Atmos. Chem. Phys., 10, 10398342Q 2010 iy —* -

www.atmos-chem-phys.net/10/10399/2010/ Atmospherlc
doi:10.5194/acp-10-10399-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

Global evaluation of the Collection 5 MODIS dark-target aerosol
products over land

R. C. Lewy™? L. A. Remer?, R. G. Kleidman'?, S. Mattoo>?, C. Ichoku?, R. Kahn?, and T. F. Eck®?

1science Systems and Applications Inc., Lanham, MD USA
2NASA/Goddard Space Flight Center, Greenbelt, MD USA
3Goddard Earth Science and Technology Center, Baltimore, MD USA

Received: 13 April 2010 — Published in Atmos. Chem. Phys. Discuss.: 16 June 2010
Revised: 7 October 2010 — Accepted: 15 October 2010 — Published: 5 November 2010

Abstract. NASAs MODIS sensors have been observing 1 Introduction

the Earth from polar orbit, fronferra since early 2000 and . . , .
from Aquasince mid 2002. We have applied a consistent re-\S @€rosols are major components in Earth's global cli-
trieval and processing algorithm to both sensors to derive thdnate system, their global distribution must be character-
Collection 5 (C005) dark-target aerosol products over land./zed in order to understand their impacts. The climate and
Here, we validate the MODIS along-orbit Level 2 products aerpsol communities are increasingly relying on sa.telh.te—
by comparing to quality assured Level 2 AERONET sunpho_derlved aerosol data, for resea}rch as well as for .monltorlng.
tometer measurements at over 300 sites. From 85463 co~€r0sol products from NASAs Moderate Imaging Spec-
locations, representing mutually cloud-free conditions, wetrometer (MODIS, Salomonson etal., 1989) sensor were uti-
find that>66% (one standard deviation) of MODIS-retrieved /1zed in the latest IPCC (4th) assessment of climate (IPCC,
aerosol optical depth (AOD) values compare to AERONET-2007), and are being assimilated mto_chemlcal transport
observed values within an expected error (EE) envelope of'°d€ls (€.9., Zhang et al., 2008). Satellite aerosol products,
+(0.05 +15%), with high correlationR(= 0.9). Thus, the |ncll_Jd|ng those from MODIS, are also l:_)elng used for esti-
MODIS AOD product is validated and quantitative. How- mating and monitoring ground-level partlcqlate matter (PM)
ever, even though we can define EEs for MODIS-reportedat regional and local scales (e.g., Al-Saadi et al., 2005; von
Angstibm exponent and fine AOD over land, these productsP°kelaar etal., 2010). _

do not have similar physical validity. Although validated ' N€re are two MODIS sensors (King et al., 2003), ob-
globally, MODIS-retrieved AOD does not fall within the EE  S€'ving Earth from polar orbit aboard NASARrra (since
envelope everywhere. We characterize some of the residudlePruary 2000) andAqua satellites (since June 2002).
biases that are related to specific aerosol conditions, obsefMOPIS is uniquely suited for characterization of aerosols,
vation geometry, and/or surface properties, and relate therfOMPining broad swath size-@330km), multi-band spec-

to situations where particular MODIS algorithm assumptionsal coverage (36 wavelength bands, spanning from 0.415 pm
are violated. Both Terra’s and Aqua’s—retrieved AOD are {0 14.5Um) and moderately high spatial resolution (1km,
similarly comparable to AERONET, however, Terra's global 0-5km. or 0.25km, depending on band) imaging. Or-
AOD bias changes with time, overestimating (6§.005) be- bit ;taplllty and radiometric callbratlorj are both rigorously
fore 2004, and underestimating by similar magnitude afterMaintained by the MODIS Characterization Support Team
This suggests how small calibration uncertainties<ae  (MCST), to within £2-3% at typical situations (Xiong et

can lead to spurious conclusions about long-term aerosgft» 2005, 2007). To take advantage of MODIS's sensitiv-
trends. ity to aerosol signals, efficient retrieval algorithms have been

developed, maintained, and consistently applied to the en-
tire time series of observations. These algorithms operate
by matching observed spectral reflectance (statistics of non-

