0.10 ial :
0.05f ] aob 0% :
=50 =25 0 25 50
(c) (d)
£ 0.0005 :
QU
I 0.0000
Z -0.0005

(pxn = pr1)/ pri(%)

Viewing zenith angle( )

Viewing zenith angle( ®)



Retrievals on AirHARP/ACEPOL: Example 1

AirHARP RGB image

33.75°N :
33.5°Ni@

33.25°N AR

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

118.5°W 118°W

Thank HARP, HSRL,
AERONET teams for

providing data and support.

Gao et al, AMT 2021
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Atmospheric correction over ocean for hyperspectral radiometers using

multiangle polarimetric retrievals

MAP retrieval with

» MAPOL (Aerosol and ‘

surface properties)

MAP measurements

1
t ) = exp |ch 27405 x ]
u/d (A) P [ 3 o
L+ ex
R,s = [ ; £
0

Water leaving
radiance just above

the water surface
LY, ()

Estimate path
radiance with
forward RT model

Gas absorption
correction applied
on path radiance

Hyperspectral
atmospheric path
radiance

patm+sfc('1)

Hyperspectral
measurements

Atmospheric correction

POLYAC
parametrization

Hyperspectral gas
absorption
correction

o=
7=

Neranga et
al., Optics
Express,
2021
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POLYAC Algorithm
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Take home messages

Satellite or Airborne Multi-Angular-Polarimeters measure polarized radiance at multiple
wavelengths and multiple viewing angles, which contains rich information on aerosol
and hydrosol microphysical properties, including refractive indices, size distribution, as
well as the total number concentration.

Joint retrieval algorithms obtain the aerosol and hydrosol properties by minimizing a
cost function, which represents the difference between the measurements and forward
model simulations, which includes adjustable free parameters on aerosol and hydrosol
properties.

Once a minimization of the cost function is achieved, the free parameters represent the
“best” representation of the scene through matching the measurement with forward
models.

Joint retrieval algorithms provide a viable approach to overcome some challenging
scenes in ocean color involving absorbing aerosols and coastal waters.

Aerosol information from polarimetric measurements can be used to help atmospheric
correction of hyperspectral imagers.



