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Main passive aerosol remote sensing observations

= MODIS .
Reflectance at . Global Coverage!!!
7 channels: 0.47, 0.55, 0.66, 0.87,1.2, 1.6, 2.1 Good spectral range!

= MISR

Reflectance at
4 channels: 0.45, 0.55, 0.67, 0.87 mm

9 viewing angles: +£70.5°, + 60°, + 45.6°, + 26.1°, 0°

Sensitive to
Particle shape!!!

= POLDER

Reflectance at

8 channels: 0.44, 0.49, 0.56, 0.67,0.76, 0.87, 0.91, 1.02
13 viewing angles ot Y — Global Coverage!!!

Polarization at: 0.44, 0.67, 0.87 P AN SR O Sensitive to
W P Refractive index,

. AERONET Ground-based Sun-sky rs N - o Particle shape.

=1(A) £ 0.02 at
6 channels: 0.34, 0.38, 0.44, 0.67, 0.87, 1.02, 1,65 um

- 1(A0) £0.05%

6 channels: 0,38, 0.44, 0.67, 0.87, 1.02, 1,65 um V S iti t
3° < scattering angles < ~150° ery sensitive to

- P(AO) £0.02% at o 74 ‘ Loading, size,
6 channels: 0.38, 0.4, 0.67, 0.87, 1.02, 1.65 um i Particle shape
J Absorption !!!




MODIS T,,,,(0.55)

(Total AOD degraded
to 20x 2.59)

MODIS ~;,,.(0.55)
(Fine Mode AOD

degraded to 2°x 2.50)

MODIS Aerosol Product for 24 hours




Retrieving aerosol emissions from
satellites by GOCART inverse modeling

O. Dubovik, T. Lapyonok, Y. Kaufman , M. Chin,

MODIS/MIISRY
PARASOL/CALTIPSO: INVERSTON

4

ambient aerosol

/4
V, v,
YW

v,,| VId adjoint: | 4
observations of /////A;'?// p

A/

GOCART:

meteorology
transport
chemistry
removal

—— eMiSSTIONSY

r,

and modeling

Improved sources (location and strength)

GREAT AGREEMENT of observations




Vector of global Vector elements - values of aerosol mass :
M
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Aerosol Transport:

Basic relationship:
M(x,t+ At)=T(x,1) (M(x,1) + S(x,1))At

Transport processes:
(advection, diffusion, dry deposition,

-Mass

cloud convection, wet removal, etc.)

1T,

-emission T(x, t) =1,T

n

Integral form :

Matrix approximation:




Transport Inversion:

M(x.1) - T(x.1) S(x,1

Aerosol Transport Source -
Mass Operator Aerosol Emission

Least Squarej

_1 o
Vethod: S=(TTC‘1T) T 'M

Measured
Aerosol Mass




Dimension of the Problem:

XLongitude Points (~144)

Latitude Points (~91)
X

XVertical Layers (~30)

Time steps (~12 days)
=~ 5,000,000

XLongitude Points (~144)

Latitude Points (~91)
X

Time steps (~12 days)
=~ 200,000

5,000,000 X 200,000




Fine Mode Aerosol:

Black Carbon + August 20 - 28, 2000

Organlc Carbon + 120W ) 60W 60E . 120E , 180

Sulfate + ...
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9 day average, Optical Thickness

retrieval is NOT CONSTRAINED to the land

Op < ~0.04 (for instantaneous < values) Optical Thickness
(August 20-28, 2000)

MODIS+AERONET

Observations
(Fine Mode opt.
Thickness,

degraded to 2°x 2.50)

Model output
using retrieved
emission

180 120W 60W 0 60E 120E 180
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Model = Observations

GOCART
output

MASS: MCx;y;z; t)
2°x2..5°,~20 min

Components.:

- BC (Chydrophilic)
BC (Chydrophobic)
0C Chydrophilic)c
0C (Chydrophobic)h
sulfates
dust (7 sizes) O
sea salt(4 sizes)

MODIS

products

Aerosol 0Op

tical thickness:

Gy, ) £
1°x1°,
global coverage

1n ~2 days

Components:
~ Trine(0. 55um)
- TeogreeCO. S5um)

—

Better satellite
Product is
needed !!!