Correspondence taR. C. Levy cloudy pixels) to lookup tables (LUT) that simulate spectral
BY (robert.c.levy@nasa.gov) reflectance for expected aerosol conditions. Each retrieved
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value represents the aerosol conditions in non-cloudy skiegproducts with measurements by ground-based sunphotome-
within some expected error interval. The current suite ofters, for spectral AOD in Sect. 3, and for aerosol size parame-
MODIS aerosol products is derived separately over threeers (includingAngstiom exponent and fine AOD) in Sect. 4.
environments: (1) dark-surface (far from sun glint) oceanWe use the spatial-temporal collocation method that was in-
targets (Remer et al., 2005), (2) dark-surface (vegetationtroduced by Ichoku et al. (2002), and used previously by Re-
soils) land targets (Levy et al., 2007b), and (3) bright surfacemer et al. (2005) and others. In Sect. 5, we summarize our
(deserts) land targets (e.g., Hsu et al., 2004). validation results and suggest steps necessary to reduce the
In this paper, we assess the performance of the aerosokmaining systematic discrepancies. Section 6 offers some
products over dark-land targets (environment 2). Retrieveddiscussion of the significance of the results and conclusions.
products include totaherosol optical deptl{r or AOD) at
0.55pum, spectral AOD at 0.47 and 0.65um anthe fine 2 The MODIS aerosol retrieval over land
model weighting(ETA) at 0.55um. Derived products in-
clude thefine-modeAOD (7 or fAOD) andAngstrom expo-  The MODIS “dark-target” aerosol retrieval algorithm is de-
nent ¢) defined by using AOD values at 0.47 and 0.65 um. signed to infer clear-sky (non-cloudy) aerosol properties
The union of these AOD and size parameters, plus diagnostirom MODIS observations, over land surfaces that have low
parameters and retriev@luality Assuranc€QA), comprise  values of surface reflectance (e.g., “dark”) in parts of the vis-
the set ofLevel 2(L2) aerosol products. These L2 products ible (VIS) and shortwave infrared (SWIR) spectrum. Gen-
are retrieved at 10 km resolution globally, and are containecerally, vegetated and dark soil regions are examples of such
in data product files, which we denote as M*D04 (MODO04 dark targets, providing a contrasting surface to observe rela-
for Terra and MYDO04 for Aqua). These M*D04 files are tively brighter aerosol reflectance. The basic algorithm uses
processed and archived by the MODIS Adaptive Processingwo visible (VIS, 0.47 and 0.65 pum) and one shortwave IR
System (MODAPS) at NASAs Goddard Space Flight Cen- (SWIR; 2.1 um) bands (Kaufman et al., 1997; Levy et al.,
ter, in Hierarchal Data Format (HDF) with parameters stored2007b), which (a) are nearly transparent to.C8,0 and
as Scientific Data Sets (SDS). The most recent dark-targedther gaseous absorption, and (b) demonstrate a consistent
aerosol data are being processed as Collection 5, or C005 fapectral relationship over vegetated land surfaces (Kaufman
Terra and Collection 51 or C051 for Aqua. et al., 1997). Additional wavelengths in other parts of the
Prior to Terra launch, Kaufman et al. (1997) estimated thespectrum are used to mask out clouds, deserts, snow, and
uncertainties for MODIS-retrieved AOD. One of their met- ice surfaces — non dark-target conditions (Ackerman et al.,
rics, designated in this paper espected erro(EE), defined  1998; Martins et al., 2002; Li et al., 2003). Note that a veg-
an envelope encompassing the sum of absolute and relativetated surface is not “dark” in the green MODIS wavelength
AOD errors. Since then, many studies (e.g., Chu et al., 2002(e.g., 0.55 um), and therefore, the 0.55 um channel cannot be
Remer et al., 2005), have attempted to define EEvatidate ~ used directly.
the MODIS products, most recently for the dataset known The object of the retrieval is to determine the effective
as Collection 4 (C004). The C004 MODIS-derived aerosolcolumnar aerosol properties, which, coupled with a con-
products were compared to global sunphotometer data, anstrained surface contribution, best represents the MODIS
68% fell within an EE envelope af(0.05 + 20%) on a global spectral reflectance observations in the three channels. By
scale (Remer et al., 2005). However, this and other studiesbest represents”, we mean a solution that provides the small-
(e.g., Levy et al., 2005) demonstrated that there were locaest fitting error when matching the LUT reflectance to the
tions and conditions where the C004 errors were systematiobservations. The aerosol is assumed to a mixture of fine
cally larger. These errors were of a magnitude that the CO04nd coarse model types, and the primary retrieved products
products were not accurate enough for use in global modeare the total aerosol loading, represented by the AOD defined
assimilation (e.g., Hyer and Reid, 2009). at 0.55 um, and the fine model weighting, ETA, also defined
Levy et al. (2007a, b) characterized some of the limitationsat 0.55um. Both AOD and ETA represent the integration
of the C004 algorithm, and introduced a “second-generation’of aerosol properties through the entire atmospheric column,
dark target algorithm to process C005. Although there havewith no assumptions as to aerosol layering.
been studies using C005 dark-target products both globally The termfine modetefers to the physical and optical prop-
(e.g., Remer et al., 2008), and regionally (e.g., Mi et al., erties (size distribution, complex refractive indices, shape) of
2007; Jethva et al., 2007; Papadimas et al., 2009), this pacolumn- integrated aerosol that is dominated by fine mode
per is a more in-depth evaluation. Here, we compare the ensized (e.g., radius<<1.0 um) particles. This is in con-
tire MODIS time series from both Terra and Aqua to global trast to acoarse modethat is dominated by particles larger
AERONET data, thus quantifying global EE, and identify- than one micrometer. Previously, Levy et al. (2007a) per-
ing where and under what conditions the C005 products mayormed cluster analysis of AERONET almucantur inversions
still be falling short. In Sect. 2, we briefly summarize the (e.g. Dubovik and King, 2000) and identified three fine mod-
CO005 dark-target aerosol retrieval and products, and definels and one coarse model that generally represented global
the concept of EE. We compare the MODIS-derived aerosoberosol types over dark-land surfaces. The three fine models
