1008

JOURNAL OF THE ATMOSPHERIC SCIENCES—SPECIAL SECTION

VOLUME 62

Two MODIS Aerosol Products over Ocean on the Terra and Aqua CERES SSF

Datasets

k
ALEXANDER IGNATOV,  PATRICK MINNIS,™ NORMAN LOEB,# BRUCE WIELICKI, ™ WALTER MILLER,@

SUNNY SUN-MACK,@

DIDIER TANRE,&

* NOAA/NESDIS/Office of Research and Applications, Camp Springs, Maryland
+ Atmospheric Sciences, NASA Langley Research Center, Hampton, Virginia
# Center for Atmospheric Sciences, Hampton University, Hampton, Virginia

@ Science Applications International Corporation, Hampton, Virginia

** NASA Goddard Space Flight Center, Greenbelt, Maryland

(Manuscript received 8 August 2003, in final form 25 June 2004)
ABSTRACT

Understanding the impact of aerosols on the earth’s radiation budget and the long-term climate record
requires consistent measurements of aerosol properties and radiative fluxes. The Clouds and the Earth’s
Radiant Energy System (CERES) Science Team combines satellite-based retrievals of aerosols, clouds, and
radiative fluxes into Single Scanner Footprint (SSF) datasets from the Terra and Aqua satellites. Over
ocean, two aerosol products are derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) using different sampling and aerosol algorithms. The primary, or M, product is taken from the
standard multispectral aerosol product developed by the MODIS aerosol group while a simpler, secondary
[Advanced Very High Resolution Radiometer (AVHRR) like], or A, product is derived by the CERES
Science Team using a different cloud clearing method and a single-channel aerosol algorithm. Two aerosol
optical depths (AOD), 7o, and 7,,, are derived from MODIS bands 1 (0.644 um) and 6 (1.632 pm)
resembling the AVHRR/3 channels 1 and 3A, respectively. On Aqua the retrievals are made in band 7
(2.119 um) because of poor quality data from band 6. The respective Angstrom exponents can be derived
from the values of 7. The A product serves as a backup for the M product. More importantly, the overlap
of these aerosol products is essential for placing the 20+ year heritage AVHRR aerosol record in the
context of more advanced aerosol sensors and algorithms such as that used for the M product.

This study documents the M and A products, highlighting their CERES SSF specifics. Based on 2 weeks
of global Terra data, coincident M and A AODs are found to be strongly correlated in both bands.
However, both domains in which the M and A aerosols are available, and the respective 7/« statistics
significantly differ because of discrepancies in sampling due to differences in cloud and sun-glint screening.
In both aerosol products, correlation is observed between the retrieved aerosol parameters (7/a) and
ambient cloud amount, with the dependence in the M product being more pronounced than in the A
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product.

1. Introduction

Aerosols have an important, yet somewhat uncertain,
impact on the earth’s radiation budget and climate. De-
termining that impact on the climate record requires
consistent measurements of aerosol properties and ra-
diative fluxes. To that end, three satellites, the Tropical
Rainfall Measuring Mission (TRMM), Terra, and Aqua
(launched in November 1997, December 1999, and May
2002, respectively), carry a total of five Clouds and the
Earth’s Radiant Energy System (CERES) instruments
to measure the radiant energy exchange on Earth
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(Wielicki et al. 1996). The TRMM satellite carries the
CERES protoflight model (PFM); Terra carries flight
models 1 and 2 (FM1-2); and Aqua carries flight mod-
els 3 and 4 (FM3-4). The Single Scanner Footprint
(SSF) products (Geier et al. 2003) combine the CERES
data with cloud and aerosol retrievals from the Visible
and Infrared Scanner (VIRS) on TRMM and the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
on Terra and Aqua. The spatial resolution is ~2 km at
nadir for VIRS, and 0.25-1 km for MODIS. The SSF
retains the mean and standard deviation of the imager
pixel radiances and cloud/aerosol retrievals separately
for the clear and cloudy portions of every CERES field
of view (FOV). The spatial resolution for CERES
(equivalent diameter at nadir) is ~10 km on TRMM
and ~20 km on Terra and Aqua. Aerosol retrievals on
the SSF have proven useful for a number of applica-
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tions, such as estimating the surface and atmospheric
radiation balance (Charlock et al. 2002) and studies on
top-of-atmosphere (TOA) aerosol radiative forcing
(Loeb and Kato 2002) and molecular albedo (Kato et
al. 2002).

