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According	
  to	
  Yoram	
  

•  “Future	
  research	
  will	
  need	
  to	
  unravel	
  the	
  magnitude	
  of	
  the	
  
aerosol	
  effect	
  on	
  clouds	
  and	
  precipitaGon,	
  on	
  regional	
  and	
  global	
  
scales,	
  and	
  its	
  sensiGvity	
  to	
  aerosol	
  chemistry	
  and	
  cloud	
  
dynamics.”	
  
–  A	
  satellite	
  view	
  of	
  aerosols	
  in	
  the	
  climate	
  system,	
  Kaufman	
  et	
  al.,	
  
Nature	
  2002	
  

•  “The	
  contradictory	
  pathways	
  by	
  which	
  aerosols	
  can	
  affect	
  clouds,	
  
and	
  the	
  large	
  natural	
  variability	
  of	
  cloud	
  properGes,	
  represent	
  
the	
  largest	
  uncertainty	
  in	
  understanding	
  climate	
  change	
  forcing.	
  
A	
  beMer	
  understanding	
  of	
  the	
  effect	
  requires	
  large-­‐scale	
  
systemaGc	
  measurements	
  to	
  resolve	
  the	
  effect	
  of	
  aerosol	
  on	
  the	
  
hydrological	
  cycle	
  and	
  disGnguish	
  it	
  from	
  natural	
  variability.”	
  
–  The	
  effect	
  of	
  smoke,	
  dust,	
  and	
  pollu?on	
  aerosol	
  on	
  shallow	
  cloud	
  
development	
  over	
  the	
  Atlan?c	
  Ocean,	
  Kaufman	
  et	
  al.,	
  PNAS	
  2005	
  



Our	
  approach	
  
•  DiagnosGcs	
  of	
  aerosol-­‐cloud-­‐precipitaGon	
  interacGons	
  from	
  

space	
  at	
  near-­‐global	
  scales	
  
•  How	
  to	
  separate	
  aerosol	
  from	
  all	
  other	
  effects?	
  
•  Breaking	
  down	
  the	
  analysis	
  by	
  “regime”	
  (groups	
  of	
  similar	
  cloud	
  

condiGons)	
  may	
  help	
  
•  But	
  how	
  do	
  we	
  define	
  regimes?	
  

–  ExploiGng	
  cloud	
  appearance	
  (from	
  passive	
  obs)	
  is	
  a	
  good	
  starGng	
  point	
  
–  This	
  poses	
  some	
  constraint	
  on	
  environmental	
  condiGons	
  

–  AddiGonal	
  constraints	
  can	
  be	
  imposed	
  

•  We	
  adopt	
  a	
  “cloud	
  regime”	
  (CR)	
  type	
  based	
  on	
  CTP-­‐TAU	
  joint	
  
histograms	
  
–  Our	
  CRs	
  are	
  based	
  on	
  MODIS	
  

–  You	
  may	
  also	
  know	
  ISCCP	
  “Weather	
  States”	
  



Datasets	
  
•  12	
  years	
  of	
  Aqua-­‐Terra	
  L-­‐3	
  daily	
  (D3)	
  1°	
  data	
  
–  	
  CollecGon	
  6	
  

•  Joint	
  histograms	
  of	
  CTP-­‐TAU	
  
– MODIS	
  CRs	
  from	
  k-means	
  clustering	
  

•  Other	
  cloud	
  variables:	
  CF,	
  CTP,	
  TAU,	
  REFF	
  
•  Dark	
  Target	
  AOD	
  
•  MERRA-­‐2	
  AOD,	
  3-­‐hr	
  
•  TMPA-­‐3B42	
  surface	
  precipitaGon	
  (3-­‐hr,	
  0.25°)	
  
