
Updates to the Dark Target products:        

(and MODIS/VIIRS consistency)

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

And contributions from many, many folks 
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MODIS (envisioned in the 1980s)
MODerateresolution Imaging Spectroradiometer

Many improvements compared to AVHRR

Å Spectral / Spatial resolution

ï36 bands (0.4 ς14 mm)

ï250 m, 500 m, 1 km

Å Swath width / Temporal Resolution

ïSwath = 2300 km

ïNear-daily with gaps in equator 

ïOverlaps at poles

ï16-day repeat cycle

Å System of calibration and orbit tracking

ïCalibration on board and to surface targets

ïContinuous orbit maintenance

Å /ƻƳǇƻƴŜƴǘ ƻŦ b!{!Ωǎ άƳƛǎǎƛƻƴ ǘƻ ǇƭŀƴŜǘ 9ŀǊǘƘέ Τ ŀ 
ŦƭŜŜǘ ƻŦ ǎŀǘŜƭƭƛǘŜǎ ŀƴŘ ǎŜƴǎƻǊǎ ƪƴƻǿƴ ŀǎ έ9ŀǊǘƘ 
hōǎŜǊǾƛƴƎ {ȅǎǘŜƳέ ό9h{ύ

Å MODIS on Terra (since 2000) and Aqua (2002). End 
of missions later in 2026. 

Å Terra is AM orbit (10:30), Aqua is PM (13:30)

Å {ƛƴŎŜ нлнмΣ ƻǊōƛǘǎ ƘŀǾŜ ōŜŜƴ άŘǊƛŦǘƛƴƎέΦ !ǎ ƻŦ WǳƴŜ 
2026, each are nearly 2 hours closer to dawn/dusk

(Salomonson, Barnes, et al,  1989)



Dark Target Aerosol retrieval Algorithm

May 4, 2001; 13:25 UTC
[ŜǾŜƭ м άǊŜŦƭŜŎǘŀƴŎŜέ

What a sensor observes

OCEAN 

GLINT

LAND

May 4, 2001; 13:25 UTC
[ŜǾŜƭ н άǇǊƻŘǳŎǘέ

AOD
1.0

0.0

Attributed to aerosol (AOD)

Å Establishedby 
Kaufman, Tanré, 
Remer, et al (1997)

ÅModified by Remer, 
Levy, Gupta, 
Sawyer, Shi et al 
(2005, 2010, 2013, 
2015, 2020,  etc.)
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DT

Å Requires:  hōǎŜǊǾŀǘƛƻƴǎ ƻŦ ǎǇŜŎǘǊŀƭ ǊŜŦƭŜŎǘŀƴŎŜ ƛƴ ǎŜƭŜŎǘŜŘ ōŀƴŘǎ ōŜǘǿŜŜƴ έōƭǳŜέ ŀƴŘ 
ά{²Lwέ ǿŀǾŜƭŜƴƎǘƘǎ όƻǘƘŜǊ ōŀƴŘǎ ƘŜƭǇ ǿƛǘƘ ŎƭƻǳŘκǎǳǊŦŀŎŜ ƳŀǎƪƛƴƎ ŀƴŘ ŦƛƭǘŜǊƛƴƎύ

Å Retrieves: AOD at 0.55 mm, spectral AOD (AE), cloud-cleared reflectances, diagnostics, 
Quality Assurance and Confidence



ah5L{ 5ŀǘŀ ά/ƻƭƭŜŎǘƛƻƴǎέ
Each time, we re-process back to beginning of mission
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Å C001: Initial algorithms at Terra launch

Å C003: Provisional for both Terra and Aqua

Å /ллпΥ  CƛǊǎǘ ǎƛƎƴƛŦƛŎŀƴǘ άǾŀƭƛŘŀǘƛƻƴέ όнллоύ

Å C005:  Overhaul of algorithm (2005)

Å C051:  Some calibration and bug fix (2008)

Å C006:  Major upgrades to science (2013)

Å C061: updates to the inputs/calibration.  (2017)

C007:  L1B, Science, formats!:  MID 2026????