POLDER/PARASOL

« PARASOL (POLDER1&2)
- Launches Dec., 2004

- 705km polar orbit, ascending
(1:30pm)

« Sensor Characteristics

— 9 spectral bands ranging from
0.45 to 0.910 pm

Wide field of view lens :*51°
along track, * 43 ° cross track
Swath* : 1600 km ; 2100km
along track

Up to 16 viewing directions

Spatial resolution: 5.3 km x 6.2
km




“independent” POLDER/PARASOL

measurements :

GLOBAL: every 2 days SPATIAL RESOLUTION: 5.3km x 6.2km
VIEWS: Ny= 16 (80°< © < 1800)
INTENSITY: Nt,=6 (0.44, 0.49, 0.56, 0.67, 0.865, 1.02 um)

POLARIZATION: N*,=3 (0.49, 0.67, 0.865 um)

SINGLE OBSERVATION: = alot!!!
(Nt +NP,)x N, = (6+$\)><1§= 144

~
independent measurements




Look-Up-Table (LUT) —
conventional approach for satellite
data inversion

ADVANTAGES:

- simple and usually fast;

ISSUES:

- LUT can be too big for
comprehensive satellite
observations;

- Retrieval results are limited to a
selected set of a priori assumed
solutions




Present aerosol retrieval from
PARASOL:

Over Ocean (Herman et al., 2005):
- Uses look-up tables
- Fits both intensity and polarizations at 0.67 and 0.87 um

-Retrieves: AOT of fine and coarse mode, size information, non-
sphericity, some height information.

-Issues: does not always provide consistency with other channels

Over Land (Deuzeé et al., 2001):

- Uses look-up tables
- Fits only polarizations at 0.67 and 0.87 um using look-up tables

- Retrieves:

AQOT of fine mode only , some size information

- Issues: quite limited




Concept of optimization of aerosol
retrieval from PARASOL:

Strategic principles:

1. More complete use of PARASOL observation:
- always use both intensity and polarization;
- fit observations from all aerosol informative channels: 0.44,
0.49, 0.55, 0.67, 0.87 and 1.02 um

2. Simultaneously retrieve both aerosol and surface (over land)

3. Use continues space of solution, (i.e. not look up table)
4. Use elaborated statistical optimization fitting (e.g. Dubovik 2004):
- for each single pixel;
- multi-pixel retrieval optimization;

- multi-instrument retrieval optimization




Aerosol is driven by 30
variables in PARASOL

retrieval :

dV/Inr - size distribution (~16 values);
n(A) and k(A) - ref. index (6 +6 values)

Cepher (%) - spherical fraction (1 value)
h_, — mean aerosol height (1 value)

Similar to AERONET model:

0.07

e
>
b

dV/dInR(um 7um?)

Particle Size Distribution:
0.05 um = R (22 bins) £ 15 um

0.1

SRt
Radius (um)

10

1.60

1.55

1.50

1.45

1.40

1.35

Complex Refractive Index at
A =0.44; 0.67; 0.87; 1.02 um

Real Part
.

| I I I
-44 0.67 0.87 1.02

Wavelength (um)

Desert Dust

0.10

0.01 |

0.00

2 Imaginary Part
— A
043 0.67 087  1.02

Wavelength (um)

Maritime




Mixing of particle shapes

retrieved

40 80 120 160

Scattering Angle (degrees)

r &

max max

o(2) = C [ Ke==(emrv(r)dr + 1-C) [| [ K:(kmr.eiN(e)de| V(r)dr

!

min

|

Aspect ratio distr.

ASSUMPTIONS:

- dV/dInr - volume size distribution is the same for both components;
- non-spherical - mixture of randomly oriented polydisperse spheroids;

- aspect ratio distribution N(¢) is fixed to the retrieved by Dubovik et al. 2006




Sensitivity of polarization to Coarse

particle shape aerosol

Spheres (rv = 2.0 um) Spheroids (r =2.0 um)
\"
I I I [ I [
0.5 | R | . 05 - _ ... .
—n=1.4 —n=14
04 TNl . 04 - —n=145 7
—n=15 —n=1.5
- 03 - 45 TR 03 - —n=155
@ —n=1.6 ) —n=1.6
< 0.2 = 0.2 _
n- -~
= 0.1 R T AR\
e @
N N
- 0 80
- o
-0.1 -0.1
-0.2 0.2 L _
-0.3 -0.3 | | |
0 45 90 135 180 0 45 90 135 180

Scattering Angle (degree) Scattering Angle (degree)



« AERONET like » statistically optimized « no
look-up tables » inversion

Numerical Inversion
(single pixel scenario)

Dubovik et al., AMT, 2011

Input : observations f* -, | - optimized to

- fla®) - modeled observations presence Of
- i = P)- ]
b‘ K, - Jacobians, Of° = f(aP)-f* noise

Eorward model

flar), K,

Description of error Af*: Normal system: @ap = VWep

C; - matrixof covariances of >
W =G /0, %~ weighting matrix A, - Fisher matrix; VW - gradient of W(a?); ¥(a®) - residual

A priori traints:
- Smoothness of V{r), n(A), k(A)

and s{A) (-surf.BRF);
- A priori estimates: @*, y W_=C /o}?