This study documents two aerosol products available
over ocean on the Terra and Aqua CERES SSFs and
compares them using 2 weeks of global Terra data from
15-21 December 2000 and 1-7 June 2001 (hereafter
December 2000 and June 2001). Note that the Aqua
CERES SSF data are also documented here, but they
were not available for science analyses at the time of
this writing. The TRMM CERES SSF contains only
one aerosol product based on VIRS data and is ana-
lyzed elsewhere (A. Ignatov et al. 2005, unpublished
manuscript).

The primary, M, aerosol product on the CERES SSF
is generated by subsetting and remapping the MODO04
(Terra; MYDO04 on Aqua) granules onto CERES foot-
prints. The MODO04 product uses sophisticated cloud
screening and aerosol retrieval algorithms developed
by the MODIS cloud and aerosol groups' (Tanré et al.
1997; Ackerman et al. 1998; Martins et al. 2002; Remer
et al. 2005, hereafter REM). In this study, only two M
aerosol optical depths, 7;; and 7y, are used at the
centroid wavelengths of MODIS bands 1 (A;=0.644
pm) and 6 (A,=1.632 um). On Agua, AOD in band 7
(A,=2.119 pm) is used for 7, due to poor quality of
band 6 (C. Moeller 2003, personal communication).
The respective Angstrém exponent is derived as ay =
—In(myp/Tave)/In(A/N,).

The secondary A product uses complex, but differ-
ent, glint and cloud screening criteria and a simpler
[Advanced Very High Resolution Radiometer
(AVHRR)-like] third-generation aerosol algorithm
(Ignatov and Stowe 2002a; Ignatov et al. 2004). Two
AODs, 741(0.630 pm) and 7,,(1.610 pm) [7T4,(2.119
pm) on Aqual, are derived from MODIS bands 1 and 6
(7 on Aqua) using single-channel algorithms and re-
ported at the wavelengths representative of band cen-
ters for a generic AVHRR or VIRS sensor. Using a
standard set of reference wavelengths ensures compat-
ibility of the respective A products derived from a va-
riety of sensors (AVHRR, VIRS, and MODIS) flown
on board different platforms [National Oceanic and At-
mospheric Administration (NOAA), TRMM, Terra,
and Aqua). Cross-platform differences in the A prod-
ucts, if observed, are then due to either different sam-
pling of aerosol pixels (specified by domain of sun-
view-scatter-glint geometry, resulting from the plat-
form’s orbital configuration, and cloud/glint screening),

! MODO04 processing evolves continuously. Collection 003 was
used in the Terra SSF Edition 1A product analyzed in this study.
As of the time of this revision, Terra Edition 2 and Aqua Edition
1 CERES SSF products became available based on collection 004
data, and development of collection 005 is underway.

IGNATOV ET AL.

1009

different radiometric performance of the sensors, or
both.

The availability of the two aerosol products on the
CERES SSF side by side is helpful to place long-term
time series of the heritage A products from NOAA/
AVHRR (20+ yr) and TRMM/VIRS (6+ yr) in the
context of more accurate M-aerosol retrievals, and to
quickly assess the improvements provided by the mul-
tichannel MODIS. Ultimately, these analyses provide a
useful insight into the current status of aerosol retriev-
als from space and serve to highlight and prioritize out-
standing issues.

2. M- and A-aerosol production over ocean on the
Terra and Aqua CERES SSFs

The first step of the SSF processing includes subsam-
pling of MODIS pixels (nominal resolution at nadir ~1
km). On the Terra CERES SSF Edition 1A (used in
this study), every other pixel/line is sampled, effectively
reducing the data volume by a factor of 4. [In the latest
version of the SSF software, used in generation of Terra
Edition 2 and Aqua Edition 1, every fourth (4) pixel in
every other (2) line is subsampled, thereby reducing the
data volume by a factor of 8.] The second step is as-
signing aerosol properties from both the MOD04 and A
products (when available) to the respective subsampled
MODIS pixels. The third step is convolving these sub-
sampled pixel aerosol properties into the corresponding
CERES footprint using the CERES point spread func-
tion (Geier et al. 2003), to provide an optimal match
between the radiative fluxes and aerosol information.