–  50°S-­‐50°N	
  

•  Some	
  CloudSat-­‐CALIPSO	
  data	
  as	
  ancillary	
  



MODIS	
  CRs	
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Where	
  the	
  CRs	
  occur	
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MERRA-­‐2	
  



strongest large-scale ascent environ-
ments, has the most Cb’s, while CR1 has
most Ci than any other regimes in accor-
dance with what is visually conveyed by
its centroid. If the fraction of high- and
mid-topped clouds was to be inferred
by the sum of Cb, Ci, and fractions, then
the first three CRs are in a category of
their own, with about 70% of their com-
position coming from such clouds. CR4–
CR6 have the largest fraction of Ns.
While CR4 and CR5 cannot be discrimi-
nated by their combined fraction of Sc
and Cu, CR4’s more stormy nature is
exposed by more Ns and Cb clouds.
Figure 5 also confirms that CR12 is
hardly a cloud regime with only shallow

clouds; as its centroid suggests, high proportions of middle- and high-level clouds are also found, albeit in
small absolute numbers since the CF of the regime is so low.

4. CR Cloud Radiative Effects
4.1. From CERES

For our basic results we largely follow previous choices and practices on how to present CR radiative effects in
terms of CRE. The grid cell CRE (for either the LW or SW or part of the spectrum and for total = LW+SW) is
defined here as

CRE ¼ Fall-sky " Fclr ¼ Ac Fovc f pc; τð Þ½ & " Fclrð Þ (1)

where Fall sky is the radiative flux for amixture of clear and cloudy conditionswithin the grid cell, Fovc (mainly a func-
tion of pc and τ) is the radiative flux (irradiance) of overcast skies, Fclr is the corresponding flux for “clear” (cloudless)
skies, and Ac is the grid cell cloud fraction (reserved for the grid cell value, as opposed to the physical variable CF).

When using the SYN1deg-Daily data, we composite (i.e., average globally using latitude as weight) only grid
cells occupied by the same CR for both Terra and Aqua; these special grid cells represent 25.4% of the

total number of grid cells analyzed
(~435.5 × 106). This approach was dis-
cussed in O14 as essentially the best
available (but certainly imperfect) cri-
terion for identifying persistence of a
particular CR within a grid cell. Except
for this condition, the compositing is
rather straightforward since both the
CR and the CERES SYN1deg-Daily data
set are available at the same temporal
(1 day) and spatial (1°) resolution and
for an identical time period. Results
shown in Figures 6–8 convey three
basic results, the position of each CR
in SW/LW/total TOA CRE space, the
percent contribution of each CR to
the total SW/LW/total planetary TOA
CRE, and the contrast between the
LW CREs at the TOA and SFC which
provides insight on each CR’s average
radiative cooling or warming effect

Figure 4. Liquid, ice, and total CF for each CR derived from compositing
gridded MODIS Ac values. The total Ac values are slightly above the sum of
liquid and ice Ac because of pixels of undetermined thermodynamic phase.

Figure 5. Percent fraction of cloud types within each occurrence of a
MODIS Aqua CR for which CloudSat cloud-type information from the
2B-CLDCLASS product (as aggregated in the C3M data set) was also
available. The last bar “C3M” shows cloud-type fractions for the entire
Aqua CR data set for which there is spatiotemporal overlap. Standard
two-letter abbreviations have been used for the various cloud types, namely,
Cb= cumulonimbus, Ci = cirrus, As = altostratus, Ac = altocumulus,
Ns = nimbostratus, St = stratus, Sc = stratocumulus, Cu= cumulus.
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MODIS	
  CF	
  

2B-­‐CLDCLASS-­‐LIDAR	
  	
  
*	
  Cloud	
  phase	
  

CR	
  thermodynamic	
  phase	
  



Aerosols	
  



	
  MODIS	
  AOD	
  	
  

MERRA-­‐2	
  for	
  Terra	
  	
  
and	
  Aqua	
  overpass	
  

Terra 
Aqua 

Terra 
Aqua 

MODIS-­‐MERRA-­‐2	
  aerosol	
  comparison	
  

50S-­‐50N	
  



	
  
	
  1)	
  

	
  
	
  
	
  

	
   	
  	
  
AOD	
  =	
  (Aqua	
  AOD	
  +	
  Terra	
  AOD)	
  /	
  2.	
  	