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were spherical and differed mainly in their single scatteringthe LUT is spectrally consistent, when the algorithm matches
albedo (SSA), such that the weakly, moderately and stronglythe measured reflectance at 0.47 and 0.65 um to calculated
absorbing models had approximate SSA at 0.55 um of 0.95yalues from the LUT, the AOD at any wavelength is auto-
0.91 and 0.86, respectively. The non- spherical, coarse modehatically determined. Thus, although the MODIS-observed
had SSA =0.95 and essentially represented dust aerosol typ8.55 um reflectance is not used directly within the inversion,
In addition to identifying three global fine models, Levy et the AOD value at 0.55 pum can be retrieved directly and with-
al. (2007a) also determined which fine model was most ap-out interpolation. Levy et al. (2007b) chose to report 0.55 um
propriate for a given season and location, which is assumeds the primary wavelength because it falls between the two
by the algorithm. The MODIS algorithm mixes the coarse channels that contribute information. Also, 0.55um is con-
(dust) model with the appropriate fine model type, thus de-sistent with the primary wavelength used by models and
termining AOD and ETA. other community-wide applications, including the MODIS
The LUT represents TOA reflectance for aerosol plusretrieval over ocean (e.g., Remer et al., 2005).
molecular (Rayleigh) scattering over a black surface, specific For elevated targets, the phase function dependence of
for each aerosol model type. It was previously computedRayleigh/aerosol interaction is also accounted for, rather than
using Radiative Transfer (RT) that includes polarization ef- simple subtraction of Rayleigh optical depth as was applied
fects (Levy et al., 2004; Evans and Stephens, 1991). Thdor C004 and prior (Levy et al., 2007b). Thus, the LUT re-
Modified T-matrix code (Dubovik et al., 2006) was used to mains spectrally consistent.
calculate the dust-type scattering using spheroids, whereas In addition to the assumptions related to inversion, aerosol
a Mie-scattering code (Wiscombe, 1980) was used for themodel properties and surface characteristics, the C005 al-
spherical fine model particles. The LUT simulations are in- gorithm is fundamentally different in how it reports aerosol
dexed by seven values of total aerosol loading, indexed byproperties in very clean conditions. To reduce statistical bi-
AOD at 0.55pum £ =0.0, 0.25, 0.5, 1.0, 2.0, 3.0 and 5.0). ases in low-AOD conditions (AOE: 0.05), negative AOD
However, the observed TOA signal is made up of re-values down to-0.05 are permitted.
flectance scattered from the aerosol as well as the surface. Although the nominal resolution of MODIS is 500 m in
Kaufman et al. (1997) showed that if the surface reflectancenost wavelength bands, the MODIS aerosol retrieval is per-
is “known”, then the aerosol properties can be retrievedformed at 10 km. The 10km retrieval allows us to improve
from observations at the TOA. Since observations and modthe signal-to-noise ratio, since we can throw out many pix-
eling studies had shown that surface reflectance was speels (e.g., containing clouds, cloud shadows, snow, or surface
trally linked for vegetated and dark-soil land surfaces, theninhomogeneities) and still have sufficient clear-sky statistics
the MODIS aerosol retrieval was possible. Prior to C005,for doing the retrieval (Levy et al., 2009). Other than im-
the dark-target algorithm was essentially “single channel replementing the snow mask of Li et al. (2003) into the C005
trieval” in two visible wavelengths (0.47 and 0.65 pm). The algorithm, the pixel selection technique remains the same as
2.1 um aerosol contribution was assumed to be negligiblor C004. The 3x 3 visible reflectance variability test (e.qg.,
(e.g., Kaufman et al., 1997), so that the surface reflectancdlartins et al., 2002) provides the primary cloud screening,
at 2.1 pum was “known”. Using simple ratios of this 2.1 um and of the remaining pixels, 20% of the darkest and 50% of
surface reflectance, the surface contribution to the two visithe brightest pixels are discarded.
ble channels could be estimated, and its contribution to the In addition to aerosol properties, the MODIS algorithm
TOA reflectance accounted for. The measured reflectance aeports a number adiagnosticproducts, including a proto-
top-of-atmosphere (TOA) at 0.47 um and 0.65 um was sepeol for assessing the “Quality” of the retrieval known as the
arately compared to simulated TOA reflectance in these twdQuality Assuranc€QA) plan (e.g., Hubanks, 2007). The QA
channels, so that total AOD was determined independently aplan is a series of tests that indicates whether certain condi-
each wavelength. Calculation of the final product, the AODtions are met during the course of the retrieval. At the end
at 0.55 um, was accomplished by interpolating between reeof the retrieval process, a summary QA Confidence (QAC)
trieved AOD at each channel. flag recaps the results of all QA tests, and indicates a rel-
Today, the algorithm is more of an “inversion”. The at- ative “Confidence” in the entirety of the retrieved product.
mospheric LUT represents spectrally consistent atmospheriQAC ranges from 3 (high confidence) to 0 (low or no con-
properties computed for each aerosol model coupled witHidence). For C005, there were major changes to the QA
molecular (Rayleigh) scattering. Thus, for a given aerosolplan (Levy et al., 2009). The new QA plan includes in-
model, the spectral dependence of any aerosol property iformation characterizing the type, quality and confidence of
fixed. Since dust aerosol reflects at 2.1 um, the algorithnthe input MODIS reflectance data, ancillary datasets (e.qg.,
does not need to assume that the aerosol contribution to thmeteorology or ozone ancillary data), as well as some of the
observed 2.1 um is negligible. At the same time, the specintermediate and output products (Levy et al., 2009). We
tral surface reflectance contribution is constrained by theexpect that data having larger QAC values will be more com-
surface reflectance parameterization described by Levy gparable with ground truth, and, therefore, be more useful for
al. (2007b), and is coupled to the atmosphere LUT. Sincescientific applications (e.g., Kahn et al., 2009).
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2.1 Clarification of aerosol size parameters 2.2 Measures of evaluation

