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GRASP: Generalized Retrieval of Atmosphere and Surface Properties

Dubovik et al. “A Comprehensive Description of
GRASP is advanced algorithm for retrieval of aerosol, gas and Multi-Term LSM for Applying Multiple a Priori

surface properties from diverse remote sensing observations and Constraints in Problems of Atmospheric Remote

any combination of them based on: Sensing: GRASP Algorithm, Concept, and
Applications”, Front. Remote Sens., 2021

Forward Model for rigorous simulation of atm. radiation.
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The concept of multi-pixel retrieval

Dubovik et al. 2011

using multi-pixel retrieval
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Combining complimentary observations
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POLDER / PARASOL AOT (565) Angstrom SSA (670) Scale Height.
2004-2013
4 products

Winter 2009

Ocean and land

Chen et al., 2020

Li et al., 2019
Zhang et al. 2021
Dubovik et al. 2021

AEROSOL: AOD spectral, AOD fine/coarse, Angstrom, SSA, AAOD,
Q GRASP aerosol height, spectral complex index of refraction, sphericity fraction.
SURFACE: land BRDF spectral, BPDF spectral;
ocean wind speed and water leaving radiances, etc.

Geostationary Polarimeters

Important features of GRASP retrieval:
- Globally the same initial guess for aerosol;
- Globally the same set of a priori constraints;
- No location specific assumptions;
- Retrieval on 6 km resolution, no averaging;
- Surface retrieved simultaneously




= GRASP results validation against AERONET

Globally over Land and Ocean for 2004 — 2013 years (Chen et al., 2020)

AOD (550)

(c) GRASP/Models (Land and Ocean)
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MODIS AE(470-660)

CONSLUSIONS from POLDER aerosol product analysis :

Detailed properties - AE, fine /coarse AOD (ocean), from MAP generally
notably more accurate than from MODIS like instruments;
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AOD(560), September 2008

MODIS/Aqua 200809 - POLDER/Model 200809
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AOD Coarse (560) , September 2008
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Evolution: GRASP Component approach

Approximation by Log-Normals
20

(L. Li et al., ACP, 2019)
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Example of chemical composition retrieval

Black Carbon mass concentration(mg/m?2) in January 2008

GRASP chemical retrieval'. "

GOCART modeling

Details are in Li et al. (2019)
Emission retrievals —Chen et al. (2018, 2019, 2022)



TROPOMI/GRASP (2019-2020, ...) Aerosol products:

AOD()), AODF()), AODC()), SSA(L),
AODF()), AAOD(), AE, Aerosol Height

05

Surface products:

04

DHR(A), BRDF(A)

03

02 10 wavelengths:
0.340 0.367 0.380 0.416, 0.440 0.494 0.670 0.747
01 0.772 2.313

Litvinov et al.

Chen et al.
00 To be submtted

= GRASP




S-5P/GRASP aerosol product validation

AOD 550nm (Land QA==3)

AOD 550nm (Ocean QA==3)

SSA 550nm (QAExtend==3)
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S-5P/GRASP products show to:
- be of comparable accuracy of those of MODIS;
- provide Some information about SSA and aerosol height-
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Pseudo llmulti_angle” E‘ cloudflight ~ {-esa

TROPOMI, OLCI-B OLCI-A
. SLL 10 a.m. L.T.

Better surface BRDF sampling and
atmosphere signal separation!

Global Processing Results
S5P+S3A+S3B, March, 2019



SYREMIS Synergy TROPOMI + OLCI A + OLCI-B + HIMAWARI

Pseudo “multi-angle”, multi-temporal measurements
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Synergy of geostationary and polar orbiting

Geostationary Synergy Polar-Orbiting Synergy
HIMAWARI Geostationary +
Polar orbitting
Swath Japan, East Asia, and >~ 2600 km Japan, East Asia, and Western
Western Pacific region Pacific region
Temporal overpassing/ 15 min GLOBAL, To be defined:
measurements Every day 15 min, 1 h, a few hours?
Equator crossing time Geostationary ~10:00h, ~13:40h Geostationary + ~10:00h (2
(few times per day) times), ~13:40h
Spatial Resolution Japan, East Asia, and ~10km Japan, East Asia, and Western
Western Pacific region Pacific region
Spectral bands 470.6, 510, 639.1, 856.7, 19 spectral bands: 19+6
1610.1, 2256.8 340, 367, 380, 412.5, 416,