Å Upgrades to science/algorithm, Level 1B/calibration and 

new file formats. 

Å aŀȅōŜ ƭŀǎǘ άŎƻƭƭŜŎǘƛƻƴέ ōŜŦƻǊŜ ¢ŜǊǊŀ ŀƴŘ !ǉǳŀ ŜƴŘ ƛƴ нлнтΦ 

Å Hopefully, at least one more (a C071?) ςpending funding 
support and NASA direction. 

https://atmosphere-imager.gsfc.nasa.gov/collections/overview

https://atmosphere-imager.gsfc.nasa.gov/collections/overview
https://atmosphere-imager.gsfc.nasa.gov/collections/overview
https://atmosphere-imager.gsfc.nasa.gov/collections/overview


ÅWith same Collection 6.1 algorithm, no visual difference between Terra and Aqua

ÅTerra offset high compared to Aqua by about 0.015. 

ÅYet, both within expected uncertainties

ÅSmall calibration adjustments of 2% or less might help, but requires doing all wavelength 
bands and maybe also time-dependence 5

20+ years of MODIS: Terra vs Aqua time series (with C6.1)

Aqua

Terra

AOD: May 2023



1° trends: Terra and Aqua agree!

Terra (10:30, Descending) Aqua (13:30, Ascending)

AOD over 20 years.       July 2002 ςJuly 2022 (drifts not large yet)

Slope of the linear regression for each 1°×1°ƎǊƛŘ ŎŜƭƭ  όǇƭƻǘǘŜŘ ǿƘŜǊŜ Ǉ Җ лΦлмύ
Å Terra and Aqua agree on regions that show significant increase or decrease in AOD over time!
Å Note1:ǎƛƳǇƭŜ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ Ƙŀǎ ƭƛƳƛǘŀǘƛƻƴǎΣ ŀƴŘ ǘŜƳǇƻǊŀƭ ŀǳǘƻŎƻǊǊŜƭŀǘƛƻƴ Ƴŀȅ ƳŀƪŜ ǘƘŜǎŜ ǊŜǎǳƭǘǎ άƻǾŜǊŎƻƴŦƛŘŜƴǘέ ǿƘŜǊŜ 

month-to-month progression gives the illusion of a trend
Å Note 2:  However, seasonal trends (e.g. Winter, Spring, Summer and Fall) each show consistency too. 
Å Note 3:  After 2022, Terra and Aqua are drifting in orbits, so becoming unstable for longer trends. 
Å Note 4:  All over-land and near-coastline trends fit expectation.    Why the southern hemisphere ocean trends?



MODIS

ÅCurrently, data are Collection 61 (C61)
Å¢ƻǿŀǊŘǎ ά/ƻƭƭŜŎǘƛƻƴ тέ ό/ллтύ
ïLevel 2: Modernize to NetCDFClimate and Forecast file format and 

metadata conventions
ïUpdated L1B calibration, cloud masking, and science
ïLevel 3:  Looks much as does now (e.g. 1° x 1° grids at daily, 8 day and 

monthly). 
ïContinued validation and documentation
ïJoint with Deep Blue:  Deep Blue now does also over oceans

ÅάƭŜƎŀŎȅέ ŀǎ ah5L{ Ƴƛǎǎƛƻƴǎ όōƻǘƘ ¢ŜǊǊŀ ŀƴŘ !ǉǳŀύ ŜƴŘ ǎƻƳŜǘƛƳŜ 
in 2026) 
ïHow does orbital drifting (since 2022) impact long term record (e.g., 

sampling of clouds, high latitudes, sun angles, etc.) 
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DŜƻƳŜǘǊȅ άǎŀƳǇƭƛƴƎέ ŘǊƛŦǘƛƴƎ ŦƻǊ ah5L{ ƻƴ !ǉǳŀ
(Valid DT retrieval when SZA < 78°)