  
	
  

	
  2)	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
AOD	
  =	
  Aqua	
  AOD	
  	
  	
  	
  	
  	
  OR	
  	
  	
  	
  	
  	
  	
  	
  AOD	
  =	
  Terra	
  AOD	
  
	
  

	
  3)	
  
	
  
	
  
	
  
AOD	
  =	
  (Aqua_AOD_1+Aqua_AOD_2+Terra_AOD_1)	
  /	
  3. 	
  	
  

Aqua	
  
CRX	
  

Terra	
  	
  
CRY	
  

Aqua	
  
AOD	
  

Terra	
  
AOD	
  

Aqua	
  
CRX	
  

Terra	
  
CRY	
  

Aqua	
  
AOD	
   Nan	
  

Aqua	
  
CRX	
  

Terra	
  	
  
CRY	
   Nan	
   Terra	
  

AOD	
  

Aqua	
  
CRX	
  

Terra	
  	
  
CRY	
  

Aqua
AOD_1	
  

Nan	
  

Aqua	
  
AOD_2	
  

Terra	
  
AOD_1	
   Nan	
  

AOD	
  Determina5on	
  



Methodology	
  
•  Daily	
  MODIS	
  aerosol	
  AOD	
  defined	
  for	
  each	
  gridcell	
  
from	
  Terra	
  and	
  Aqua	
  (previous	
  slide)	
  

•  Follow	
  same	
  procedure	
  for	
  MERRA-­‐2	
  (pick	
  3-­‐hr	
  
containing	
  the	
  Terra-­‐Aqua	
  overpass)	
  
–  Far	
  fewer	
  missing	
  values	
  for	
  MERRA-­‐2	
  

•  Examine	
  Precip,	
  CF,	
  CTP,	
  TAU,	
  REFF	
  vs	
  collocated	
  
aerosol	
  
–  RelaGve	
  AOD	
  value	
  (posiGon	
  within	
  distribuGon	
  for	
  that	
  
loca?on	
  and	
  season)	
  

•  Composite	
  by	
  CR	
  (generally	
  one	
  Terra	
  and	
  one	
  Aqua	
  CR	
  
occurrence	
  per	
  day	
  per	
  gridcell)	
  
–  Pick	
  the	
  appropriate	
  3-­‐hr	
  TMPA	
  value	
  



What	
  are	
  we	
  searching	
  for?	
  
•  InvigoraGon	
  for	
  (mostly)	
  ice	
  and	
  mixed	
  phase	
  CRs	
  
–  PrecipitaGon	
  increase	
  with	
  AOD	
  (what	
  about	
  scavenging?)	
  
–  CTP	
  decrease	
  with	
  AOD	
  
–  TAU	
  increase	
  with	
  AOD	
  (?)	
  

•  First	
  indirect	
  effect	
  for	
  (mostly)	
  liquid	
  CRs	
  
–  TAU	
  increase	
  with	
  AOD	
  
–  REFF	
  decrease	
  with	
  AOD	
  

•  Second	
  indirect	
  effect	
  for	
  (mostly)	
  liquid	
  CRs	
  
–  PrecipitaGon	
  suppression	
  with	
  AOD	
  
–  CF	
  increase	
  with	
  AOD	
  



Precipita5on	
  



TMPA	
  (P	
  >	
  0)	
  

AOD 0.1      AOD 0.2      AOD 0.3
AOD 0.4      AOD 0.5   

AOD 0.1      AOD 0.2      AOD 0.3
AOD 0.4      AOD 0.5   

AOD	
  data	
  from	
  Merra-­‐2	
   AOD	
  data	
  from	
  MODIS	
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How	
  does	
  cloud	
  top	
  height	
  change	
  with	
  AOD?	
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How	
  does	
  par5cle	
  size	
  change	
  with	
  AOD?	
  	