440, 442.5, 490, 494, 510,
560, 665, 670, 747,
753,772, 865, 1020, 2313
nm
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Polar + Geostationary synergy. AOD
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Polar + Geostationary synergy. AE
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Polar + Geostationary synergy. SSA

SSA 670nm all from S3+S5P+AHI

SSA 670nm S5p from S3+S5P+AHI
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Synergy effects:

- Enhanced number of observations from HIMAWARI observations
improves aerosol characterization from all satellites;

- The synergy retrievals for OLCl and HIMAWARI approach in the content
S5p/TROPOMI retrieval for all parameters including AE and SSA;

SYREMIS Synergy: TROPOMI + OLCI-A + OLCI-B + HIMAWARI
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Better surface BRDF and aerosol
sampling and atmosphere
signal separation!



VIIRS
VIIRS/DB AOD550 201903
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Computationally
expensive!

Observation definitit Forward model:

Simulates observations f(a®) for a
given set of parameters a®

Observation fefinition

Machine learning

ot deRaan:

Viewing geometry, spectral

Much faster!
’ (>100 times)

Numerical Inversion:

characteristics; coordii
Observations: f*

etc.

v

Stat. optimized fitting of f* by
fla®) under a priori constraints

Inversion settings:

A

- description of error Af*;
- a priori constraints

ok T S

Viewing geometry, spectral
characteristics; coordinates, etc.

Numerical Inversion:

Stat. optimized fitting of f* by <
fla®) under a priori constraints

v

Observations: f*

Inversion settings:

- description of error Af*;
- a priori constraints

ap-final

Retrieved parameters:
aP—describes optical properties
of aerosol and surface

ar- final

Retrieved parameters:
a®—describes optical properties
of aerosol and surface

Measured radiation

Atmosphere & surface
parameters

Takenaka et al. 2011




- AHI/GRASP vs MODIS AOD Comparison
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Full disk 2018 AERONET validation
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Measured radiation

parameters

Correlation, 2% residual filter

Atmosphere & surface

Takenaka et al. 2011
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HIMAWARI/ GRASP-NN 4 times faster

AOD510 on 2018-04-01_0100
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Takenaka et al. 2011

Measured radiation

Observation definition Machine Iearning
GRASP g &
& X

a? fla®), etc.
| heh /
" W ) 7[4 o T S
Viewing geometry, spectral | Numerical Inversion: Inversion settings:
characteristics; coordinates, etc. > stat. optimized fitting of f* by  description of error Af*;
Observations: f* flaP) under a priori constraints - a priori constraints
gP - final
Retrieved parameters:

aP—describes optical properties
of aerosol and surface

Goal: GEO/GRASP 100-1000
times faster

Atmosphere & surface
parameters
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The first look
from outer space

GAPMAP-0

launched 15 April 23



GAPMAP-0 has collected over 300 multi-angle, polarized
iImages since successful commissioning in August 2023

Captures include newsworthy aerosol events around the globe
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Shlkuan .Iln, et al. P Angle Number ~9 ~17
ccon Uncertainties  ~5%(I); ~0.02(DOLP) ~5%(I); ~0.02(DOLP)
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Transit Time ~13:30 Local Time ~10:30 Local Time
O Validation by AERONET and Comparison with MODIS DT, DB, and MAIAC
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- GF-5(01) GF-5(02)

Shikuan Jin, et al. GF-5(02) vs MODIS T b Ol 763,765, 365R 510
Spatial Resolution 3.3km (nadir) 3.3km (nadir)
e 3 otz Angle Number ~9 ~17
ccomy Uncertainties ~5%(1); ~0.02(DOLP) ~5%(I); ~0.02(DOLP)
Various aerosol properties for DPC/GF-5(02): AE OFC HardareConsrscin Field of View ~1850km ~1850km
Transit Time ~13:30 Local Time ~10:30 Local Time

O Preliminary comparison of global aerosol properties retrievals from DPC GF-5(02) and GRASP/Models with
MODIS, from January to February 2022 (2 months as an example)

DPC/GRASP MODIS/DT MODIS/MAIAC

DPC GRASP Models ‘: 3-865 Monthly January 2022

MODIS DT AE559()60 Monthly January 2022 MAIAC AE470-9%§ ) onthly January 2022

SR s 3.2 % : : . e 2.2

AE 443-865 AE 550-860 AE 470-780

» DPC/GRASP can obtain AE over land and different wavelength can also impact the AE.