MODIS/VIIRS Atmo. Discipline Virtual Mtg. May 2023 8

Solar Zenith Angle: Mean

April 2020: 13:35 April 2026: 15:21

https://atmosphere-imager.gsfc.nasa.gov/product/standard/monthly



Global Climate Observing System (GCOS) 
requirements for Aerosol Optical Depth (AOD) 

climate data record (CDR):
Targetmetric Target

Horizontal Resolution 5-10km, globally

Accuracy MAX(0.03or 10%)

Stability/ bias <0.01/ decade

Time Length 30+ years

Temporal Resolution 4 h

extendandexpandMODIS
data record}

}

}

MODIS data record



Extendrecord with VIIRS (Visible-Near Infrared Radiometer Suite)

VIIRS on Suomi-NPP (c. 2011)MODIS on Aqua (c. 2002)

ÅWith MODIS ending before 30 years, we need 
continuity provided by similar instrument = VIIRS.             
Ported DT algorithm from MODIS to VIIRS

ÅMultiple VIIRS in orbit.  VIIRS V2.0 products agree 
with MODIS C6.1 to ±0.02 in AOD units.

Å!ŘŘƛǘƛƻƴŀƭ ±LLw{ ǎŜƴǎƻǊǎ ǘƻ ƭŀǳƴŎƘ bh!!Ωǎ Wt{{пκо 
into at least the late 2030s, thus satisfying the 
multi-decadal needs of GCOS. 

2000 ă MODIS Ą 2026
2011 ă VIIRS Ą 2030+

March 2015
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{ƭƻǇŜ ƻŦ ǘƘŜ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ǿƘŜǊŜ Ǉ Җ лΦлмΣ ōǳǘ ƻƴƭȅ мл ȅŜŀǊǎ ŦǊƻƳ нлмн-2022. 
Å For 10-year record, half as much data = fewer grid cells meet a given significance threshold, but generally 

sharper slopes where they do
Å Some places, the 10-year trends may be different than 20-year trends. 
Å Overall, SNPP sees the same world as Terra / Aqua (except for southern midlatitude ocean?) 

Consistency of Dark Target AOD 11-Year Trends (SNPP vs Aqua):

MODIS-Aqua VIIRS-SNPP
2012-2023



Regional trends (picking some 10° x 10° boxes) 

ÅWildfiresin western Canada drive 
variability.  Autumn/winter flat. 

ÅReductionsseen in Eastern U.S. due 
to policy regarding emissions. But no 
trend during SNPP lifetime.Spike in 
2021 due to fires

ÅCoherentinterannual change in 
eastern China, strong decrease 
during SNPP period. 
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±LLw{ ά±ŜǊǎƛƻƴǎέ
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Å MODIS-like (IFF): Intermediate File Format
Å V1:   Initial delivery
Å V1.1:  Fixing a bowtie-correction issue
Å V2.0:  Adds NOAA20, many updates
Å V2.1:  Adds NOAA21, cross-calibration, etc.
Å V2.2:  Adds coastal retrieval, mitigates 

impact of new cloud mask (mid 2026)

V3.0:  Above cloud aerosol retrieval: TBD

Å Assuming end of SNPP record

Å TBD whether funding to work on JPSS4 and JPSS3

Å TBD whether can use to reprocess SNPP

Å TBD continued operation of NOAA20 and NOAA21



MODIS C6.1 ĄC7   :   VIIRS V2.0 ĄV2.1 ĄV2.2
Algorithm improvements common to both streams

