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Pre-Aerosol, Clouds, and ocean Ecosystem (PACE)

The Pre-Aerosol, Clouds, and ocean Ecosystem (PACE) mission
will make essential global ocean color measurements, essential
for understanding the carbon cycle and how it both affects and
is affected by climate change, along with polarimetry
measurements to provide extended data records on clouds and
aerosols.

“The PACE mission will extend key climate data records whose future was in jeopardy
prior to the FY2011 budget request. Global ocean color measurements, essential for
understanding the carbon cycle and how it affects and is affected by climate change, will
be made by a radiometer instrument on this mission. A polarimeter instrument will
extend data records on aerosols and clouds using this approach begun by the French
PARASOL mission and expanded upon by NASA’s Glory mission, as well as multi-
spectral and multi-angle measurements made by NASA’s MODIS and MISR instruments
on NASA's EOS platforms (MODIS on terra and Aqua, MISR on Aqua).”

» In autumn of 2011 NASA selected a science definitionteam (SDT) to provide (within 3 years) the
science justification and measurement, as well as mission requirements, for the PACE mission

* Primary mission: Ocean; Secondary mission: atmosphere

» In autumn of 2014 NASA selected a science team (ST) to pursue studies on inherent optical
properties (IOPs) and Atmospheric Correction (AC)

» Atmospheric Correction: polarization



Mational Asronautics and Space Administration
Goddard Institute for Space Studies H H
MNew York, MN.Y. 10025 PACE MISSIOn

Option Science Threshold and Goal Questions Brief Instrument Description products
ocif » Threshold Ocean Questions SQ 1-7 o Hyperspectral imager with 5 nm § : absorbing
> Goal Terrestrial Questions TSQ 1-3 resolution between[354-800 nm | E aerosols
o 2NIR bands r CDOM
(incl. 865 nm) ohytoplankton
) o 3 SWIR bands 2 | pigments
% Note: Threshold Questions define required (1240, 1640, 2130 nm) g‘ﬁ functional groups
S research, i.e. they must be addressed o spatial resolution = 1 km? o s o
wn = © ‘g particle sizes
§ OCIl/0G » OCI Questions (SQ 1-7, TSQ 1-3) o OClinstrument capabilities 2 @g physiology
8 » Goal Coastal Questions CSQ 1-4 o hyperspectral between 800-900 § g2 rent
nm, 1-2 nm subsamples (O, A) S8 Hooroecence
o improved global coverage (1 day) g § coastal biolog]
spatial resolution better than L o
500m x 500m r atmospheric
correction
. . . (clearocean)
OCH+ » OCI Questions (SQ 1-7, TSQ 1-3) o OCIlinstrument capabilities < - _
> “Threshold” Atmosphere QuestionASQ 1 | o 3additional NIR and SWIR 2&}2?52?“
o bands (940, 1378, 2250 nm) L
® = & o (coastal ocean)
& |ocr3am' » OCI Questions (SQ 1-7, TSQ 1-3) o OClinstrument capabilities g = E
3 » Goal Atmosphere Questions ASQ 4,5 o |a3Mimager|+$ g ©
(]
2 OCI/A » OCH Questions (SQ 1-7, TSQ 1-3,ASQ 1) | o OCI+ instrument capabilities
§ » Goal Atmosphere Question ASQ 2 o selected atmospheric bands at
£ spatial resolution 250m x 250m
<
OCI/A-3M » OCI-3M & OCI/A Questions (SQ 1-7, o OCIA instrument capabilities
TSQ 1-3,ASQ 2,4,5) o |a3Mimager|+$
» Goal Atmosphere Question ASQ 3
1 OCI = Ocean Color Imager 1 improved atmospheric correction, data continuity for POLDER products

13M = Multi-directional, Multi-polarization, Multi-spectral § data continuity for MISR products, albeit with coarser spatial resolution
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» When is the ocean dark enough
to retrieve variations in aerosol
absorption?