Together, AOD and ETA parameters (both at 0.55um) areBecause the MODIS algorithms are designed to infer aerosol
the retrievedaerosol solution to the algorithm, representing properties from the radiation field, uncertainties in the re-
the total column aerosol loading and the effective proportiontrieval assumptions and retrieval methodology lead to uncer-
of fine and coarse aerosol model types in the column. Be4ainties in the retrieved products. The question is whether the
cause the LUT is spectrally consistent, AOD is also deter-MODIS products are quantitative. Byuantitative,we refer
mined at 0.47 and 0.65 um. Based on these two channels, thte a product that (a) we can validate, (b) has statistically sig-
Angstrom exponent (AE o) can be derived. The AE is a nificant correlation with an observable physical quantity and
one-parameter description of the spectral AOD dependencec) we believe can be used in a scientific study or applica-
which can be related to relative aerosol size (e.g., Eck et al.tion relating to understanding of a geophysical quantity or
1999). Larger values of AE (steeper spectral dependence) irprocess. Byvalidation we mean that we can assign well-
dicate smaller column-effective particle size, and converselycharacterized error bars to the product such that 2/3 of the
The ETA parameter is difficult to interpret. Unlike tfime-  values, globally, match with ground truth (e.g., AERONET)
mode weightingparameter retrieved by the MODIS over- — observed properties.
ocean algorithm (e.g., Talet al., 1997), ETA represents a  Prior to Terra launch, Kaufman et al. (1997) used sensitiv-
relative mixing of fine and coarsaodelswithin the column. ity studies to estimate trexpected erro(EE) of the MODIS-
Since both land aerosol types (fine-dominated and dust) haveetrieved AOD. Estimated a%(0.05 +0.2@), the MODIS
multiple modes, and the retrieval solution is strongly influ- EE represented the fusion of absolute (0.05) and relative
enced by the assumptions of spectral surface reflectanc¢20%) uncertainties that would arise from combined errors
ETA over land does not represent a clear division of par-in assumed boundary conditions (e.g., surface reflectance, in-
ticle sizes, nor is it entirely independent of surface fea-strument calibration) and errors in aerosol model type (such
tures. Yet, based on sensitivity tests and comparisons witlas in single scattering albedo). However, some outliers are to
AERONET (e.g., Levy et al., 2007b), retrievals of AOD be expected, and a key objective of the post-launch validation
are more accurate when the retrieval has the flexibility toprocess has been to determine the size of the envelope needed
combine two models weighted with the ETA parameter thanto contain 66% (one standard deviation) of actual retrievals
when forced a priori into a single aerosol model. Therefore,globally, and under different conditions.
although one might expect some correlation between ETA Since the launch of Terra (and later Aqua), the actual
and AERONET-derived fine mode weighting, we do not ex- MODIS-derived AOD was repeatedly collocated with, and
pect this to be true in a global sense (e.g., Levy et al., 2007b)compared to global sunphotometer data, which is used as
ETA cannot easily be compared to quantities reported byground-truth (e.g., Chu et al., 2002; Remer et al., 2005).
AERONET (e.g., O'Neill et al., 2003). Good matches were reported wherever the MODIS -retrieved
Even though Levy et al. (2007b) concluded that ETA AOD, tvopis, fell within the envelope defined by
would be a difficult quantity to retrieve and validate, they
suggested that particulaterived products might be more 7 —I|EE| <tmopis <7+ |EE|. (1)
useful. For example, they suggested that the product of , ,
AOD and ETA, kngwn as {héin?ﬁmodelAOD (fAOpD or Through global comparison with  AERONET, Chu et
) could be used for comparison with models or estimat—al' (2002) suggested that the EE could be reduced to
ing aerosol radiative forcing. The fAOD is reported only at g _ +(0.05+0.15r), @)
0.55 um. Note that the fAOD quantity is tfiee-modeAOD
because one of the multi-modal models is dominated by thevhich was later confirmed by Remer et al. (2005) for a large
fine mode. (The other, the dust model, is dominated by thejataset (Collection 4; 5906 collocations). In this current pa-
coarse mode). Since Levy et al. (2007b) found that MODIS-per, we will determine the degree to which the EE envelope
derived fAOD was correlated with AERONET-derived fine- represented by Eq. (2) also represents C005.
mode AOD, they suggested it should be reported within the  As for MODIS-reported size parameters, they have never
MODIS product. However, as we report in Sect. 3.3, we NnoWpeen quantified over land. Global EE has not been deter-
conclude that although ETA has important diagnostic value mined for any size parameter, because of the expectation they
in general the MODIS size parameters are too burdened by @ould not be sufficiently accurate to warrant such effort (e.g.,
priori assumptions and surface reflectance uncertainty to b®emer et al., 2005). Given the difficulty in retrieving and
quantitative on the global scale. interpreting ETA, we do not expect to validate it for C005,
either. However, we perform the exercise of deriving EE for
these products and report the results below.
Equation (2) represents the EE fglobal AOD. In addi-
tion to Remer et al. (2005) other studies (e.g., Levy et al.,
2005; Hyer and Reid, 2009) noted conditions and locations
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where C004 errors were larger than EE. For example, RemeB Global evaluation of CO05 products