The CERES SSF aerosol processing is succinctly
summarized in Table 1. Note that both M and A prod-
ucts are reported only at solar zenith angles 6,<70°.
Below, only brief explanations are given. For detail, the
reader is advised to check with the references cited
throughout this section and in Table 1.

a. M processing

Of the 47 MODO04 ocean and land aerosol param-
eters, 13 ocean and 11 land aerosol parameters are first
selected. The selected parameters are then spread to
each subsampled MODIS pixel found within the
MODO04 granule (with nominal resolution at nadir 10
km). Finally, all subsampled MODIS pixels are aver-
aged into CERES footprints (with nominal resolution
at nadir ~20 km) and weighted by the CERES point
spread function. This convolved average of the MOD04
parameters in each SSF constitutes the M product.

The MODO04 processing (Tanré et al. 1997, REM) at
the NASA Goddard Space Flight Center (GSFC) Dis-
tributed Active Archive Center is performed in groups
of 20 X 20 MODIS geolocated pixel reflectances, pgy
Mo (see appendix A for definitions) at a nominal 500-m
resolution, each cluster resulting in one MODO04 gran-
ule. The MODIS aerosol bands 1-7 were carefully se-
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TABLE 1. Aerosol production over oceans on the Terra and Aqua CERES SSF datasets. In the table, LaRC:

Langley Research Center.

Attribute

M product

A product

Designation on
dataset

Data flow

Generating

NASA LaRC:
CERES footprints:
mapping/retrievals

Nonaerosol pixels
Cloud

Turbid water/case 2
Glint

Aerosol algorithm

Spectral

Aerosol model

RTM
Surface (bidirectional)
Surface (Lambertian)

Handling spectral
filters

Lookup tables

Reflectances

Rayleigh optical
depth

Gaseous absorption

Primary

Produced: NASA GSFC; mapped: NASA LaRC

NASA GSFC: (20 X 20 X 500 m/ L1b
SE-normalized reflectance) — Correct for
H,0/05/CO, absorption — Screen
cloud/sediment/glint — Make aerosol retrievals
— (Average 25%-75%, N = 10) — Report
aerosols at (10 km)?

Average aerosol products — Report on CERES
SSF

Summary: REM
Ackerman et al. (1998); Martins et al. (2002)

Li et al. (2003)
Glint angle, y > 40°

NASA GSFC MODIS Aerosol Group (version 3)
(Tanré et al. 1997; Levy et al. 2003; REM)

Multichannel in bands: Terra (6): 1-2, 4-7
(0.553-2.119 um) Aqua (5): 1-2, 5-7 (6: 1.632
pm not used)

Bilognormal 4 fine/5 coarse modes. Solves for:
fine/coarse mode; 7, s55; Mode ratio, mg ss3; Eff.
radius, ;r.g

Ahmad-Fraser (1982) vector
Cox-Munk (1954b) isotropic (V = 6 m s~ ')
0.553: 0.5%; 0.644-2.119: 0.0%

Monochrome, A (0.466, 0.553, 0.644, 0.855, 1.243,
1.632, 2.119)

7 bands (1-7); 166 = 0(6)88.5°; 156, = 1.5(6)72°;
16¢ = 1.5(12)180°; 67 = 0, 0.2, 0.5, 1.0, 2.0, 3.0;
9 modes = 4 fine + 5 coarse

Calculated at Ay
Calculated at A g/built in LUT

Reflectances corrected/not built in LUT

Secondary

Produced: NASA LaRC; mapped: NASA LaRC

NASA LaRC: [MODO021km/L1b radiance] —
Sample every 2d pixel/line — Screen cloud/glint
— Uniformity/adjacency tests — Report
radiances/geometries at (2 km)?