  



Summary	
  



red	
  arrow:	
  consistent	
  with	
  invigoraGon;	
  blue	
  arrow:	
  consistent	
  with	
  1st	
  and	
  2nd	
  indirect	
  effect	
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MODIS	
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  distribuGon	
   MERRA	
  AOD	
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Ice	
  regime	
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  CR3	
  
Liquid	
  regime	
  :	
  CR6	
  –	
  CR11	
  
Mix	
  regime	
  :	
  CR4	
  –	
  CR5	
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   ⇑	
  
COT	
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   ⇑	
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   ⇑	
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   -­‐	
   ⇑	
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Role	
  of	
  Meteorology	
  



Ocean	
   Land	
  

AOD 0.1      AOD 0.2      AOD 0.3
AOD 0.4      AOD 0.5   

How	
  much	
  does	
  ver5cal	
  mo5on	
  change	
  across	
  AODs?	
  



Is	
  this	
  progress,	
  Yoram?	
  

•  A	
  regime-­‐based	
  approach	
  is	
  suitable	
  for	
  studying	
  aerosol-­‐cloud-­‐
precipitaGon	
  interacGons	
  on	
  (near)	
  global	
  scalers	
  

•  PrecipitaGon	
  and	
  cloud	
  property	
  variability	
  with	
  AOD	
  seems	
  very	
  
systemaGc	
  (”good	
  looking”	
  curves)	
  

•  According	
  to	
  MODIS:	
  
o  No	
  clear	
  sign	
  of	
  invigora?on	
  (scavenging	
  interferes?)	
  
o  Aerosol	
  indirect	
  effects	
  (increased	
  CF,	
  REFF)	
  in	
  liquid	
  CRs	
  
o  Cloud	
  tops	
  always	
  rise	
  with	
  aerosol	
  over	
  ocean	
  
o  TAU	
  always	
  increases	
  with	
  aerosol	
  over	
  land	
  
o  Land-­‐ocean	
  contrasts	
  are	
  substan?al	
  
o  Low	
  CF	
  CR	
  exhibits	
  consistent	
  behavior	
  worth	
  exploring	
  further	
  

•  Results	
  should	
  be	
  interpreted	
  with	
  sampling	
  and	
  retrieval	
  quality	
  
issues	
  in	
  mind.	
  Is	
  re-­‐analysis	
  AOD	
  more	
  appropriate?	
  

•  Meteorological	
  co-­‐variaGons	
  (non-­‐aerosol)	
  currently	
  invesGgated	
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  arrow:	
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Analysis	
  permuta5ons	
  
•  Aerosol	
  “low”	
  vs	
  high”:	
  absolute/relaGve	
  
•  Aerosol	
  from	
  MODIS	
  C6	
  or	
  MERRA-­‐2	
  

•  For	
  precip:	
  Ignore	
  or	
  not	
  non-­‐precipitaGng	
  gridcells	
  
•  Global	
  vs	
  land/ocean	
  breakdown	
  	
  
•  For	
  cloud	
  properGes:	
  Separate	
  by	
  phase	
  

•  I	
  won’t	
  show	
  all	
  results!	
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Comparison of MERRA-2AOD to MODIS daily AOD over MODIS the spatial-temporal matching for 12-years. 
 MODIS daily AOD - MERRA2AOD aqua passing time 
 MODIS daily AOD - MERRA2 AOD terra passing time  
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Comparison of MERRA-2 daily AOD to MODIS daily AOD over MODIS the spatial-temporal matching for 12-years. 
 MODIS daily AOD - MERRA2 daily AOD 
 ::: MERRA-2 daily AOD = (MERRA-2 MYD AOD + MERRA-2 MOD AOD ) / 2. 
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R. C. Levy et al.: The Collection 6 MODIS aerosol products over land and ocean 3021

Fig. 22. Gridded, monthly averaged 1� ⇥ 1� AOD (at 0.55 µm) over land and ocean retrieved from Terra for July 2008. (a) Aggregated
product produced from C5. (b) Aggregated from from C6. (c) Differences where both products have values in grids (C6–C5). Note that the
C6–C5 difference for Terra is different than C6–C5 for the same month for Aqua (Fig. 2).