» When is the ocean bright enough
to retrieve variationsin CDOM?
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Part | RT Comparison studies

> Motivation
> Results

1) Accuracy for Stokes parameters |, Q, U
emerging from various AOS is better than 10-°

2) Correspondingaccuracy in degree of linear
polarization better than 0.1%
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Motivation Polarizationis an extremely useful tool to retrieve aerosol properties
» provided that it is measured with very high accuracies (0.2%—0.5%)

Simulated aerosol retrieval from space-borne observation over ocean at 865 nm

&%QQ:EM/

k

sun
Synthetic TOA data of I, Q, & U: 0 Aerosol candidate models:

0 Mp=0.8; u=0.2, 0.4, 0.6, 0.8, 1.0 ko
A@=60° & 120°
o Fine mode aerosol, T =0.2 —

o Fine mode aerosol:
T =0.01 -0.4, AT =0.01

A re =0.01 - 0.8 um, Ar, =0.01
(re = 0.4 pm; v=0.2; m=1.45 o m=13-17, AAm =0.01
S w =0.78 - 1.00, w =0.02
o Rough ocean surface § Ve=0.2
(W =7 m/s) g
S
o Black water body v @

ocean
<«

>350,000 aerosol candidate models

AQOS system

Source: Mishchenko and Travis, JQSRT 102:13,543-13,553 (1997)
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Motivation Polarizationis an extremely useful tool to retrieve aerosol properties

» provided that it is measured with very high accuracies (0.2%—0.5%)

Simulated aerosol retrieval from space-borne observation over ocean at 865 nm

e s L LR R AR
" w=1.00 1 | w=0.98 4
I o radiance | § nar ki . Aerosol candidate models:
. = X _ -
o 9viewing angles 2 oz e Jozf . ey ] o Fine mode aerosol:
o Al=4% e - 17°F - -
< ! ST 1 | . T =0.01 - 0.4, AT =0.01
g ™ : 1M -: fe =0.01 - 0.8 pm, Ar, = 0.01
°© . i ] m=13-17, Am =0.01
FFETITE INIRLT TS BN AN B A T S R N _ _
B o polarization Q/I and U/l 12 14 15 16 1713 14 15 16 17 \‘;’ - 8;8 - 100, Aw=0.02
o 9 viewing angles papTTTT T R e e
o AP =0.2% " - w=0.94 | | w=0.92
Q oEr - i B @
[ - 5 -
X - -
o -
'..:: 02 i -1 02 I o -]
= o 1 [ 1 >350,000 aerosol candidate models
% ol Joif -
© 1 [ .
TR AT NI TR NI EEEEE N T NI AN NIRRT R NN
12 14 15 16 1713 14 15 18 17
refractive index refractive index

Source: Mishchenko and Travis, JQSRT 102:13,543-13,553 (1997)
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Motivation Polarizationis an extremely useful tool to retrieve aerosol properties

» provided that it is measured with very high accuracies (0.2%—0.5%)

Simulated aerosol retrieval from space-borne observation over ocean at 865 nm

T e s VT S A AL A AR AR
" [ w=1.00 ] [ w=0.98 ]
I o radiance | g nar ki . Aerosol candidate models:
.t = [ 1 I ]
o 9 viewing angles 2 pal 1osl 1 o Fine mode aerosol:
o Al =6% x [ ] [ ]
< ! 1 | . T =0.01 - 0.4, AT =0.01
g ™ : 1M -: fe =0.01 - 0.8 pm, Ar, = 0.01
°© . i ] m=13-17, Am =0.01
FFETITE INIRLT TS BN AN B A | [N N _ _
B o polarization Q/I and U/l 12 14 15 16 1713 14 15 16 17 \‘;’ - 8;8 - 100, Aw=0.02
o 9 viewing angles papTTTT T R e e
o AP =0.8% " - w=0.94 | ¢} w=0.92
@ LA - i B @
C - 5 .
X -
(&) 4
£ 02F i 103 ‘ .
= 1 [ ] >350,000 aerosol candidate models
S 1 .F .
B8 “'F 1% .
o _ 1 .
:-|||||||E||||||||||||- Ol v vn by ar sl aaal
12 14 15 16 1713 14 15 16 17
refractive index refractive index