\

a priori
constraints

Levenberg-Marquardt




Remote Sensing from Satellite
(using the solar spectrum)

ISSUE: to distinguish aerosol contributions

Multiple scattering

Aerosol scattering

Gaseous absorption




Forward Model

Vector of retrieved parameters :

a* - aerosol properties

a*' - surface properties

l aaer

Aerosol single scattering :

Provides: ©(A), wy(A), P.(A,0)

laSUlf

Surface reflectance :

Provides. Bi-directional Reflection
Function (BRF) Bi-directional Polarized
Reflection Fynction (BPRF)

T, wp, P,-,-(...)l

BRDF, BPRF

Full radiative transfer model :

/ Calculates detailed distribution of atmospheric
radiances: F(A,0,...)

fixed a priori :
- molecular scattering;

- gaseous absorption; Simulated

satellite

- vertical profile of aerosol

observations: f(aP)




« Blind » Test of aerosol retrieval over
dark surface

Kokhanovsky, et al, The inter-comparison of
major satellite aerosol retrieval ...., Atmos.
Meas. Tech., 3, 909-932, 2010.

8 algorithms/5 instruments

NASA/MODIS USA
NASB/MERIS Belarus
Swansea/AATSR UK
Oxford/AATSR UK
JPL/MISR USA
PSI/MISR Switzerland
LOA-1/POLDER France
LOA-2/POLDER France




Tests over dark surface

932, 2010.

(« Blind » Test)

Kokhanovsky, et al, The inter-
comparison of major satellite aerosol
retrieval ...., Atmos. Meas. Tech., 3, 909—-

* % XK+ 6O oo

MERIS/NASB-1
MERIS/NASB-2
MODIS/NASA
MISR/PSI
MISR/JPL
POLDER/LOA-1
POLDER/LOA-2
AATSR/SU
AATSR/OU

A

1 i 1 " 1 P L 1 n 1 Pl

550 600 650 700 750 800
wavelength,nm

phase function

LOA-2
reference

1 L L L 1 " 1

80 100 120 140
scattering angle, degrees

—— LOA-2
reference
LOA-1

——JPL

T T T T T

- —TT T
40 60 80 100 120 140 160

scattering angle, degrees




Rahman-Pinty-Verstraete (RPV) model (Rahman et al., 1993)

MISR (Martonchik et al. 1998)
SEVIRI (Govaerts et al. 2010)

Bi-Directional Surface Reflectance

Psre (01, 0105,0,) = poM, (k)FHG(@)H(h)

To be retrieved in each wavelength

- controls amplitude level
- controls bowl/bell shape

- controls forward/backward scattering
- controls hot spot peak

Amplitude Contribution Modified Minnaert Contribution Henyey — Greenstein Contribution Hot Spot Contribution
k>1.0 bell-shape . / \ .
- ™ <0>0
____________________________ .- forward
” B f 2 /7 k=10 Lambertian °, 2| ©=0 ) .
m { m | isotropic .-~ ™~ %
"+, _backward
~\~ ," ’/' ‘\\®<0
k<107 -~ bowl—shape ’/\ / o
75 50 -25 0 25 50 75 75 S0 -25 0 25 S0 75 75 S0 25 0 25 S0 75 15 -0 -25 0 25 S0 75

View Zenith Angle [degree] View Zenith Angle [degree] View Zenith Angle [degree] View Zenith Angle [degree]




Polarized Reflectance of the Surface:

1. Nadal and Breon, (1999):

— Surface. BPDF measured by RSP (MEXICO CITY)

Linesr combmnaton of vegetation and bare soil models
e Nadal and Breon {POLDER) model titted tox the best
— (ific1al Nadal snd Breon {PCLDER) model

(OL and [3 - empirical parameters)

2. Maignan et al., (2009): F Waguet
. Waque

Ay + W) independent !!!

R(6,,6,.¢,) = Spectrally

(B - empirical parameter)




parameters to retrieve:

AEROSOL:

- dV(r)/dinr (16 bins from 0.07 to 10 mm); N =16
-n(A)

- k(A)

- Fraction of spherical particles

- Aerosol height

SURFACE:

- BRF (3 parameters for each A) N=3%x6 = 18
- BPRF (parameters for each) N,=6

TOTAL = 54

over bright surfaces
can we ...