Products Publications Documentation Register Contact Q

Dubovik et al. “A Comprehensive Description of Multi-Term LSM for Applying Multiple a Priori Constraints
in Problems of Atmospheric Remote Sensing: GRASP Algorithm, Concept, and Applications”, Front. Remote
Sens., 2021

Thank you for you attention !

By 2023
a total of 1369 users
in 69 countries

GRASP Adoption Level

N anm GRASP



POLDER past 3MI/EPS-SG and MAP/CO2 polarimeters
polarimetric missions: are to come in near future”

POLDER-1, -2, -3 MAP/CO2M 2025

08/1996- 06/1997
12/2003-09/2004

2004 - 2013
/
processed by <~ GRASP

e wwon W s Aerosol L2 operational
o products of EUMETSAT to be
based on GRASP algorithm

ICAP, 13th Technical Working Group Meeting, Darmstadt, Germany, November 8-10, 2023



Angular aspects of different observations

Single-view Multi-angular
radiometer polarimeter
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=. GRASP provides dynamic error estimations :

+ o, 20, 30

2012 0103P13 o
Con(a) = | 727 Error variances S
0301031 0302032 / S 34,1% 34,1%
e Aerosol and surface from the |, Q 25|

Example: PARASOL- Qo0

and U of POLDER/PARASOL like retrieval Qous)
simulations over Mongu

-1
/e‘
—— GRASP

0.05/
500 600 700 800 900 1000 500 600 700 800 200 1000

Wavelength [nm] Wavelength [nm]

|
I GRASP/HP (size distribution as 5 bins
1 simplification) simulated data: 2x2x30 pixels

e e e e pi, n(/\z)y k()\z), Csph7 h, BRD-Fiso, BRDFvol, BR-DFgeom and BPDF]




Synergy of polar orbiting satellites

OLCI/ Sentinel-3A and Sentinel-5p/ Synergy
Sentinel-3B TROPOMI

Orbit

Swath

Temporal overpassing/
measurements

Equator crossing time

Spatial Resolution

Spectral bands

~1270 km

GLOBAL,
Every 2 days

~10:00h

~300 m

9 spectral bans:
412.5,442.5, 490, 510,
560, 665, 753, 865, 1020
nm

Polar-Orbiting

~2600 km

GLOBAL,
Every day

~13:40h

~3.5x 5.5 Km,
SWIR: ~7 x 7 km

10 spectral bands:

340, 367, 380, 416, 440,
494, 670,747,772, 2313
nm

>~ 2600 km

GLOBAL,
Every day

~10:00h, ~13:40h
(few times per day)

~10km

19 spectral bands:

340, 367, 380, 412.5, 416, 440,
442.5, 490, 494, 510, 560, 665, 670,
747,753,772, 865, 1020, 2313 nm



SYREMIS/GRASP AE

AOD 550nm (Land)

OLCI SYREMIS vs OLCI GRASP product

AOD 550nm (Ocean)
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CONSLUSIONS from POLDER aerosol product analysis

2. Detailed properties - AE, fine /coarse AOD (land), SSA, AAOD are available
from MAP and generally not from MODIS like single- or bi- viewing images;

POLDER/ GRASP over and Ocean for 2004 — 2013 years (Chen et al., 2020)
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TROPOMI/GRASP

Surface products

10 wavelengths:

0.340 0.367 0.380 0.416 0.440
0.494 0.670 0.747 0.772 2.313

1. Spectral BRDF1 (land)

2. BRDF 2 and 3
parameters (land)

3. NDVI

4. Spectral water body albedo
(sealocean)

5. Spectral DHR, BHR_iso
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GF-5(01) GF-5(02)

: : S 443, 490P, 565, 670P, 443, 490, 565, 670P,
Shikuan Jin, et al. GF_S(OZ) VS MODIS — bends 763, 765, 865P, 910 763,765, 865P, 910
Spatial Resolution 3.3km (nadir) 3.3km (nadir)
e 3 otz Angle Number ~9 ~17
Various aerosol properties for DPC/GF-5(02): Differences in AOD S
Board 1eld o1 View = ot
I Hardmare Comirtion Transit Time ~13:30 Local Time ~10:30 Local Time

O Preliminary comparison of global aerosol properties retrievals from DPC GF-5(02) and GRASP/Models with
MODIS, from January to February 2022 (2 months as an example)

DPC-DT DPC-DB DPC-MAIAC

DPC - MAlé})g AOD January 2022

o8 DPC - MODI§ DB AOD January 2022

03

0.2

0.1

Jan.

DrC - MODISQE))° [ AOD February 2022

’ =
- A

84 -0.1

-0.2

-0.3

» The monthly AODs still show difference between different satellite aerosol products.
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Error images for POLDER data: Banizoumbou
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GRASP processing developments for agencies
EUMETSAT, ESA, CNRS, etc.

Single-, Bi-View Imagers MAP — Multi — Angular Polarimeters

/ \ / \

OLCI/S-3A 2016-| | TROPOMI/S-5P S-4 2024 MAP/CO2M 2026 -
OLCI/S-3B_ 2018- ,

3MI/MetOP-SG

=

Past mission Past mission

ENVISAT 2012-2012

MERIS
AATSR S ——
MERIS + AATSR s

POLDER-1, -2, -3

08/1996- 06/1997
12/2003-09/2004
2004-2013




POLDER AOD 550nm

probability

CONSLUSIONS from POLDER aerosol product analysis :

1. The baseline AOD products from MAP overall have higher, or at least, of
similar accuracy as AOD from MODIS — like instruments;

AOD(550) ] or 2008 year (Chen et al., 2020)
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Dubovik et al. (2021)

[ Main GRASP Applications ]

GRASP remote sensing developments
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Error images for POLDER data: Mongu
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POLDER/GRASP retrievals over 19 e — !

AERONET sites (2008 year)

Empiricaly quality assured results
(using residual , etc.)

I
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Correlation matrix:

Aerosol
parameters

al = ((r],m JC5; BRI, -+ ,RRI\; IRy, -+ IR, C
N

Corr(a) =

1 P12 P13
P21 1 P23
p31 pz2 1

Csphi N
sph

e

:BRDFiso; BRDFy01; BRDFgeom; BPDF)

e Example for POLDER/PARASOL-like retrievals

correlations

Surface
parameters




Synergy of polar orbiting satellites

OLCI/ Sentinel-3A and Sentinel-5p/ Synergy
Sentinel-3B TROPOMI

Orbit

Swath

Temporal overpassing/
measurements

Equator crossing time

Spatial Resolution

Spectral bands

~1270 km

GLOBAL,
Every 2 days

~10:00h

~300 m

9 spectral bans:
412.5,442.5, 490, 510,
560, 665, 753, 865, 1020
nm

Polar-Orbiting

~2600 km

GLOBAL,
Every day

~13:40h

~3.5x 5.5 Km,
SWIR: ~7 x 7 km

10 spectral bands:

340, 367, 380, 416, 440,
494, 670,747,772, 2313
nm

>~ 2600 km

GLOBAL,
Every day

~10:00h, ~13:40h
(few times per day)

~10km

19 spectral bands:

340, 367, 380, 412.5, 416, 440,
442.5, 490, 494, 510, 560, 665, 670,
747,753,772, 865, 1020, 2313 nm



CONSLUSIONS from POLDER aerosol product analysis :

3. Detailed properties - AE, fine /coarse AOD (ocean), from MAP generally
notably more accurate than from MODIS like instruments;

AE - Angstrom Exponent (440 — 870) for 2008 year (Chen et al., 2020) Lan d
POLDER/ GRASP MODIS/DT MODIS/DB
55 (b) GRASP/HP (Land) . s (d) MODIS/DT (Land) - (e) MODIS/DB (Land)
Y=0.654X+0.122 il ; ), :
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POLDER AE(440-870)
MODIS AE(470-660)
MODIS AE(470-660)

oo o s R=0772 0.0 E:/(I)Sé?g <o 0.0 —~ _,_~___.§.=65,.63 >
RMSE=0.425 e : RMSE=0.573