Source: Mishchenko and Travis, JQSRT 102:13,543-13,553 (1997)
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Motivation Polarizationis an extremely useful tool to retrieve aerosol properties
» provided that it is measured with very high accuracies (0.2%—0.5%)

Simulated aerosol retrieval from space-borne observation over ocean at 865 nm

LY I L FL L BRI R [ Y i B LR B R R LR
" [ w=1.00 ] [ w=0.98
I o radiance | g nar sk . Aerosol candidate models:
.. i~ ] [ .
o 9viewing angles g ol oM o= BEW ] o Fine mode aerosol:
< 1 | . T =0.01 - 0.4, AT =0.01
g ™ 1M ] fe =0.01 - 0.8 pm, Ar, = 0.01
°© . i ] m=13-17, Am =0.01
FIPEITE INIFLT NS NI AT S A | I _ _
B o polarization Q/I and U/l 12 14 15 16 1713 14 15 16 17 \“/L’ - 8;8 - 100, Aw=0.02
o 9 viewing angles QAT T QAT e= U
o AP =2.0% " - w=0.94 | | w=0.92
@ oA sl . @
[ g L m
X -
(&) 4
£ 02 103 .
= 1 [ 1 >350,000 aerosol candidate models
o 1.1 ]
g 10 E
© 1 .
TR AT NI TR NI EEEEE N T NI AN NIRRT R NN
12 14 15 16 1713 14 15 18 17
refractive index refractive index

Source: Mishchenko and Travis, JQSRT 102:13,543-13,553 (1997)
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Motivation Polarizationis an extremely useful tool to retrieve aerosol properties

» provided that it is measured with very high accuracies (0.2%—0.5%)

N

» our forward RT computations need to match these accuracies! absolute difference
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<L . . 0.0e+00 : : : 30804 by : : : -
i ) Radiative Transfer ¢ 180 160 140 120 100 180 160 140 120 100
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-4.0e-02 - | 30e057°
[PRT polarized radiative transfer model intercomparison Q| 60002 | | 00e+00
. ' -5.0e-05 |
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Results Polarizationis an extremely useful tool to retrieve aerosol properties
» provided that it is measured with very high accuracies (0.2%—0.5%)
» our forward RT computations need to match these accuracies!
models || Ocean Body Ocean Surface Atmosphere
13 viewing angles
5 I %'0% AOS.] none rough molecular
SELTEIIES) e Gaussian isotropic e Pure Rayleigh scattering
{/} 4 azimuth angles k e Nofoam or shadowing
pure water rough none
AOS-II e Pure Rayleighscattering| e Gaussian isotropic
e Nofoam or shadowing
pure water rough molecular
— AOS-Ii e Pure Rayleigh scattering | ® Gaussian isotropic e Pure Rayleigh scattering
0 e No foam or shadowing
)
) pure water & hydrosol rough molecular
§ upper AOS-IV e Pure Rayleigh scattering| o Gaussian isotropic e Pure Rayleigh scattering
g ‘ e Detritus-Plankton mix e Nofoam or shadowing
S  |lower pure water & hydrosol rough molecular & aerosol
Yy AOS-V e Pure Rayleigh scattering | e Gaussian isotropic e Pure Rayleigh scattering
g I e Detritus-Plankton mix e Nofoam or shadowing ® Fine-mode aerosol
8
(]

>100 scattering geometries x 2 altitudes

A =350 nm, 450 nm, 550 nm, 650 nm

LQ,U—>AP<0.1%
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Results Polarizationis an extremely useful tool to retrieve aerosol properties

» provided that it is measured with very high accuracies (0.2%—0.5%)

N

» our forward RT computations need to match these accuracies!