now been applied to create a set of new, C6 MxD02 files,
(which are now archived at http://ladsweb.gsfc.nasa.gov).
Like Fig. 3 (for Aqua), Fig. 21 summarizes the changes

to the Terra’s L1B TOA aerosol reflectance (MOD021KM),
also for July 2008. While all reflectance changes for MA
were on the order of ±0.3% or less, the corresponding
changes for MT are significantly larger. Specifically, in
0.47 µm Band #3, TOA reflectance increases by 1%. While
changes to 0.55 µm Band #4 and 0.65 µm Band #1 are less
than 0.4%, 0.86 µm Band #2 is increased by 0.8%. The
1.24 µm Band #5 has huge changes, asymmetric over land
versus ocean. We do not plot the corresponding changes to
L2 TOA reflectance (e.g. Fig. 3), but we note that there are
also surprising non-linearities with respect to pixel selection
and successful aerosol retrieval.
Figure 22 presents the overall changes toMT that are anal-

ogous to the overall changes in MA (Fig. 2a, k and f). As
compared to the overall differences shown in Fig. 2f the cor-
responding overall change forMT over ocean looks likeMA,
but is less negative in the semi-arid regions and more positive
over vegetation. Essentially, the extra difference over land is
driven by the increase in Terra’s blue band reflectance, as
compared to little or no change in the other bands used for
DT-land retrieval. The calibration change is in addition to the
other upstream (geolocation and cloud mask) and retrieval al-
gorithm changes.
We restate here (from Sect. 2.4) that this is not a calibration

or a trend paper. However, since we have already processed
eight months of “test data” for both Terra and Aqua, we ask
whether Terra/Aqua AOD inconsistencies might remain for
C6. Following Tables 2 (for land) and 4 (for ocean), we cal-
culate global, monthly mean AOD for each month, for Terra
and Aqua separately, and for both C5 and expected C6 data.
The results are plotted as Fig. 23, where C5 (C6) is plotted
in blue (red), and Terra and Aqua are plotted as “T” and “A”.
Over land (left panel), it is clear that MT and MA did not
well track each other for C5, and that MT >MA in 2003, but
reversed for 2008 and 2010. Even though the retrieval algo-
rithm was updated for C6, the identical DT-land algorithm

is still being used for both sensors’ data. For C6, we should
expect to see better tracking of MT with MA, although an
offset of⇠ 0.015 remains. Over the ocean (right panel), there
will be a significant drop of 0.018 in all months, however the
⇠ 0.01 offset (described by Remer et al., 2008) will remain
for C6. Reducing the Terra/Aqua offset is a topic of future
study, but a vicarious gain correction (e.g Franz et al., 2007)
may be an option.
At this point, we cannot determine fully how the revised

calibration efforts will impact global trends and divergence
of Terra and Aqua. However, the preliminary result is that, in
fact, the trending differences will most likely be mitigated by
the new calibration effort. Unlike the situation in 2007 when
the C5 aerosol algorithms were put into operation after test-
ing only on C4 inputs, for C6, we are accounting for expected
upstream changes.

6 New MODIS 3 km product (MxD04_3K)

Prior to Terra launch, the MODIS aerosol algorithms were
designed to retrieve at 10 km resolution (at nadir). This, in
part, was seen as a compromise between signal-to-noise of
the instrument, of surface variability, and expected aerosol
variability (e.g Anderson et al., 2003). The 10 km was rea-
sonable for deriving global aerosol climatology, while pro-
ducing a manageable volume of information.
One unexpected application of the MODIS aerosol prod-

uct was its use as a proxy for estimating surface-level par-
ticulate pollution (Chu et al., 2003; Wang and Christopher,
2003; Engel-Cox et al., 2004). However, some studies (e.g.,
R. R. Li et al., 2005) indicated that the 10 km resolution was
not fine enough to resolve local variability, especially near
and within cities where most of the human population lives.
Therefore, in recent years, the air quality community in par-
ticular has been advocating for higher resolution aerosol re-
trieval data to monitor and model pollution threats to our
human population. Other research applications for a higher
resolution data product include, but are not limited to, ef-
forts in characterizing smoke plumes from fires, resolving

www.atmos-meas-tech.net/6/2989/2013/ Atmos. Meas. Tech., 6, 2989–3034, 2013
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Fig. 22. Gridded, monthly averaged 1� ⇥ 1� AOD (at 0.55 µm) over land and ocean retrieved from Terra for July 2008. (a) Aggregated
product produced from C5. (b) Aggregated from from C6. (c) Differences where both products have values in grids (C6–C5). Note that the
C6–C5 difference for Terra is different than C6–C5 for the same month for Aqua (Fig. 2).