Satellite aerosol retrievals have some
fundamental limitations, especially in some
“difficult conditions™ e.g. over bright
surfaces.

|

Some additional constraint on the
retrieval could do good...




Single Scattering Albedo

Saharan dust outbreak observed by
August 9 -13, 2007

Spectral ADT
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AERONET retrievals over Dakar and Cape Verde during August 9 -13, 2007

Retrieved Single Scattering Albedo
(March 11-13, 2007, Cape-Verde)

Retrieved Single Scattering Albedo
(March 10-13, 2007, Dakar)

1 T T T T T T

...... - -+| —e&— March 10 (t=0.46) [--=--+]

— & -March 10 (1=0.50)

— & -March 10 (1=0.56)

—-&-=March 10 (t=0.58)

—e— March 11 (1=1.36)
—e— March 11 (1=1.18) eureean - - —© =-March 11 (1=0.94) [-+-us R

= & -March 11 (1=1.41) — & -March 11 (1=0.89)

— & -March 11 (1=1.32) --@--March 11 (1=0.87)

=-&-=March 12 (v=0.83) —e— March 12 (1=0.44)

—e— March 12 (t=0.81) —6 -March 12 (1=0.44)
—© -March 12 (1=0.89) [....... N — & -March 12 (v=0.44) [..... N

— & -March 12 (t= 0.50) v March 12 (v=0.63)

--@--March 12 (1= 0.45) - =N~ - March 12 (t=0.59)

—e— March 12 (1=0.43) —--- March 12 (1=0.58)

—e -March 12 (1=0.43) ---3--- March 12 (1=0.58)
— & -March 13 (v=0.55) | ... .y .| —®—March 13 (v=0.60) |..... J

—¥— March 13 (1=0.58) — -March 13 (t=0.59)

- =N~ - March 13 (t= 0.57) H H — & -March 13 (1=0.55)

T T T H H --a-=-March 13 (1=058)

: : : : : : : : : =--&-- March 13 (t=0.56)

0.75 1 1 1 1 1 1 i i i 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 0.5 0.6 0.7 0.8 0.9 1 1.1

Wavelength (um)

Wavelength (um)

dV/dInR (normalizez to 1)

0.3

0.25

o
N

o
-
3]

e
Y

0.05

Retrieved Size Distribution
(March 11-13, 2007, Cape-Verde)
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» Surface reflectance variability is limited;

« AERONET and other observations suggest aerosol
properties are stable within:

- t(\) - 30 min - 1 hour;

- size distribution shape - hours - days;

- wy(A) , n(N), k(M) - hours - days;

4

This can be used as extra
information/constrain in the
retrieval




The concept of multi-pixel retrieval
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Single - Pixel Retrieval:

O. Dubovik
M. Herman
J.-L. Deuzé

-Aerosol propetries:
. - size distribution; - real refractive index
- Intensity () =0.49; 0.67; 0.87; 1.02 um) - imaginary refractive index; - particle shape

- Polarization (\ = 0.49; 0.67; 0.87 um) -Surface properties (over land):
- BRF parameters; - BPRF parameters

Angular measurements (~15 angles) of

f* - PARASOL data: a; - Parameters to be retrieved:
_I —_—

F. Ducos
D. Tanré

19)\Pi = 4]

A Priori Constraints limiting derivatives (e.g. Dubovik 2004) of

- for aerosols (e.g. in AERONET, Dubovik and King 2000) :
- aerosol size distribution variability over size range;
- spectral variability of complex refractive index;

- for surface (e.g. in AERONET/satellite retrievals, Sinuyk et al. 2007) :
- spectral variability of BRF/ PBRF parameters.

g

~ PARASOL

| Multi-term LSM statistically optimized Solution (pubovik and King 2000, Dubovik 2004) |

a;

1
Tyar-1 T'w-1¢" where

1

f

n - .
Q. -D/D; W, -=Cp; y; ==L




Multi - Pixel Retrieval:

‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII..