models || Ocean Body Ocean Surface Atmosphere
none rough molecular
AOS-I & Lo . . .
e Gaussian isotropic e Pure Rayleigh scattering

e Nofoam or shadowing

pure water rough none
AOS-II e Pure Rayleighscattering | e Gaussian isotropic
e Nofoam or shadowing
pure water rough molecular
AOS-Ill e Pure Rayleighscattering| ® Gaussianisotropic e Pure Rayleigh scattering

e Nofoam or shadowing
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10 L L T T T lO. T T L T L 1 T L T L T . | L] T T T T
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: n.; = i Y -"J-I
0,—-_._ I I = b Ou._....._.._\..-..- pra——" O = g e e Ty e, ey e O-Ol-h._,-__.'i-__d-.\.__hlllr__l_.'ﬁ'.'l?"-.
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view angle view angle view angle view angle



New York, N.Y. 10025

. National Aeronautics and Space Administration
Goddard Institute for Space Studies

RT comparison Studies

» provided that it is measured with very high accuracies (0.2%—0.5%)

N

» our forward RT computations need to match these accuracies!

Results
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Polarizationis an extremely useful tool to retrieve aerosol properties

o Benchmarked >magnitude better
o Satisfies polarization accuracy

dP (%)
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2 7
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Part Il UV sensitivity Studies

> Motivation
> Results

1) TOApolarized reflectance is more sensitive to
variations in aerosol heightthan in ocean or
aerosol microphysical properties

2) It varies by (much) more than 0.001 per km
change in aerosol height in boundary layer
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Motivation So | AN

385 nm AN

» UV polarized reflected lightis nearly insensitive TOA

to variations in the ocean color

» Butis this light sensitive to the presence and 4 km

variations in aerosols? 0o

Specular reflection

Reflection p = S cosd.
0 0

Sunglint region

View angle

Anti-solar point for &,
(i.e. backscattering direction)

Backward scattering
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RT results

Pocean (%) = pocean / pTOA

contribution of oceanto TOAreflectance: >13%

average oligotrophic ocean 385 nm A
| TOA
[ \
9= =0°
'/A 4km
L 00 © ° °
Pocean (%) 0 =60 /)/ ) SRF L <

A\

-

X
—

(O
E—

pocean, P (%)

contribution of oceanto TOA polarized reflectance: <56%

I .

< 3354455 6 7 12 5 13135 >
Pocean (%) (385 nm)

AOT(550) = 0.1, 6 =30°

Rayleigh scattering
Bodhaine et al. (1999)
Aerosol scattering

re=0.15 ym, ve =0.15, 1550 =0.10

} —— | Casel (open) ocean

107 S UL L L R
- "\-+. -
C S AT msulls +++ OTHG ]
B ==x® FF T
% T soa DP .
E n-a ; o RuGrescance
1 = \ =
- = e
E - Bioapfical mauls \ | i':
5 F[ 2 (o= 003 mgn? | Ao l¢ ]
@ - E [Chi] = 0.10 mgm® L
8 o2l & rcm=020mpn? e
2 F T [ci=100mpim’ 2 Ny
[ — [Chi]=2.00 mgim? i L
(@ 1]
;I Tnnecllinnnnlnecnllnnrnllnnaallirnn
—_— 200 &00 700
A (rim) Wavelength

Chowdhary et al. (2012)
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RT results

Aproa (%) = Aproa ! Proa

max CDOM variation 385 nm y//4

! TOA
f 0= = 0° ! Bodhaine et al. (1999)
TOA reflectance change: ~8%

- Rayleigh scattering

Aerosol scattering

4km

4 oo .° ahd o § Lia st ‘°° re=0.15 ym, ve =0.15, 1550 =0.10
SRF

SRy A sa e T } —+——— | Case | (open) ocean

— bio-optical model

Mediterranean
South Pacific

0

AProa p (%)

Kw+ Kbio [1/m]

Kq

om

TOA polarized reflectance change: <2%

I .