et al. (2005) demonstrated that on average, the C004 algo-

rithm tended to overestimate AOD, especially in conditions The algorithm’s retrieved parameters are solutions to
of low aerosol loading (i.e.7 < 0.1). Other systematic bi- the lookup table matching. These are AOD and
ases were noted in some regions, which included both unETA (at 0.55um), and are reported as SDSs in the
der and overestimates, all indicating insufficient constraintsM*D04 file as “CorrectedOpticalDepthLand” and “Op-

on surface and/or aerosol properties in the retrieval. Lewytical_DepthRatio.SmallLLand”, respectively. The fAOD is

et al. (2005) looked specifically at MODIS/sunphotometer simply the product of the solution at 0.55 um (AGZETA)
disagreement along the US East Coast. Likewise, for C005and is reported as “Opticdbepth SmallLLand”. Calcula-
derived AOD, we expect that there are conditions and location of additional parameters requires the information em-
tions where the MODIS errors are systematically larger thanbedded in the LUT. For example, based on assignment

EE. of aerosol model type, which is in turn associated with
o _ o assumed aerosol optical properties (e.g., spectral extinc-
2.3 Preliminary C005 algorithm validation tion), we back out the spectral AOD (0.47 and 0.65pm;

“CorrectedOptical DepthLand” SDS) and compute the AE
Levy et al. (2007a) collected a test-bed (6000 granules) Of(“AngstromExponenILand”).

archived MODIS-C004 radiance files, and compared results 1 Quality Assurance (QA) information, including the
of the C005 algorithm with those obtained by the previoussummary QAC, are diagnostic information, reported using

one. For the test-ped, the overall, mean AOD decrease@h,3 “Quality Assurance_and” SDS. Tables of the QA tests

from ~0.28 (C004-like) t0~0.19 (CO05-like). They found — 5re foung in Levy et al. (2009b) and Hubanks (2007). Kahn
that the comparison of total AOD with collocated, global, o 41 (2009) also describe the MODIS QA flags; note that
AERONET (Holben et al., 1998) sunphotometer measure-nac (this study) and their QC flag are the same quantity.

ments (1200 cases) was improved, as demonstrated by thgpe A Usefulness (QAU) flag (1st bit) is necessary for
correlation coefficientR) increasing from 0.85t0 0.89, and | 50| 3 processing (e.g., Hubanks et al., 2007). Depend-

the y-ofcf)set decreasing from 0.097 to 0.029. For the test'mg on which tests pass or fail, the algorithm will report “fill
bgd,_ 67% of the MODIS/AERONET AQD_ coI.Iocat|or.1$ fell value” (i.e., no data) for all, some, or none of the parame-
within the EE envelope (Egs. 1 and 2), indicating preliminar- o, - For example, if the scene reflectance is brighter than

ily validation. o 0.25 at 2.1 um, only the spectral AOD is reported. All the
Levy etal. (2007b) also performed some preliminary eval- oiqr narameters are set to fill values and QAC is set to zero.

uation of the COO05 algorithm’s reported size products, by|nqenendent of the QAC, if the retrieved AOD is small (e.g.,
comparing W'th, va!ues reported by AERONET. The ETA  _ 0.2), the aerosol signal is probably too low to retrieve
(fine-model weighting) parameter was shown to have eSyheaningful aerosol size information, Thus, fAOD, ETA, and
sentially no correlation with AERONET-derived fine-mode AE would be reported as missing.

weighting. There was also no significant correlation for AE.

Yet fine AOD was correlatedq = 0.88) and generallyagreed 31 collocation with AERONET

to within EE defined by Eq. (2).