now been applied to create a set of new, C6 MxD02 files,
(which are now archived at http://ladsweb.gsfc.nasa.gov).
Like Fig. 3 (for Aqua), Fig. 21 summarizes the changes

to the Terra’s L1B TOA aerosol reflectance (MOD021KM),
also for July 2008. While all reflectance changes for MA
were on the order of ±0.3% or less, the corresponding
changes for MT are significantly larger. Specifically, in
0.47 µm Band #3, TOA reflectance increases by 1%. While
changes to 0.55 µm Band #4 and 0.65 µm Band #1 are less
than 0.4%, 0.86 µm Band #2 is increased by 0.8%. The
1.24 µm Band #5 has huge changes, asymmetric over land
versus ocean. We do not plot the corresponding changes to
L2 TOA reflectance (e.g. Fig. 3), but we note that there are
also surprising non-linearities with respect to pixel selection
and successful aerosol retrieval.
Figure 22 presents the overall changes toMT that are anal-

ogous to the overall changes in MA (Fig. 2a, k and f). As
compared to the overall differences shown in Fig. 2f the cor-
responding overall change forMT over ocean looks likeMA,
but is less negative in the semi-arid regions and more positive
over vegetation. Essentially, the extra difference over land is
driven by the increase in Terra’s blue band reflectance, as
compared to little or no change in the other bands used for
DT-land retrieval. The calibration change is in addition to the
other upstream (geolocation and cloud mask) and retrieval al-
gorithm changes.
We restate here (from Sect. 2.4) that this is not a calibration

or a trend paper. However, since we have already processed
eight months of “test data” for both Terra and Aqua, we ask
whether Terra/Aqua AOD inconsistencies might remain for
C6. Following Tables 2 (for land) and 4 (for ocean), we cal-
culate global, monthly mean AOD for each month, for Terra
and Aqua separately, and for both C5 and expected C6 data.
The results are plotted as Fig. 23, where C5 (C6) is plotted
in blue (red), and Terra and Aqua are plotted as “T” and “A”.
Over land (left panel), it is clear that MT and MA did not
well track each other for C5, and that MT >MA in 2003, but
reversed for 2008 and 2010. Even though the retrieval algo-
rithm was updated for C6, the identical DT-land algorithm

is still being used for both sensors’ data. For C6, we should
expect to see better tracking of MT with MA, although an
offset of⇠ 0.015 remains. Over the ocean (right panel), there
will be a significant drop of 0.018 in all months, however the
⇠ 0.01 offset (described by Remer et al., 2008) will remain
for C6. Reducing the Terra/Aqua offset is a topic of future
study, but a vicarious gain correction (e.g Franz et al., 2007)
may be an option.
At this point, we cannot determine fully how the revised

calibration efforts will impact global trends and divergence
of Terra and Aqua. However, the preliminary result is that, in
fact, the trending differences will most likely be mitigated by
the new calibration effort. Unlike the situation in 2007 when
the C5 aerosol algorithms were put into operation after test-
ing only on C4 inputs, for C6, we are accounting for expected
upstream changes.