Average radiances/geometries — Normalize to
solar flux/SE distance — Make aerosol
retrievals — Report on CERES SSF

Summary: Ignatov et al. (2005, unpublished
manuscript)

Trepte et al. (1999); Minnis et al. (2004,
unpublished manuscript)

None
v > 40° and antisolar side of orbit

NOAA/NESDIS “AVHRR-like” algorithm (3d
generation) (Ignatov and Stowe 2002a; Ignatov
et al. 2004)

Single channel in bands: Terra: 1 (0.644) and 6
(1.632 wm) Aqua: 1 (0.644) and 7 (2.119 pm)

Monolognormal/fixed modes. Solves for 7, ¢; and
T, 61 independently in bands.

6S scalar (Vermote et al. 1997)
Cox-Munk (1954a) anisotropic (V = 1 m s~ ")
0.644: 0.2%; 1.632/2.119: 0.0%

Integration/convolution

2 LUTs/bands (1 and 6/7); 136 = 0(6)72°; 136, =
0(6)72°; 19¢ = 0(10)180°; 67 = 0, 0.15, 0.30,
0.60, 1.20, 1.50

Convolution

Convolution/built in LUT (Table A3)

Convolution/built in LUT (Table A3)

lected to minimize gaseous absorption, but some ab-
sorption effects remain (see Table A3 in appendix A).
In the MODO04 processing, the reflectances are first cor-
rected for gaseous absorption. Concentrations of water
vapor (H,0), ozone (O;), and carbon dioxide (CO,)
are specified from either the NOA A/National Centers
for Environmental Prediction (NCEP) forecast (H,O
and Oj;) or from climatology (CO,). Note that the effect
not only depends upon the amount of gas, but also is a
function of the Rayleigh scattering, gaseous absorption,
and aerosol extinction relative vertical distribution. The
correction equations were derived assuming midlati-

tude summer vertical profiles for gases and ~2 km scal-
ing factor for aerosol vertical distribution (REM).
Next, pixels over water are identified, and the cloud
mask and sediment tests are applied. The primary cloud
test differentiates by spatial uniformity. The standard
deviation of 0.553-um reflectances in a 3 X 3 array of
pixels must be < 2.5 X 1072 (0.25%) for the center
pixel to be used in the retrieval. Otherwise the pixel is
rejected (Martins et al. 2002). The other tests include
thresholds in the visible reflectance (0.466 pum) and
seven individual tests from the standard cloud mask
(Ackerman et al. 1998). The sediment test takes advan-
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tage of the strong absorption by water beyond 1 um (Li
et al. 2003). Pixels that pass all tests are sorted by re-
flectance at 0.855 wm, and the lower and upper 25% are
excluded. If the central 50% include at least 10 pixels
within the 20 X 20 window, the reflectances in each of
the seven MODIS bands 1-7 (from 0.466 to 2.119 um)
are averaged and checked if outside the glint area (y >
40°) and internally consistent.

Aerosol lookup tables (LUTS) are applied to the av-
erage reflectances in only six (1-2 and 4-7 on Terra) or
five bands (1-2, 4-5, and 7 on Aqua) ranging from
~0.55 to 2.1 pm. Band 3 (0.47 um) is not used because
of its response to materials like phytoplankton beneath
the ocean surface. AOD for band 3 is modeled from the
other bands. Retrieved AODs are reported in all seven
bands 1-7 ranging from ~0.47 to 2.1 um. The aerosol
size distribution is assumed to be a mix of two frac-
tions—fine and coarse—each being represented by a
single lognormal mode. The algorithm chooses one fine
(out of four) and one coarse (out of five) mode and
solves for their ratio and aerosol concentration. The
surface characteristics follow the isotropic Cox and
Munk (1954b) model with a wind speed 6 m s~'. Aero-
sol inversions are made with nine five-dimensional
LUTs, one for each aerosol mode: 15 view zenith
angles, 15 sun zenith angles, 46 relative azimuth angles,
and 4 AODs in six bands. In the error minimization
procedure, linear mixtures of different pairs of fine and
coarse modes are tested, with different weights. The
LUTs have been precalculated using the Ahmad-—
Fraser (1982) vector code at the six monochromatic
wavelengths, for the atmosphere containing molecules
and aerosols and bounded by a rough ocean surface
from below.

