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Towards (Aerosol) Retrieval Consistency and Continuit
across 2 MODIS + 3 VIIRS

Robert C. Levy. (NASA Goddard Space Flight Center)

Towards a consistent global aerosol product using the Dark Target retrieval algorithm
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“C7” and beyond
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(An update on GSICS presentation in March 2


https://darktarget.gsfc.nasa.gov/

Why do we care about aerosols?




Why do we care about aerosols? (Bonus)




Dark Target (DT) Aerosol retrieval Algorithm

What a sensor observes Attributed to aerosol (AOD)
May 4, 2001; 13:25 UTC May 4, 2001; 13:25 UTC A Establishedby
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Remer, et al (1997)
A Modified by Remer,
Levy, Gupta,
Sawyer, Shi et al
(2005, 2010, 2013,
2015, 2020, etc.)
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A Retrieves AOD at 0.5%rm, spectral AOD (AE), cloutbaredreflectances diagnostics,
Quality Assurance and Confidence




20+ years of MODIS: Terra vs Agua time series
__AOD: May 20
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® Terra C6.1
® Aqua C6.1

A Collection 6.1 algorithrmo visual difference between Terra and Aqua globes
A Time series indicates Terra offset high compared to Aqua by about 0.015%)

A Both within expected uncertainties

A Small calibration adjustments of 2% or less might help, but requires doing all wavelen
bands and maybe also tirdependence 5



1°trends: Terra and Aqua agree!
AOD over 20 yearsI July 2092uly 2022 (drifts not Iarge yet)

(

"“Terra (lO 30, Descendl

AOD change per year where p < 0.01 AOD change per year where p < 0.01
«Er > «Er | g

-0.010 -0.006 -0.002 0.002 0.006 0.010 -0.010 -0.006 -0.002 0.002 0.006 0.010

Data Min = -3.213, Max = 3.307, Mean = 0.000 Data Min = -0.807, Max = 1.311, Mean = 0.001

Slope of the linear regression for eachX°I NA R OSft 6 LI
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month-to-month progression gives the illusion of a trend

Note 2: However, seasonal trends (e.g. Winter, Spring, Summer and Fall) each show consistency too.

Note 3: After 2022, Terra and Aqua are drifting in orbits, so becoming unstable for longer trends.

Note 4. All overland and neaicoastline trends fit expectation. Why the southern hemisphere ocean trends?




Global Climate Observing System (GCOS)
requirements forAerosol Optical Depth (AOD)
climate data record (CDR):

Horizontal Resolution  5-10km, globally

Accuracy MAX(0.03or 10%)

Stability/ bias <0.01/ decade

Time Length 30+ years

Temporal Resolution |4 h

} MODIS data record

P
\, EXTEND with VIIRS

EXPAND with GEO and otl
platforms

Focus on VIIRS today



Extendrecord with VIIRS (Visibldlear Infrared Radiometer Suite)

MODIS on Aqua (¢, 2002)IIRS on SuoaiPP (c.2011)

2000a MODISA 2026

A With MODIS endlng before 30 years, we need
continuity provided by similar instrument = VIR EREEEERIEEEE  RERRRY 200

Ported DT algorithm from MODIS to VIIRS s sNPPw20

““““““““““ ® NOAAT 2

A Multiple VIIRS in orbit. VIIRS V2.0 products agzadRmy SRsChREE; dik i

with MODIS C6.1 t60.02 in AOD units. VTRV Y T TRy A

A' RRAGAZ2Y It xLLw{ &asSya
into at least the late 2030s, thus satisfying the
multi-decadal needs of GCOS. Sawyer et al., 2025 (VIIRS V2.0)



Consistency of Dark Target AOD-Yéar Trends (SNPP vs Aqua):
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-0.006 -0.002 0.002
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A Some places, the gear trends may be different than a@ar trends (of MODIS).
A Overall, SNPP sees the same world as Terra / Aqua (except for southern midlatitude ocean?)

Sawyer et al., 2025 (VIIRS V2.0)



Regional trends (picking some 18 10 boxes)

>, WesternCanada  ® TeraC6.1

~ EasternChina  ® TerraC6.l
* Aqua Cél1l

1.2

~ * AquaCe.l
. 9 BSNPP V2.0
~ ® NOAAT 2

0.8

0.4

0 Mean 0.55mrm AOD

A Wildfiresin western Canada drive
variability. Autumn/winter flat.