ÅHigh-resolution 3x3 red-band cloud masking over ocean (250 m for 
MODIS,  375 I-band for VIIRS)
ÅLog-fit to lookup table when AOD < 0.2 (disallows negative AOD)
ÅDetect (and retrieve) dust using non-spherical model over ocean
ÅUpdate formulas for Surface Reflectance Parameterization (SRP) over 

land that estimates Blue, Red & SWIR2.½ bands via NDVI, Urban 
Percentage & Angles. Now same formulas for both MODIS and VIIRS. 
Å¦ǎŜǎ ǎŀƳŜ άŀƴŎƛƭƭŀǊȅέ D9h{-IT meteorological re-analyses. 
Å{ŀƳŜ έ¸ƻǊƛέ ό¦ƴƛǾŜǊǎƛǘȅ ƻŦ ²ƛǎŎƻƴǎƛƴύ ŀƎƎǊŜƎŀǘƛƻƴ ŦƻǊ [ŜǾŜƭ о ǇǊƻŘǳŎǘ
ÅBug fixes as needed



MODIS C6.1 ĄC7   :   VIIRS V2.0 ĄV2.1 ĄV2.2
Algorithm updates that are separate

MODIS C6.1 ĄC7 (MxD04_L2) 

Å Products are in NetCDF4 (to match VIIRS)

Å DT-only SDS names, groups, and metadata are 
simplified (to match VIIRS)

ÅwŜŀŘǎ ƛƴ άŜƴǘƛǊŜέ ƎǊŀƴǳƭŜ ŦƻǊ ŎƭƻǳŘ ŀƴŘ ƻǘƘŜǊ 
masking (to match VIIRS)

ÅbŜǿ άŎŀƭƭ ōŀŎƪέ ǘƻ ǊŜǘǊƛŜǾŜ ƘŜŀǾȅ ǎǳǊŦŀŎŜ-level 
aerosol over eastern Asia

Å/т [м. ŦƛƭŜǎ ƛƴŎƭǳŘŜ άǎƻƭŀǊ ŜŎƭƛǇǎŜ ŦƭŀƎέ

Å Uses C7 Wisconsin Cloud mask (3 tests for 
clouds + other tests for Dust Detection 

Å5ŜŜǇ .ƭǳŜ ό5.ύ ǊŜǘǊƛŜǾŀƭǎ ŀƴŘ 5.κ5¢ άƳŜǊƎŜέ 
remain in same MxD04_L2 file

VIIRS V2.0 Ą V2.1 Ą V2.2 (AERDT_L2)

ÅSDS names exactly match MODIS C7 

ÅDoes not need a call-back to retrieve heavy 
surface-level aerosol over Asia

ÅUses updated Wisconsin Continuity Cloud 
Mask 

ÅFixes QA-Filtering  bug

Å Introduces X-calibration between V2.0 and 
V2.1. 

ÅDeep Blue (DB) retrievals remain in 
separate file (AERDB) and no DT/DB merge 
provided by the aerosol teams. 



C6.1 C7

High 
outliers 
reduced

hǾŜǊŀƭƭ ά!ƭƎƻǊƛǘƘƳ ¦ǇŘŀǘŜǎέ
MODIS: April 2005

nearly 
unchanged 
distribution



X-calibration Coefficients in DT algorithm
(MODIS-Aqua ĄVIIRS).  Not applied to MODIS

Band Pair [nm]

X-calibration Coefficient

[1] Lyapustinet al. (2023), [2] Meyer et al. (2020), [3] Wang et al. (AGU 2024)

[1] [2] [1] [2] [3]

VIIRS MODIS AQUA/SNPPAQUA/SNPP AQUA/N20 AQUA/N20 AQUA/N21

M3 478 - 488 B3 459 ς479 0.98 - 1.03 - 1.06

M4 545 - 565 B4 545 ς565 0.98 - 1.04 - 1.08

M5 662 - 682 B1 620 ς670 0.98 0.95 1.02 1.00 1.02

M7 846 - 885 B2 841 ς876 0.97 0.97 1.01 1.01 1.02

M8 1230 - 1250 B5 1230 ς1250 - 0.99 - 1.02 1.04

M10 1580 - 1640 B6 1628 ς1652 - 0.98 - 1.02 1.07

M11 2225 - 2275 B7 2105 ς2155 - 0.97 - 0.99 1.00

Courtesy Mijin Kim



V2.0 N20-SNPP (Before X-calibration)