Although in general, the CO005 algorithm produpts Here, we collocate the entire set of C005 Terra/Aqua-
compared to AERONET at least as well as those derivedyop|s aerosol retrievals with the AERONET Version 2.0,
by the CO04 algorithm, we note that the COO5 algo- | evel 2 Quality Assured (cloud screened and calibrated)
rithm usedarchived C004 radiances. During operational yirect-sun measurements of spectral AOD (Holben et al.,
processing of the CO005 algorithm, MCST introduced 1998; Smirnov et al., 2000). The AERONET AOD uncer-
new caljbration coefficients h(tp://mcst.gsfc.nasa.gov/ tainties are on the order of 0.01-0.02 (Eck et al., 1999),
uploadsffiles/c3uts update/L1BAqua LUT History.tx) and we consider them as “ground truth” for satellite prod-
and fttp://mest.gsfc.nasa.gov/uploads/fileslos update/ ¢t validation. Using quadratic fits on a log-log scale (Eck
L1B_TerraLUT History.tx). This means that the prelim- gt al., 1999), we interpolate the AERONET data to MODIS
inary validation performed by Levy et al. (2007a) may pang-effective wavelengths (i.e., 0.47, 0.55 and 0.65um

not apply to actual CO05 products. In fact, Remer etpangs) and calculate the 0.47/0.65 Amgstrom exponent
al. (2008) identified differences between the C004 and C003, match that reported in the MODIS product. Finally,

datasets over ocean that could be attributed to the calibratiofe yse the spectral de-convolution technique of O'Neill et
changes. Thus, we perform a full evaluation of the actualy (2003) to derive AERONET fine mode fraction and fine-
CO05 dataset. mode AOD, and use these to show that globally, the MODIS
size-parameters have little global quantitative value.
We employ the spatio-temporal technique of Ichoku et
al. (2002), which creates a grid of 5 by 5 MODIS aerosol
retrieval pixels, with the AERONET station in the middle.

www.atmos-chem-phys.net/10/10399/2010/ Atmos. Chem. Phys., 10, 103983-2010


http://mcst.gsfc.nasa.gov/uploads/files/c5_luts_update/L1B_Aqua_LUT_History.txt
http://mcst.gsfc.nasa.gov/uploads/files/c5_luts_update/L1B_Aqua_LUT_History.txt
http://mcst.gsfc.nasa.gov/uploads/files/c5_luts_update/L1B_Terra_LUT_History.txt
http://mcst.gsfc.nasa.gov/uploads/files/c5_luts_update/L1B_Terra_LUT_History.txt

10404 R. C. Levy et al.: Global evaluation of the Collection 5 MODIS dark-target aerosol products

Since each MODIS aerosol pixel represents approximately AOD land: Both 0.55um, QAge0 50
a 10km area, the subsettedx® area is approximately 801\ = 85463; within expected- 88.78% T+ LT L
50km by 50km. Spatial statistics for the MODIS subset | FitY= 0952+ qoosz; - - e =T l

.. - R = 0.882; RMS = 0116 TRl - 40
are calculated and compared to the temporal statistics of the -t
AERONET observations taken withitt30 min of MODIS 20
overpass. Atleast 5 of the possible 25 MODIS retrievals, ande 30
2 of the possible 4 or 5 AERONET observations, are required2 1
to include a collocation in our statistics. This means that 20
the collocation might not include the exact 10 km MODIS
aerosol retrieval region in which the AERONET station re- 05| 10
sides, and could include retrievals from pixels that are 20— 00 )
25km away. For a collocation to be included, both MODIS ' )

0.0 0.5 1.0 15 20 25 3.0 0

and AERONET require sampling that is sufficiently free of AERONET

clouds, based on their respective cloud-masking algorithms.

This precludes evaluation of MODIS products in conditions Fig. 1. MODIS C005 AOD at 0.55 um over dark land (QA€D)

of overcast or some partial cloud situations. collocated with AERONET (quadratically interpolated) to the same
As of September 2008, our database included collocawavelength, for both (the union of) Terra and Aqua datasets. Data

tions with 328 AERONET sites, of which 32 were island @ sorted according to ordered pairs (AERONET, MODIS) of

sites that could not be used for over-land comparison. O OD in 0.025 intervals, so that color represents the number of

. . . ases (color bar) having that particular ordered pair value. The
the remainder, 203 sites were inland, and the rest IOcateéashed, dotted and solid lines are the 1-1 line, EE for land AOD

6_“ or near shoreline. Some sites offer long measuremeni(o.os+O.15), and the linear regression of the pre-sorted scatter-
time series, whereas others have measurements only dufio; respectively. Text at the top describes: the number of colloca-

ing particular seasons or field exp(.eriment.s. To exclude sitegions (n), the percent within expected error, the regression curve,
where the AERONET instrument is not likely to represent correlation ®), and the RMS error of the fit. Note that each axis

the aerosol of the surrounding region, we compared the alranges from-0.1 to 3.0, to show allowed negative values.