*
L .
[] ]
. AT . Single-Pixel Data (PARASOL measurements and
A§ . ,+**| physical a priori constraints) are used by the same
E AT :,“‘ way as in Single-Pixel retrieval.
: a)| |
: AT :
. A3 .: Multi-Pixel a priori constraints (e.g.Dubovik et al. 2008):
T ......l‘ - limited spatial variability of each aerosol /surface parameter
ol a ‘e - limited temporal variability of each aerosol /surface
: t E .+° | parameter
: a ° .o..
: Ax :*° NOTE: degree of variability constraints (smoothnes) can be
° a . different and adequately chosen for each parameter
. Ay .
Multi-term LSM Multi-Pixel Solution: |
[ T (eTw-1asp
a; F{ W, F, 0 0 €2 0 0 - e F/ W, Af:
Twar-1 * L Tar-1
a, 0 FRWT 0 [ 0 S 0 |& 7 62 o yyg 2y+ 7S 2“ Fy Wy AP
a; 0 O A A O R 2 e I wstarp
: , U S N
,where Q2 -DD,; Qy =D}D,; €, =D{Dy; v, =Ly, =Ly =L

€% &y &




« PARASOL » statistically optimized « no look-

up tables » multi-pixel inversion
Dubovik et al., AMT, 2011

Numerical Inversion
(multi-pixel scenario)

(e
a;

o]
CE

- retrieved vector Forward model '
. AaP = VWP
for N=3 pixels A priori constraints A‘rp [ i

(af’] Input - £ Normal system for i-th pixel:
a’ =

: 7.
single - pixel

-

A priori inter-pixel Normal system for multi-pixel case:
constraints: is built using single pixel systems as:

Smoothness on
temporal and/or spatial
Inter-pixel variability of
retrieved parameters a;

;3

a priori
multi-pixel
constraints




Observational conditions:

- Geometry is the same as for PARASOL over Banizoumbu

(as in the example for actual PARASOL inversions)

- Surface is bright;

- Aerosol loadings: 16 cases for 1(0.44) = 0.01 — 4;

- Aerosol types: Dust, Biomass Burning (original from AERONET)
- Aerosol height — 3 km

Retrieved parameters:

AEROSOL:

-dV/(r)/dinr (16 bins from 0.07 to 10 um);
- n(4), k(2), wy()

- Aerosol height

- Fraction of spherical particles

SURFACE: SPATIAL — TEMPORAL:

- BRF 3 parameters for each A); - 4 pixels for each of 4 days
- BPRF (1 parameter for each A)




Stringent test conditions:

-The same initial guess for all retrievals:

- no a priori information about surface type,
- no a priori information about aerosol type
- no a priori information about aerosol loading;

- The test were also done for vegetated surface;

- The synthetic data are calculated using original non-simplified AERONET data;
- Random noise: 1% for intensity, 0.5% for degree of linear polarization.

Single Initial Guess:

Aerosol Properties

Cy = Cy (corresponding to the value of 7aer (0.44)~0.05);
dV(rj))ldlnr =0.1; (i =1, ..., Ny)

Csph =0.7

n(A;))=14G=1,..,N,)

k(A;)=0005(G=1,..,N;)

Surface Reflectance

Po(A;j)=005(G(=1,..,N,)
k(A;)=075(=1,...,N,)
O0A;)=-0.1@G=1,..,N;)
ho(Ai) = po(Ai) (i =1, ..., N;)
B(1;)=003(=1,..,N;)




PARASOL: 0.44, 0.49 (p+), 0.565, 0.675 (p+), 0.87(p+), 1.02 um
NO NOISE ADDED !l (minor noise is always present)
Single-Pixel Retrieval, Desert Dust aerosol (non-spherical!ll)

Retrieval of t(440) Retrieval of t(1.02) Retrieval of Surface Reflectance
PARASOL PARASOL . ©(0.44)

—e—0.05

T T T ——0.10
e — . —e—0.20
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PARASOL: 0.44, 0.49 (p+), 0.565, 0.675 (p+), 0.87(p+), 1.02 um
NOISE ADDED: 1% for I(A), 0.005 for Q(A)/I(A) and U(A)/I(A) !!!
Single-Pixel Retrieval, Desert Dust aerosol (non-spherical!ll)
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PARASOL: 0.44, 0.49 (p+), 0.565, 0.675 (p+), 0.87(p+), 1.02 um
NOISE ADDED: 1% for I(A), 0.0056 for Q(A)/I(A) and U(A)/I(A) !!!
Multi-Pixel Retrieval (i.e. temporal and spatial variability of surface and aerosol is limited)
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Dust and biomass
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Dust and biomass
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Dust and biomass
Banizoumbu/Niger
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PARASOL versus AERONET
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Dust and biomass
Banizoumbu/Niger

Fit of PARASOL observations
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Fit of PARASOL observations  Dust and biomass
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Conclusions/Perspectives:

1. Inverse modeling - promising
approach for synergy of modeling

and remote sensing
Potential for improvement:
- using enhanced products from
advanced satellite sensors retrievals

2. New PARASOL algorithm — promising

Potential for improvement:

- producing global aerosol products
- multi-sensor retrieval:
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