<05 115 2 253354 5 6 9 > .CDOM

ApProA (%) (385 nm) AKg = 1.04(1g) "% (A ¥ by)
AOT(550) = 0.1, 6, =10°

Morel et al. (2007)
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RT results

Aproa (%) = Aproa ! Proa

max CDOM variation 385 nm /// remove aerosol

) TOA
[ |

TOA reflectance change: ~8% =90 =0

4Kkm
° 0° (' g o o i o
oo ° ° ‘°‘ o °
SRF\/V\NVVVW\NVWVVV\NVOV AprOA(%)
AProp, p (%)

TOA polarized reflectance change: <2%

TOA polarized reflectance change: >6%

I [ T | N

<05 115 2 253354 5 6 9 > <05 115 2 25335 4 5 6 9 >

Aproa (%) (385 nm) ‘ AProa (%) (385 nm)
AOT(550) = 0.1, 8 = 30°
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TOA polarized reflectance change: <2%

<05 1152 253354 5 6 9
ApProa (%) (385 nm)

>

change aerosol z

|

0= =0°

TOA polarized reflectance change: >6%

<05 115 2 253354 5 6 9 >

AProa (%) (385 nm)
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Changing height of aerosols in lower 5 km

RT results
385 nm LA 385nm AAA
TOA TOA
6 km [ Tardiardh gt S TV s I - ——
ko AR T ) W B T
2 km ——
| ps .° ° Pide 1 » o Ve ° ,°_|
Change in TOApolarized reflectance 0=gp = 0°

per km shift in aerosol height: >0.001

backscattering direction

C — AOT(550) = 0.1, 6, = 30°
<05 115 2 253 354 5 6 8 >
ApPropa, p per km vertical change (abs x 1000)
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Changing height of aerosols in lower 5 km

RT results
385 nm AAA 385 nm ///
TOA TOA
6 km [T Aty pr g A Sl ot cia - ——
s (AR > Emmrn
2 km = ——
|°.= TEoiorYS o2 o % °°e‘l
SRF VVVVVVV:/VV.VVVVVV.VVVVV SRF vvvvvvv:/vv.vv.vvvv.vvvvv

Change in TQA polarized _reflectance 0=p = 0° "
per km shift in aerosol height: >0.001

L - case for absorbing aerosol remains ~same!
<05 1152253 354 5 6 8 >

ApProa, p per kmvertical change (abs x 1000)
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Y. Y Go i Studi .
BIT oo oo oope e Studies Conclusions

Part |

RT Comparison studies S 1) Accuracy for Stokes parameters|, Q, U

emerging from various AOS is betterthan 10-6

2) Correspondingaccuracy in degree of linear

polarization better than 0.1%

Part Il

UV sensitivity Studies — > 1) TOApolarized reflectance is more sensitive to

aerosol height than to aerosol microphysical
properties

2) It varies by (much) more than 0.001 per km
change in aerosol height in boundary layer

Backup slides

1) Approximate, but not a substitute for, real ocean
color spectra

1) Allow for simultaneous retrieval of aerosol and
ocean color spectra from polarimetric data

_____________________________________________________________
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Changing height of aerosols in boundary layer by 1 km
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reference aerosol
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ApProp per kmvertical change (abs x 1000) 1)
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ACROSS | —— | Update hydrosol model | — couple atmosphere & ocean in atmospheric correction

NIR total radiance
NIR polarized radiance
VIS total radiance
VIS polarized radiance
UV total radiance
UV polarized radiance

> Retrieve aerosol model/properties while accounting for underwater light
scattering — requires an ocean model

v “7”Dpelow surf -

® Py moser = 11, Q,U }(View, IOPs)

G aerosol properties

» Retrieve water-leaving radiance in the VIS part of the spectrum {

o O O O O O

Ocean model
assumptions (§)

O

v “*7above surf o VIS total radiance (1)

(1 pTOA patm srf +tatm p w, retrieve

Note: p;v model - @pproximates the ocean in aerosol retrieval spectral residual fit
spectral residual in fit of - T
P Proa - P w,model + Ap w P w, retrieve

cannot be resolved with aerosol

l S -

Pw,retrieve : extracted from Do Using the retrieved aerosol ocean model retrieval
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Hydrosol models