AERONET AE(440-870) AERONET AE(470-660) AERONET AE(470-660)



CONSLUSIONS from POLDER product analysis :

1. The baseline AOD, AE, fine /coarse AOD (ocean), products from MAP overall
have higher, or at least, of similar accuracy as AOD from MODIS — like

instruments;

2. Detailed properties - AE, fine /coarse AOD (land), SSA, AAOD are available from
MAP and generally not from MODIS like single- or bi- viewing images;

3. MAP algorithms are complex, and need specific tuning for different products:

- e.g., MAP algorithms provide - AE, fine /coarse AOD (land), SSA, AAOD but
struggle with issues in baseline AOD products.

1?

Overall, once retrieval fully optimized all parameters including—
AOD(land), AE, fine /coarse AOD (land), SSA, AAOD can be of
retrieved with unprecedented accuracy from MAP;




MAP Algorithm
studies:
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dv/din(p), pm3/um?

GRASP Chemical Component approach

Approximation by Log-Normals

>
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Fine mode
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2004-2013

4 products

Chen et al., 2020

Li et al., 2019, 2021, 2022
Zhang et al. 2021
Dubovik et al. 2021

POLDER-3/GRASP products

AOT (565) Angstrom SSA (670) Scale Height.

Winter 2009

Ocean and land

AEROSOL: AOD(A), AOD fine/coarse, Angstrom, SSA (A), AAOD (A)
aerosol height, spectral complex index of refraction, sphericity fraction.

SURFACE: land BRDF(A), BPDF(A)
ocean wind speed and water leaving radiances, etc.

Important features of GRASP retrieval:
- Globally the same initial guess for aerosol;
- Globally the same set of a priori constraints;
- No location specific assumptions;
- Retrieval on 6 km resolution, no averaging;
- Surface retrieved simultaneously
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spectral refractive index

of components,
GRASP/Component
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HarmOniZing G RASP and SRON'RemOTAP G RASP G. Fu, ..., O. Hasekamp presentation

GRASP/Component
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AOD 550nm (GRASP/Components)

AExp 440/870 (GRASP/Components)

Y=0.880X+0.021
—— R=0.923 RMSE=0.094
N=4074 GCOS=2215 (54.4%)
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on ESA HARPOL project
Process the same amount PARASOL data

SSA 550nm (GRASP/Components)

Y=0.895X-0.001
—— R=0.947 RMSE=0.064
N=2979 GCOS=2040 (68.5%) *

AODF 550nm (GRASP/Components)

AOD (550 nm)
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¥=0.738X+0.029
—— R=0.927 RMSE=0.076
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TROPOMI/GRASP AOD 416nm

TROPOMI/GRASP AOD 490nm
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ENVISAT/GRASP (2002-2012) ~ GRASP

ENVISAT vs MODIS
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Sentinel-3A/OLCI Chen et al., 2022, Rem. Sens. Environ

Ocean and Land Color Instrument (OLCI)
Onboard Sentinel-3A Single-viewing

Overpass: ~10 a.m. L.T. (descending node)
Bands: 412 — 1020 nm

OLCI/GRASP - product. (2018-2019)

GRASP/OLCI AOD550 201808

L1B RR -> Target 10km pixel aerosol and surface
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v AOD retrieval over ocean 1 yr validation with MAN/AERONET
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GRASP synergetic retrieval: ESA SYREMIS project

Satellites Description

OLCl/Sentinel-3A and - Polar-orbiting, global coverage
OLCl/Sentinel-3B - One observation per pixel
- Moderate spatial resolution
- Radiance measurements in VIS and NIR spectral range

TROPOMI/ - Polar-orbiting, global coverage
Sentinel-5p - Hyperspectral measurements in UV, VIS, NIR, SWIR spectral range
Himawari - Geostationary. Coverage area: Asia