titude of the AERONET site and the average digital eleva-

tion (http://www-surf.larc.nasa.gov/surf/pages/digelev.hitml

of the surrounding 50knx 50km box. To retain suffi- 3.3 Global aerosol particle size

cient global sampling, we excluded only the sites where the

AERONET/box elevations differed by300m. The resultis Figure 2 shows the scatterplots of MODIS-derived AE

85463 matches for the combined Terra/Aqua dataset. Foftop) and fine-model AOD (bottom) against the respective

discussion in this paper, we will label sites by the namesAERONET quantities of AE and fine-mode AOD. Contain-

given by the AERONET tearrh(tp://aeronet.gsfc.nasa.gov  ing one standard deviation (66%) of the collocated points, the
expected errors (EE) for AE and fAOD are plotted-a8.4

3.2 Global AOD and=+(0.05 +0.26y), respectively.

) ] ~ Figure 2 (top) is similar to Fig. 3a of Liu and
Figure 1 is a frequency scatterplot of the over-land compari-\ishchenko (2008), but by showing the density of points, we
son of total AOD at 0.55 um, for the union of Terra and Aqua jjjystrate that in fact the MODIS product is generally binary;
datasets (“Both”). The data are not filtered by QAC. The gjther it derives AE close to 1.8 or AE of exactly 0.5. Values
color of each ordered pair (0.0250.025 increment) repre- ot AE close to 1.8 indicate that retrieved ETA is exactly 1.0
sents the number of such matchups. Each axis ranges frofine-model only), whereas AE of 0.5 indicates that retrieved
—0.11t0 3.0. The dashed, dotted and solid lines are the 1-E7a s exactly 0.0 (coarse/dust model only). There are very
line, defined EE for land AOD (Eq. 2), and the linear regres-fe\y cases where MODIS-reported AE is in between, indicat-
sion of the pre-sorted scatterplot, respectively. Table 1 givesng that the MODIS retrieval cannot capture the variability
some of the regression statistics. Sixty-nine percent of thg ihe ground-truth AE. In most cases, when MODIS indi-
MODIS retrievals of the comprehensive data set of 854634165 the dominance of the fine aerosol model, it agrees with
collocations lie within the EE defined by Eq. (2). In addi- AERONET. However, the converse is not true; MODIS finds
tion, as compared to C004 (Remer et al., 2005), the COO0%yst where there should be none (e.g., Jethva et al., 2008;
AOD (at 0.55um) shows much closer match to the 1-1 linepjiglonen et al., 2010). Although we can define global EE
(v =0.95x +0.005 vs.y = 0.78x +0.068), and a higher cor-  for AE as+0.4, the combination of binary behavior and un-
relation (R = 0.88 vs.R = 0.80). Validation is also achieved egjistic values clearly indicates that AE is not globally quan-
for the 0.65 and 0.47 channels (also in Table 1). titative.

Figure 2 (bottom) shows that there is apparent correla-
tion (R =0.81) of the fine-model AOD with the AERONET-
derived fine-mode AOD. However, we realize that because
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Table 1. Statistics of the comparison between MODIS and AERONET total spectral AOD overNar®B5463.

Wavelength Mean AOD Mean AOD  Regression R RMS % inEE
(um) AERONET MODIS equation
0.65 0.162 0.174 y=0.969% +0.007 0.872 0.103 71.21
0.55 0.198 0.203 y=0.952¢ +0.005 0.882 0.116 68.78
0.47 0.243 0.245 y=0.967x+-0.001 0.896 0.131 66.44
10 retrieved ETA is effectively binary, the apparent validation
AE: land Both

of the fAOD retrieval is entirely due to the strength of the to-

25| R= 0807;RMS= 0119 - " 77 7 - . . . .
ERILYE - As mentioned previously, each set of retrieved products is

accompanied by the algorithm'’s estimate of the QAC, which
may range from 3 (high confidence) to O (low or no con-
20 fidence). Table 2 presents the information contained in

the 0.55um row of Table 1, but stratified by QAC value.
10 We see that the quality of the MODIS/AERONET compatr-
ison is strongly dependent on QAC. For the retrievals with

30

MODIS fAOD

&Og LM epenel B l8 tal AOD retrieval (e.g., Fig. 1). Therefore, fAOD cannot be
250 R= 0.554;RMS = 0.386 globally quantitative either.
20; ' g Based on the above analysis, we conclude that the C005
w i 6 aerosol size parameters have little physical validity, whether
9 15 obtained directly (ETA) from matched radiances, or derived
g ’ 4 downstream (AE or fAOD). In future collections of MODIS
1or data, we recommend that fAOD and AE be removed to avoid
o5l e o confusion. ETA should be retained, because it provides im-
g portant information about algorithm performance. Users can
oof.-" 7 _ derive fAOD and AE for a particular application, with the
00" 05 1.0 15 20 25 30 0 understanding that they primarily reflect algorithm assump-
’ AERONETAE 50 tions about particle type. In this paper, subsequent reference
AOD: land Both 0.554m l to AE refers to AERONET-measured values.
3.0 . L /.‘.‘.- - s i
;‘H:—YST%%;'VS::’:ZG?S?:: _66392%-_ _/-/_;- 40 3.4 Dependence on algorithm QAC