X-Cal applied reduces overall bias
NOAA20 vs SNPP

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

Courtesy Mijin Kim

V2.1 N20-SNPP (After X-calibration)



Initial comparison of MODIS C7 and VIIRS V2.2
(Note only 2008-2018 data processed for MODIS)
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Ocean

Land

Monthly Mean AOD De ςSeasonalized



{ƭƻǇŜ ƻŦ ǘƘŜ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ǿƘŜǊŜ Ǉ Җ лΦлмΦ 
Å They are truly seeing the same world!  
Å Still 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?
Å !ǿŀƛǘƛƴƎ ŦǳǊǘƘŜǊ ah5L{ ά¢ƛŜǊέ ǇǊƻŎŜǎǎƛƴƎ ǘƻ Ǝƻ ōŀŎƪ ǘƻ нллнΦ 

Consistency of Dark Target AOD 17-Year Trends (2012 - 2025)

SNPP only Splice NOAA20 with Aqua (3/2018)3/2012-3/2025



MODIS and VIIRS are in Low-Earth-Orbit (LEO)
But LEO cannot observe diurnal or rapid aerosol changes! 

From:  Zhang, Y., Yu, H., Eck, T. F., et al, (2012). Aerosol daytime variations over North and South 
America derived from multiyear AERONET measurements, J. Geophysical Research. 

Smoke from GOES-East

https://www.nesdis.noaa.gov/news/noaa-satellites-tracked-historic-
levels-of-harmful-smoke-impacting-millions-the-eastern-us

https://www.nesdis.noaa.gov/news/noaa-satellites-tracked-historic-levels-of-harmful-smoke-impacting-millions-the-eastern-us
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22Animations from:  https://arset.gsfc.nasa.gov

Expand! DT Algorithm can be applied to GEO sensors!

https://arset.gsfc.nasa.gov/
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DT can be applied to many sensors at same time!



XAERDT: A joint GEO-LEO aerosol product
! b!{! άMeASUREsέ όaŀƪƛƴƎ 9ŀǊǘƘ 5ŀǘŀ ¦ǎŜŦǳƭ -2017) project

ÅUses DT-ΨǇŀŎƪŀƎŜΩ
ÅLevel 2: 7 Individual sensors
ÅMODIS on Terra & Aqua
ÅVIIRS on S-NPP & NOAA20
ÅABI on GOES-East & GOES-West
ÅAHI on Himawari (10 km)
ÅAODs, reflectance, QA

ÅLevel 3: 
Å30-minute intervals
ÅGlobal 0.25° x 0.25° grid
ÅMerge: Combines all sensors

Level 2 and Level 3 data for 2019-2022 available! 
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/

https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/applications/geoleo/
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MODIS_Terra

MODIS_Aqua

VIIRS _SNPP

AHI_H08

ABI_G17

ABI_G16

0.01    0.03    0.1    0.3     1.0   3.0 

AOD

MERGED GEO+LEO

LEO GEO

Australia
S. America

Jan 5, 2020
@21:00

Australia bushfires: Smoke travels to South America!

Note: merged is overplotted on RGB blended from the three GEO.  Note how sensors complement each other 

ǘƻ Ŧƛƭƭ ƛƴ ǎƻƳŜ ƘƻƭŜǎΦ  IƻǿŜǾŜǊΣ ǘƘŜǊŜ ǎǘƛƭƭ ŀ ōƛǘ ƻŦ ƳƛǎǎƛƴƎ Řŀǘŀ ƻǾŜǊ άƎƭƛƴǘέΦ 