- Every 15 min daily measurements
- Radiance measurements in VIS, NIR and SWIR spectral range

i. Multi-spectral ii. Multi- iii. Multi- iv. Multi -

SYREMIS Synergy VIS - NIR SWIR angular Polarization Temporal

S3A/OLCI +

S3B/OLCI + Quasi muItl-
TROPOMI + angular
HIMAWARI




Synergetic Satellite + AERONET retrieval with
GRASP

Satellite + Nearest AERONET TOD + Almucantar (or Combined Almucantar and Principal plane) measurements

SAT

Surface properties Aerosol properties mainly
mainly Principal Plane

Direct sun m
AOD /

+/-60 min +/—6 hours

Al e

A0 e

Conditions: ‘ New Possibilities:

1. Reasonable fit of measurements (less than 1. Validation tool for forward models of aerosol and
radiometric error). surface

2. Good cqrrespondence of the retrieved aerosol 2. Surface Reference Database for surface validation
properties with AERONET. 3. Instrument inter-calibration.

3. Instrument is well calibrated.
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TROPOMI AOD

TROPOMI SSA

Synergetic satellite +
retrieval: validation of aerosol models

AOD 550nm (TROPOMI/GROSAT)

AERONET

Y=0.995X+0.001

R=0.998 RMSE=0.015

T N=8228 GCOS=8157 (99.1%
Target=8228 (100.0%)

ESA GROSAT project:

Surface reference dataset Selected satellites

G @SAT
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AERONET AOD

SSA 440nm (TROPOMI/GROSAT)

Y=0.859X+0.117
R=0.802 RMSE=0.028"s.~, . :
T N=1341 Optimal=964:(71.9%)""
Target=1252 (93.4%) "> +* *

. ' 2

080 085 090

AERONET SSA

Satellite Resolution Product
S2/MSI 20 m BRDF, albedos
S3/0LCI 700 m; 10 km BRDF, albedos
PARASOL/ 6 km BRDF, BPDF,
POLDER albedos

S5p/ 0.1 deg BRDF, albedos
TROPOMI | (~10 km)

Surface Uncertainties
BRDF/albedos
Threshold Max (0.02 or 20%)
Target Max (0.01 or 10%)
GCOS (Optimal) Max (0.0025 or 5%)

Synergetic satellite + AERONET retrieval:
surface reference dataset

DHR (6 km - postfilter)

All wls: Y=0.933X+0.011, R=0.987, N=33576
RMSE=0.021, BIAS=-0.002
251 THR=90.1%, TGT=65.6%, OPT=33.8%

443nm: RMSE=0.012, BIAS=0.002

0.4 1565nm: RMSE=0.023, BIAS=0.015
670nm: RMSE=0.021, BIAS=-0.003
865nm: RMSE=0.026, BIAS=-0.011
2.3 {1020nm: RMSE=0.027, BIAS=-0.012 8- Al

i +

THR=92.3%, TGT=61.9%, OPT=18.8%
THR=90.2%, TGT=63.1%, OPT=29.6%
THR=73.7%, TGT=43.3%, OPT=21.8%
THR=89.3%, TGT=65.2%, OPT=37.8%
THR=97.2%, TGT=79.2%, OPT=46.1%
THR=98.0%, TGT=81.1%, OPT=49.0%

Surface from GRASP/PARASOL

0:2 0z3 0:4 0,‘5 0.6
Surface from synergetic retrieval
(PARASOL+AERONET)

www.grasp-sas.com/projects/grosat/

eodsociety.esa.int/projects/grosat



Advanced processing of ground-based
observations using GRASP

- combining observation during several days;

- combining day and night observations;
- combining passive (photometric) and active (lidar);
- combining ground-based and satellite observations;

- retrieving as many parameters as possible;
Expectations: more accurate and more complete validation data set

Multi-temporal multi-instrumental
retrievals concept

& : aerosol parameters inter-temporal é
smoothness conSTRAINs

Lopatin et al., 2013, 2021

lidar

AERONET

ACTRIS

Aerosols, Clouds and Trace gases
Research Infrastructure
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Correlation matrix for satellite retrieval : (POLDER illustration)

a"'_ ( iRRI,,--- ,RRI\;IRIy,, -+, IRI; C. ,, 1 BI?DF BRDF,BRDF BPDF

e.g., correlations
between surface
and aerosol
parameters

aerosol

surface