b. A processing

Two elements of the A-product processing, data flow
and screening nonaerosol pixels, are detailed in Minnis
et al. (1999, 2004, unpublished manuscript) and Trepte
et al. (1999) (and summarized by Ignatov et al. 2005,
unpublished manuscript). The other three elements—
aerosol algorithm, radiative transfer model, LUTs—are
identical to the third-generation AVHRR algorithm
documented in (Ignatov and Stowe 2002a; Ignatov et al.
2004). The A processing uses MODIS radiances, Lgy,
at the 1-km resolution (MODO02 1-km product, see ap-
pendix A for definitions), subsampled to every second
line/pixel, effectively reducing the data volume by a
factor of 4. To be used for aerosol retrievals a pixel
must be over water, away from sun glint, cloud free, and
pass uniformity and adjacency aerosol tests. Cloud
screening involves a sequence of three cascading
threshold tests. The measured reflectance at 0.644 um
and brightness temperatures at 3.7, 11, and 12 um, and
different combinations thereof, are compared with
their expected values (Trepte et al. 1999). The expected
values are specified as functions of geographical loca-
tion, time, and illumination—observation geometry,
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based upon analytical expressions, radiative transfer
calculations, empirical models, atmospheric correc-
tions, and interpolations. The difference or ratio be-
tween the measured and expected values is compared
with a threshold estimated as a function of sun-view
geometry by trial and error, from comparisons of pre-
dicted and observed clear values and from efforts to
minimize the view angle dependence of the retrieved
cloud amount. The most critical tests for aerosol re-
trievals are the uniformity and adjacency tests. The uni-
formity test is applied to sets of four clear pixels in a 2
X 2 subsampled array mentioned at the start of section
2. The difference between the maximum and minimum
reflectance at 0.644 wm must be less than 3 X 1073
(0.3%). The adjacency test further requires that all
eight pixels surrounding a candidate pixel are clear. In
addition to the y > 40° threshold, the A-product glint
identification requires that all pixels on the solar side of
the orbit are excluded. (This convention is currently
being reevaluated.) Reflectances in all cloud/glint-free
MODIS pixels within a CERES footprint are averaged
as explained in Geier et al. (2003).

AODs in bands 1 and 6 (7 for Aqua), T4, and 74, are
estimated assuming that aerosol microphysics and all
nonaerosol factors are fixed and invariant over global
oceans (Ignatov et al. 2004). Single-channel Second
Simulation of the Satellite Signal in the Solar Spectrum
(6S) radiative transfer model (RTM)-based (Vermote
et al. 1997) LUTs were constructed as described by
Ignatov and Stowe (2002a) for the average MODIS
relative spectral response functions (see Fig. Al in ap-
pendix A) and applied to the CERES-footprint average
cloud-free reflectances, p. The resulting retrieved 7 are
reported at the centroid wavelengths of A; = 0.63 and
A, = 1.61 um (A, = 2.119 um for Aqua). Note that the
reference wavelengths in the A product slightly differ
from A in the M product. For the T comparisons in this
study, 7, available on the CERES SSF datasets have
been rescaled to the wavelengths at which the 7 are
reported as follows: 7,,(0.644 um) = 0.96377 1,,(0.630
pm) and 7,,(1.632 um) = 0.96716 7,,(1.610 pum).
(Note that no scaling is needed for the 7,, on Aqua.)
The Angstrom exponent is derived from rescaled T as
follows:

a=AxIn(r/m,), A= (1)

~In(A/Ay)

Note that the 7,-to-7,, conversion factors are close to
unity (within ~3.5%) due to the proximity of A used
in the A and M products. Their further refinement is
possible based on the estimated Angstrom exponent,
but its effect on the accuracy of the scaling is negligible.
The spectral amplification factor in Eq. (1), A, is A =~
1.08 for bands 1 and 6 (A;=0.644, A,=1.632 um), and
A =~ 0.83 for bands 1 and 7 (A;=0.644, \,=2.119 um).
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TABLE 2. Aerosol products on the Terra and Aqua CERES SSF datasets.