A Reductionsseen in Eastern U.S. due
to policy regarding emission8ut no
trend during SNPP lifetim&pike in
2021 due to fires

A Coherentinterannual change in
eastern Chinastrong decrease

Sawyer et al., 2025 (VIIRS V2.0) during SNPP period.




MODIS C6.1 vs VIIRS 2.0

A Overall tendencies are
consistent.

A All AODs withirt 0.02is to
MODISAqua but....

A SNPP > Terra > Aqua > N20
A And total range 0#0.05

AndoHH Q& nodmMT 4
for understanding climate

A Can we do better?



To To Do Io Do Do o
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https://atmosphereimager.gsfc.nasa.gov/collections/overview

Satellite /
Collection #

C007 begins 2026 C007 TIER2 C007 TIER1 Co07 TIER 3

C006 released 2014 X C006
C005 released 2005 xco05 |

C001 released 2000,
2000/ 2001|2002 2003 | 2004 | 2005 2006| 2007|2008 2009|2010/ 2011|2012|2013|2014|2015/2016/2017 2018 2019|2020

C003: Provisional for both Terraand Aqua A Tier #1 = 2008 to 2018 (pending release from LABBAC)

I nnnyY CANBG &AIYyATA Ok Vigr#Bbedinninglofimisdoyt througim 2007 dafter Tier #1)
| nnpY CANBG NBIFf &aOA Sigrd$=<201® to enrdfprission (after Tiers #1 and #2).
CO051: Some calibration and bug fix (2008) A Tiers dependent on funding support and schedule.

C006: Major upgrades to science (2013) A Maybe a C071 for bug fixes if necessary before end of Terr:
C061: updates to the L1B. (2017) and Aqua missions. (depends on funding/support)12



https://atmosphere-imager.gsfc.nasa.gov/collections/overview
https://atmosphere-imager.gsfc.nasa.gov/collections/overview
https://atmosphere-imager.gsfc.nasa.gov/collections/overview
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Individual teams update when ready

Satellite /
Version #

NOAA20
NOAA21

V3.0 in development
V2.2 delivered 2026 V022 for NPP, NOAA20 and NOAA21

v2.0 released 2024 V002 for SNPP and NOAA20

MODIS-like (IFF)

A
A
A
A
A
A

2012)2013|2014/2015/2016 2017|2018 2019 (2020

MODISlike (IFF): Intermediate File Format/3.0: Above cloud aerosol retrieval: TBD

V1: |Initial delivery A Assuming end of SNPP record

x;cl) ig(éngNaob:XVZ'ﬂgOrrectlon Idsstje A TBD whether funding to work on JPSS4 and JPSS3
- > , many upaates A TBD whether can use to reprocess SNPP

V2.1. Adds NOAAZ21, cresalibration, etc. . .
V2.2: Adds coastal retrieval, mitigates A TBD continued operation of NOAA20 and NOAA21

impact of new cloud mask
13



MODIS C6.3 C7 : VIIRS V2AV2.1A V2.2

Algorithm improvements common to both streams

A Highresolution 3x3 reeband cloud masking over ocean (250 m for
MODIS, 375band for VIIRS)

A Logfit to lookup table when AOD < 0.2 (disallows negative AOD)
A Detect (and retrieve) dust using nepherical model over ocean

A Update formulas for Surface Reflectance Parameterization (SRP) ov:
land that estimates Blue, Red & SWIR2.%2 bands via NDVI, Urban
Percentage & Angles. Now same formulas for both MODIS and VIIR

Al asa al YS akHymetedrdopiddlanalybes.h {
A{I'YS ¢ 2NRARE O YAOSNBAGE 2F 2 A&
A Bug fixes as needed



MODIS C6.3 C7 : VIIRS V2AV2.1A V2.2

Algorithm updates that are separate

MODIS C6.A C7 (MxD04_L2) VIIRS V2.8, V2.1A V2.2 (AERDT L2)
A Products are in NetCDF4 (to match VIIRS) A SDS names exactly match MODIS C7
A DTonly SDS names, groups, and metadata are A Does not need a calack to retrieve heavy

simplified (to match VIIRS) surfacelevel aerosol over Asia
AwSIRa& Ay 4SYdANBEé 3INI Rdgses uddad wWisbahslaRcohtivuity Goti
masking (to match VIIRS) Mask