6 New MODIS 3 km product (MxD04_3K)

Prior to Terra launch, the MODIS aerosol algorithms were
designed to retrieve at 10 km resolution (at nadir). This, in
part, was seen as a compromise between signal-to-noise of
the instrument, of surface variability, and expected aerosol
variability (e.g Anderson et al., 2003). The 10 km was rea-
sonable for deriving global aerosol climatology, while pro-
ducing a manageable volume of information.
One unexpected application of the MODIS aerosol prod-

uct was its use as a proxy for estimating surface-level par-
ticulate pollution (Chu et al., 2003; Wang and Christopher,
2003; Engel-Cox et al., 2004). However, some studies (e.g.,
R. R. Li et al., 2005) indicated that the 10 km resolution was
not fine enough to resolve local variability, especially near
and within cities where most of the human population lives.
Therefore, in recent years, the air quality community in par-
ticular has been advocating for higher resolution aerosol re-
trieval data to monitor and model pollution threats to our
human population. Other research applications for a higher
resolution data product include, but are not limited to, ef-
forts in characterizing smoke plumes from fires, resolving
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Fig. 23. Global monthly mean AOD for DT-land (left) and DT-
ocean (right) for eight test months (January and July for 2003, 2008
and 2010, plus April and October 2008) as computed for Terra (T)
versus Aqua (A), and C6 (red) versus C5 (blue).

aerosol loading in complex terrain and studying aerosol-
cloud processes.
Because the MODIS 10 km aerosol algorithms were de-

signed with climate applications in mind, they were con-
structed in such a way to suppress noise in the retrieval. The
danger in producing a higher-resolution data set is that there
is the possibility of introducing noise into the product. The
standard DT aerosol retrieval throws out at least 50% (over
ocean) and 70% (over land) of its available 500m pixels.
This has been proven to reduce noise due to land surface
variability, cloud contamination and other non-aerosol sig-
nals. Blindly going to a 500m (or 1 km) resolution global
retrieval will lead to retrieval errors.
However, because there is such a strong need for a global

fine resolution aerosol product, we have developed a com-
promise algorithm that retains sufficient pixel screening and
statistics. For C6, this will take the form of a separate Level 2
aerosol data product at 3 km resolution (Remer et al., 2012),
and will be archived as “MxD04_3K”. Compared to the
standard 10 km algorithm, the 3 km algorithm will have the
same methodology and structure, and use the same inversion
method, surface optical property assumptions, and lookup
tables. The differences arise only in the manner in which
pixels are selected and grouped for retrieval. Since global
3 km product file dimensions will be so much larger, the new
MxD04_3KM file will provide only a subset of the SDSs
offered by the standard MxD04_L2 file. The algorithms and
products are discussed further in two recent papers (Munchak
et al., 2013; Remer et al., 2013).
Plotted in Fig. 24, are two examples of granules retrieved

by both 10 km and 3 km retrieval algorithms. Both are lo-
cated over Maryland during July 2010. Cloud masking is the
same for both algorithms. However, the sorting and discard-
ing processes are slightly different, meaning that the input
reflectances (from L1B) are organized into groups of 6⇥ 6
pixels for the 3 km algorithm, versus 20⇥ 20 pixels for the
10 km algorithm. Therefore, pixels that might be discarded
during the sorting and discarding procedure at 10 km might
be kept at 3 km. This has the potential to make the 3 km prod-
uct noisier than at 10 km. On the other hand, if sufficient pix-
els escape the masking and discarding procedure at 10 km,
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Figure 24: Plots of true-color RGB, 10km AOD and 3km AOD, derived from two granules 
observed over Maryland during the summer of 2010. One red circle identifies a noisy retrieval 
introduced by the 3 km product that does not exist at 10 km. The purple circle identifies a region 
in which cloud effects are accentuated in the 10 km product but are put into better perspective in 
the finer resolution product. 
 

 

Fig. 24. Plots of true-color RGB, 10 km AOD and 3 km AOD, de-
rived from two granules observed over Maryland during the summer
of 2010. One red circle identifies a noisy retrieval introduced by the
3 km product that does not exist at 10 km. The purple circle iden-
tifies a region in which cloud effects are accentuated in the 10 km
product but are put into better perspective in the finer resolution
product.

then an entire 10 km box might appear to have inaccurate
AOD, which is given substantial weight in an areal weight-
ing of a spatial average. In the 3 km product these outlying
AOD retrievals can be confined to a smaller area and play a
lesser role in an areal weighting of a regional average. Fig-
ure 24 shows both situations.
The formal evaluation of the 3 km product is currently un-

derway, however, preliminary analyses have been performed
on global data (Remer et al., 2013) as well as local data
(Munchak et al., 2013; Livingston et al., 2013). These ref-
erences have detailed descriptions of the data, their QA plan,
and lists of included SDSs. While, initially (for C6) the 3 km
product includes only DT retrievals (over land and ocean),
DB retrievals may be added later. There is no operational
Level 3 product derived from this 3 km data set.