ACROSS ——

Update hydrosol model

Note: real W <1 m/s {minimum RT fit)

T T T T T

Oct 31, 2013

Total reflectance {Aircraft |evel)

0.001 | Solid lines: RSP (data)

Dash lined: RT (fits)

Radiative Transfer (RT) E
1

-60 -40 -20 0 20

RSP view angle (deg, positive forward)

1222W 1220W 121.8W

37.0N

Oct 31,2013

AVIRIS swath_x
\/

RSP track

Computed from the AVIRIS
imagery after correction by
ATREM Emp Line method

Chlorophyll (mg/m?)

3

36.6Njo0 5w 1220 W 121.8W

Polarized reflectance {Aircraft level)

Note: scattering plane reference

o.oo-‘s@’; _
be o,

-0.02f

=0.04 - ~ back scatter

I . Note: RSP =
—0.06F Solid lines: RSP data \\\ N
Dash lined: RT fits N 0.020
,
L - ™\
o8l Solar.zenlth =55.83 N 0015
| Relative azimuth = 2.86° N\
1 1 1 1 1
-60 -40 -20 0 20 0.010F
RSP view angle (deg, positive forward)

MO station —HyperPro
RMSE =0 0003 — ATREM-
Emp Line
Rrs=Lw / Ed o RSP

\
e

400 45¢ 500 550 600 650 700 750

Wavelength (nm)

QOcean contribution to RSP {reflectance)

0.015

0.010

0.005

0.000

0.005F )

-0.005

-0.010

RSP ocean retrieval

i * [Chil=

o000 ||V
|

* W=<1mis
3.2mg/m?

Ocean:

sunglint contaminated
- -

(?) oceanretrieval

- RT (bio-optical model] 7
Data (RSP} — RT (atmosphere + surfoce)
L L L L L
-60 =40 =20 0 20

RSP view angle (deg, positive forward)

(1t Lw)/ (S cos B) x (atm transmission)

— couple atmosphere & ocean in atmospheric correction

Note: Surface = RSP / (atm transmission)

0.010 T T T T

Surface level

0.008 -

0.006

RSP level

\

0.004

0.002 -

Water-leaving radiance {reflectance units)

0.000 1

RT (bio-optical mode}} £

Data (RSP} —RT{ atmospherm—surface}

0.40 0.45 0.50 0.55 0.50

Wavelength (nm)

0.65

Validation ocean retrieval
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ACROSS | —— | Update hydrosol model | — couple atmosphere & ocean in atmospheric correction
Hydrosol model Free parameters [Ch] driven paramefers | Optanized apriori
¢ api{A) [see Eq. (3b)]
o b (A) [see Eq. (7a)]
D—FP medel = [Chl] ¢ k [see Eq.(76)] -
¢ by, [see Eq. (3)]
= [Chl] * Stdm
ACROSS model * dcgnfi) * by, [s2e Eq.(8)] * (A
* bup(ho) * 1 (=k)
# [Chl] » dpp(A) [seeEq. (13)]
ACROSSIImodel | * acam(ho) ¢ k [see Eq.(7b)] * Seim
¢ biy(ha) ¢ b, [seeEq.(3)]
+ [Chl -
. [ﬂ :? ) » dpp(A) [see Eq. (13)]
c-model = o K (k) [s2eEq (70)] | Sy
v cp(ha) w '
§ Becomes [Chij-drven fretneved froma (A)—a (A yand ifa (L) s [Chi]-driven (Bricaud e al , 1998)
Fres parameter [Ch/-driven | [Ch/-arTven fixed para- Assum ad a-prion
parameler | paramelermnge | meler range
IOCCGS5 model i @iz(ha), ag(he). : - o~ .
(back-up slides) [Chi] gu() C;ih{?*ﬂp}sbﬂm{?-ﬁ]a Sam, 55 Eﬁ.lpy Elh.m*
nl n2

§ 5., €[0.007,0.015] and 5, €[0.01,0.02]; I &, ,=0.01 and k. =0.0183