AbS6 GOKtt obOl¢ UmveNdENASHREIES] Bf & dNFI OS
aerosol over eastern Asia _ _

AlT [m. FTAfSa AyOf dRS éé{%rﬁdﬁ"ﬁf hranqn.beiween V29 and

A Uses C7 Wisconsin Cloud mask (3 tests for N ) "
clouds + other tests for Dust Detection A Deep Blue (DB) retrievals remain in

A588L) . €dS 65. 0 NBGNRSgSgograe glyeq{]AEsRP%) ?r&d nQ QTER P&

remain in same MxD04 L2 file provided € aerosol teams.
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C6.1 = zmwe==MODIS: April 2005_—=mmiime==. 7

QA-Filtered Aerosol Optical Depth QA-Filtered Aerosol Optical Depth
L | T aaeaasem———— | 4 | aaeeaaaae———— | 4
-0.05 0.16 0.37 0.58 0.79 1.00 -0.05 0.16 0.37 0.58 0.79 1.00
0.55 pm AOD, Land surface reflectance =TS — L 0.55 um AOD, Ocean
N: 67945 parameterization S RO ey identification "
| Bias: 0.009 ‘ — | Bias-o.001
R2: 0.99 I~ ¥ R20.966
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contamination over S retrievals [ —— n—
1 10 égﬂocl?eogmunt 100000 Southern Ocean < Difference in QA-Filtered Aerosol Optical Depth > now positive Collocated Count
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X-calibration Coefficients in DT algorithm
(MODISAquaA VIIRS). Not applied to MODIS

X-calibration Coefficient

Band Pair [nm] [1] Lyapustiret al. (2023), [2] Meyer et al. (2020), [3] Wang et al. (AGU 2(
[1] [2] [1] [2]
VIIRS MODIS AQUA/SNP| AQUA/SNPI AQUA/N20| AQUA/N20
478-488 459¢ 479 0.98 - 1.03 -
545-565 545¢ 565 0.98 - 1.04 -

662- 682 620¢ 670 0.98 1.02
846- 885 841¢ 876 0.97 1.01

1230- 1250 1230¢ 1250 - : -

1580- 1640 1628¢ 1652

2225-2275 2105¢ 2155




VIIRS DT AOD Changes : V2.2 vs V2.1 vs V2.C

SNPP v2.1 - v2.0, 0.6° average, 2025-November SNPP v2.2 - v2.1, 0.6° average, 2025-November VIIRS SNPP v2.2 AOD 0.6° average: 2025-November
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VIIRS NOAA21 v2.2 AOD 0.6° average: 2025-November

“aA0D] (550 nm)

Key Changes in V2.Xcal SRP over lands
- Decreased SNPP over land
- Increased NOARO everywhere

V2.2 Logfit, Coastal retrieval
- Increased nearero AOD over land

"d[AOD) 550 nm] ‘ ’ AOD [550 nm]




X-Cal applied reduces overall bias
NOAA20 vs SNPP

V2.0 N2BSNPP (Before-galibration) V2.1 N2GSNPP (After Xalibration)

NOAA20v21 - SN 0.6° average, 2025-November

0.025

-0.025 0.000
d[AOD] [550 nm]

Overall offsets much closer to zero!
Differences are primarily due to cloud positions?

Courtesy Mijin Kim



Changes Iin

relationship
before and after Aqua drift

V2.1 vs Aqua C6.1: November 2019 (before Aqua d V2.1 vs Aqua C6.1: November 2025 (1.5 hours apa

SNPPv21 - AQUACc61, 1.0° average, 2019-November

S i Rk rils % s o
- Land 0.026, Ocean 0.008

41A0D) (550 nm]

NOAA20v21 - AQUAc61, 1.0° average, 2019-November

A 3. - et o gl o
“Land 0.018, Ocean 0.001

d[AOD] [550 nm]

SNPP v21

NOAA20 v21

AOD comparision

1.0° average for 2019-November
7

—— y=0.84x+0.03
Within EE: 96.48%
Number of points: 37666
R?=0.69

RMSE = 0.04
Bias: 0.01

01
AQUA c61

AOD comparision

" 1.0° average for 2019-November

— y=0.84x+0.03
Within EE: 97.01%
Number of points: 37654
R?=0.73

RMSE = 0.04
Bias: 0.00

SNPPv21 - AQUAC61, 1.0° average, 2025-November

*Land 0.029, Ocean 0.021

e

B B

*” 41a00) (550 nm)