7 Discussion, including transition to NPP-VIIRS

To this point, we have described the many improvements and
updates to the MODIS along-orbit, dark-target aerosol al-
gorithms and products. Except for introducing wind speed
dependence over ocean, we have made only minor adjust-
ments to the science behind the DT retrieval procedures.
The theoretical basis of the DT-algorithms is solid, at least
over the intended DT-land and ocean surfaces. However, we
have made substantive adjustments to characterizing bound-
ary conditions (center wavelengths, gas absorption correc-
tion, instrument calibration) as well as pixel selection (e.g.,
cloud masking) and quality assurance (including assigning
confidence). In Sects. 3, 4 and 5, we described many changes
to the MODIS DT aerosol retrieval. Many of the changes
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Figure 1 | 13:30 local-time map of rain rate (R) and the observed trend with aerosol loading in four selected regions. a, Map of the study area showing
average R values during June, July and August 2007. b, The average R values are plotted for six aerosol-loading sets (blue, including zero R grid squares;
red, without zero R grid squares). Vertical bars represent the standard error. c, R histograms are plotted for three aerosol-loading sets (average AOD: blue
0.07, red 0.12, black 0.22). Note the R intensification as a function of AOD in all cases.

For the global picture, a spatially running, continuous analysis
was carried out using a finer resolution of 3� by 3� to improve
aerosol and R collocation. All grid squares with rain and AOD
(<0.3) retrievals were divided into three equal groups with the
lowest third labelled as clean and the highest group labelled
as polluted. The data were divided into three groups to create
sufficient contrast between the groups and still retain good sampling
statistics. Figure 2 shows the differences (polluted–clean) in the
average R, with positive differences marked in red and negative in
blue. Figure 2a shows the results for grid squares with both AOD
retrievals and R> 0 and Fig. 2b shows the results when including
zero R grid squares. The average AOD for the clean set is 0.09±0.04
and the polluted set is 0.23± 0.05. The global histograms of the
differences are plotted in Fig. 2c. Although there are notable regions
of reductions in R, in both cases more than 80% of the data show
positive differences. Further details on the analysis methodology are
given in the Methods section.

Is this an aerosol or meteorological effect? Correlations of the
kind in Fig. 1 do not imply causality. One possible explanation for
such resultsmight bemeteorology, namely the same conditions that
favour deeper clouds that generated higher R also favour higher
aerosol loadings. Note that we can exclude wet removal of aerosol
by rain as the source of this correlation because it would result in a

negative correlation. Another explanation could be artefacts of the
aerosol retrieval that may be correlated with clouds and therefore
show apparent positive correlations between clouds and aerosol,
and subsequently between R and aerosol.

In this work we limit the analysis to AOD < 0.3, which
significantly decreases the potential for cloud contamination.
Moreover, it has been shown that retrieval artefacts are unlikely to
explain the magnitude of correlations between cloud development
and aerosol23. Furthermore, analysis of the data sorted by
cloud fraction (see Supplementary Information) reinforces the
contention that the shift to higherR is not a contamination artefact.

Here, we consider the meteorological context by sorting the
data into cases with similar conditions based on reanalysis data23.
This involves the use of meteorological variables that correlate
sufficiently well with the satellite-observed cloud properties and
restricting the meteorological variance by analysing aerosol and
clouds as a function of the variable range. Following this method
we looked for the GDAS model variables that correlate best
with the TRMM-derived R. Of the 286 variables23, the pressure
vertical velocity (!) of the upper atmosphere (500–350 hPa)
showed the best correlations (>0.3 for all data; see Supplementary
Information). Negative ! values indicate net upward air motion,
suggesting more-developed clouds and higher R, whereas positive
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