Ocean (M product)

Ocean (A product)

Land (M product)

Total count of MODIS pixels in a CERES

FOV, A-N.
% cloud fraction in a CERES FOV, % cloud fraction in a CERES FOV, A-F. (%) % cloud fraction in a CERES FOV
M-Fc (%)
% of CERES FOV with aerosol, % of CERES FOV with aerosol, A-F, (%) % of CERES FOV with aerosol
M-F, (%)
@466 nm T@466 nm
™™M@553 nm T@553 nm
™M@644 nm T,@630 nm T@644 nm
™™M@865 nm A—Aerosol radiance @630 nm Mean reflectance @466 nm
™™@1243 nm Mean reflectance @644 nm
TWM@1632 nm 7A@1610nm (Terra) Mean reflectance @865 nm
A—Aerosol radiance @1610 nm (7erra)
™™n@2119 nm TA@2119nm (Aqua) Mean reflectance @2130 nm

A—Aerosol radiance @2119 nm (Aqua)

M-solution index (small fraction)
M-solution index (large fraction)

T™M@553 nm (small fraction)
@865 nm (small fraction)
T™v@2119 nm (small fraction)

M-cloud condensation nuclei (CCN)

Mean reflectance @3750 nm
Std dev reflectance @466 nm

Aerosol types
Dust weighting factor
Number of pixels (percentile)

c. M- and A-aerosol products on the CERES SSF

Table 2 lists all of the aerosol and related ancillary
parameters available on the Terra and Aqua CERES
SSF datasets. The physical meaning of each is either
self-explained, discussed below, or found in Kaufman et
al. (1997), Tanré et al. (1997), REM, and Geier et al.
(2003). Mapping specifics of the M- and A-aerosol
products on the CERES SSF are summarized in appen-
dix B.

The aerosol radiances used to retrieve the MODO04
Ty Over ocean were not saved, even though the 7 in all
seven MODIS bands are retained. (Note that the aero-
sol reflectances were saved in the land M product,
which is not analyzed in this study.) In contrast, the A
product reports 7, in only two bands and retains the
aerosol radiances. Offline testing of a new aerosol al-
gorithm with the CERES SSF data is thus possible for
the A product but not for the M product. In addition to
Ty the M product over ocean includes other param-
eters that are listed in Table 2 but not used in this
analysis. In this study, three M and A counterparts are
analyzed: T, VErsus Ty, Tas VEISUS Typ, and o, VEIsus ayy.

Ancillary data listed in the first two lines of Table 2
include cloud amount, F (percent), and aerosol frac-
tion, F, (percent), in each CERES footprint. In addi-
tion, the A product provides a total count of MODIS
pixels in a CERES FOV, N (no M-product counter-
part is available for the A—N, parameter). In the pre-
liminary analyses below, only the A-product param-
eters are used (cloud fraction, F, and aerosol pixel
count, N, = Ny X F, /100%). The M-product param-
eters will be explored in future work.

3. Preliminary evaluation of the M and A products
on Terra CERES SSFs

Differences between the M and A products on the
CERES SSFs are expected because of 1) different sam-
pling (cloud and glint screening); 2) different aerosol
algorithms (including different treatment of aerosol mi-
crophysics, Rayleigh scattering, gaseous absorption,
surface reflectance, radiative transfer model used to
generate the lookup tables, and numerical inversion
methods); and 3) different propagation of data errors
resulting from sensor calibration and other radiometric
uncertainties in the M and A products. In this section,
the two products are compared and their observed dif-
ferences are discussed in terms of the potential error
sources, 1, 2, and 3.

a. Defining the M and A (sub)samples: Statistics
for December 2000 and June 2001

Statistics superimposed in Fig. 1 show that there are
from ~2.2 to 2.3 million CERES footprints with at least
one M- or A-aerosol retrieval in December 2000 and
from 2.5 to 2.6 million in June 2001. Hereafter, these
datasets are referred to as the MA union samples, or
M ® A = A @& M, and are considered =100%, by
definition. In a union sample, there are some CERES
FOVs in which both M- and A-product retrievals are
available. They form a subsample that is termed the
MA intersection: M @ A = A & M. Figure 1 shows
that the MA intersection accounts for ~45% of the
union sample. In some CERES FOVs, only the M re-
trievals are available (but the A retrievals are not); this




























