NOAA20v21 - AQUAc61, 1.0° average, 2025-November

\ BN

Land 0.023, Ocean 0.016

-

—

d[AOD] [550 nm]

SNPP v21

NOAA20 v21

AOD comparision
1.0° average for 2025-November

— y=0.97x+0.03
Within EE: 94.71%
Number of points: 37522
R?=0.68

RMSE = 0.04
Bias: 0.02

01
AQUA c61

AOD comparision

" 1.0° average for 2025-November

— y=0.95x+0.02
Within EE: 95.97%
Number of points: 37529
R?=0.72

RMSE = 0.04
Bias: 0.02

01
AQUA c61
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Monthly Mean AOD De¢ Seasonalized

Global Average AOD Over Ocean: C7 and v2.2 Deseasonalized AOD Over Ocean: C7 and v2.2

0.18
0.04

£oym AOD
AOD

Mean 0.55

0.10

Mean 0.55

® NOAA-20 ® NOAA-20
°* NOAA-21 e NOAA-21

2025 ] 2025

-0.04

Global Average AOD Over Land: C7 and v2.2

i

® Aqua * NOAA-20
SNPP * NOAA-21

2010 . 2025
T

Mean 0.55um AOD
0.10 015 0.20° 0.25 0.30

Mean 0.55um AOD

=002 "0.02

°* NOAA-20
°* NOAA-21

2025

-0.06




MODIS C7 vs VIIRS 2.2

A Overall tendencies are even more consistent!
A All AODs withirt 0.01-ish!

A We are doing much better!!!

A Note, no XCal applied to MOD{®erra

A What about trends: Are we getting more similar?



ConS|stency of Dark Target AOD-Yéar Trends (20122025)

A AOD per year where p < 0.05

4E | | . | . . >

-0.010 -0.006 -0.002 0.002 0.006 0.010

{f2LS 2F GKS fAYSFNI NBINKaarzy o6KS
A They are truly seeing the same world!

A siill curious about the southern ocean?? Next steps look into higher complex products (e.g. fine mode
fraction, trends in cloud fraction, etc. seasonal cycles, etc.) . Ideas here from CERES team?

Al grFrAO0AY3 FdzZNIKSNJ ah5L{ a¢ASNE LINROS&aaAay3d G2 3




Summary

A The Dark Target (DT) aerosol retrieval algorithm is a validated, robust algorithm that
began with MODIS but can be run on imagers including VIIRS (to create 30+ year recor

A We are currently running MODIS C6.1 and VIIRS V2.1. The retrieved AODs are relative
consistent with each other, but overall AOD spread for given mort0.G5.

A We have delivered codes for MODIS C7 and VIIRS V2.2 which are producing products
but not released yet hopefully by this summer? C7 and V2.2 have many
improvements including upstream L1B, cloud maskaloration, bug fixes, and QA
filtering.

ALYAGAFE O2YLI NRaz2ya oAGK G¢ASNI mé ah5L
+0.02 in a given month. Offsets are reduced enough so that we have more confidence
in splicing datasets to achieve 30+ years.

A Further improvements to MODIS and VIIRS aerosol products and consistency are
pending funding and support.



Some questions?

AL g2dzZ R tA1S G2 1y26 Y2NB [o62dzi GKS
southern oceans.

A Assuming that we now have sufficient confidence in overall AOD, can we work
towards consistency in retrieving spectral AOD and fine mode fraction?

A We only are showing Dark Target products here. Can we get similar
consistencies with Deep Blue? With other aerosol products, models, and
groundmeasurements?

A With C7 and V2.2 (or better), how much can aerosol explain observed
variability and trends in CERES data?

ACKAY1TAY3 02dzi 2SAa0SNRIFIe&Qa RA&aOdzaaAa
consistency with an offhe-shelf, lowcost imager in space? Even if it had all
the spectral and spatial capabilities of a MODIS or VIIRS?



Dark Target (DT) Aerosol Retrieval Project

One algorithm + many sensora# daylight globe

“C7” and beyond

https:/ladsweb.modaps.eosdis.nasa.g https://darktarget.gsfc.nasa.gov =

ov/missionsand
measurements/applications/geoleo/ @)