; 0 QAC =0, there is significant deviation from the 1-1 line.
00 o5 10 15 20 25 30 Although the global averages of both datasets are similar
AERONET fAOD for QAC =0, MODIS retrieves only 50.34% of the cases to

_ _ within EE of +(0.05 + 15%). However, as we increase our
Fig. 2. MOD'S-derIVedO47/065 um AE (top) and 0.55 um fAOD QAC Va|ue’ the regression become more Symmetric to the
(bottom) collocated with analogous AERONET parameters, forq_1 |ine and the percentage within EE increases to 66.10%,
both (the union of) Terra and Aqua datasets. Data are sorted accor%7 75%, and 72.60% for QAC =1, 2 and 3, respectively. In
ing to ordered pairs (AERONET, MODIS) of AOD in 0.025 inter- enerall retrievals with QAC =3 pr’ovide thé best matches to
vals, so that color represents the number of cases (color bars) havir%ERON’ET s0 all further analyses in this paper will be per

that particular ordered pair value. For each panel, the dashed, dot- .
ted and solid lines are the 1-1 line, EE, and the linear regressioformed for those 58 526 points. Note that a user may choose

of the pre-sorted scatterplot, respectively. Text at the top describet0 use data with lower QAC, but is strongly advised not to
the number of collocation&V), the percent within expected error, Use retrievals with QAC =0 for any quantitative purpose. The
the regression curve, correlatioR), and the RMS error of the fit.  choice depends on the application’s tolerance for uncertainty
The AERONET AE is derived from AOD that has been interpolated versus the need for spatial coverage.
(quadratic) to MODIS wavelengths, whereas the AERONET fAOD
was derived with the ONeill et al. (2003) deconvolution technique. 3.5 Dependence on AERONET observed AOD
EE for AE is£0.4, EE for fAOD is£(0.05 + 0.20).
For C004 validation, Remer et al. (2005) found th#&6% or
1-standard deviation of the 5906 over-land collocation points
were contained within the EE envelope. However, as the
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Table 2. Statistics of the comparison between MODIS and AERONET total AOD at 0.55 um over land, as a function of QAC.

QAC N Mean AOD Mean AOD Regression R RMS % in EE
value AERO MODIS equation

0 10743 0.220 0.222 y =0.698¢ 4 0.049 0.794 0.146 50.34

1 5484 0.177 0.207 y=0.990xr 4+ 0.020 0.860 0.114 66.10

2 10710 0.183 0.211 y=1.005¢+0.015 0.872 0.116 67.75

3 58526 0.199 0.198 y=0.988+—-0.004 0.905 0.106 72.60

>1 74720 0.195 0.201 y=098%x+-0.000 0.896 0.109 71.43

>0 85463 0.198 0.203 y =0.952x 4-0.005 0.882 0.116 68.78

ground-truth AOD became larger, the standard deviations of
the MODIS AOD error became larger than the EE envelope.
Figure 3 presents the 58586 QAC=3 cases of C005,
binned by AERONET AOD. On the x-axis, there are 50 bins,
each containing~1200 observations. The y-axis is the ab-
solute difference between MODIS and AERONET AOD
(MODIS-AERONET. The statistics are presented as box-
whisker plots, where the horizontal centers and half-widths
of the red boxes represent the means and the standard devy, 02
ations of the AERONET AOD in each bin. In the vertical,
the centers and the tops/bottoms represent the medians an
the middle 66% (&) intervals of the MODIS-AERONET
differences for each bin. The black squares are the mear
of the MODIS-AERONET differences (usually close to the 02
median). The red dashed-dot lines are linear best fits to the
bottoms and tops of the boxes, which can be compared with g4
the green dashed lines encompassing the EE envelope. Fi e e N L
nally, the blue whiskers represent the 96% Y Mtervals of 0.0 05 10 15 2.0
the MODIS-AERONET differences. AERONET
From Fig. 3, we see across the entire AOD range that:
(@) the mean bias of the MODIS retrieval is generally lessfig. 3.  Absolute error of AOD (MODIS-AERONET) at
than 0.01, and that (b) the 66% interval and the green EE eng.55 um vs. AERONET-derived AOD at 0.55 um, for QAC = 3. The
velope are nearly identical. This means that for cases withk-axis is the AERONET derived AOD, and the y-axis is the ab-
QAC =3, the EE is a reasonable assessment of C005’s AOBolute MODIS-AERONET AOD difference. Data are sorted by
error across the entire range of AOD. We note that the 2 AERONET AOD and grouped into 50 equal bins. Each boxplot

bars are approximately double of the (and EE) envelope. represents the statistics of the MODIS-AERONET differences in
the bin. The means and standard deviations of the AERONET AOD

are the centers and half widths in the horizontal (red). The mean,
4 Local C0O05 validation medians, and 66% (&) interval of the MODIS-AERONET differ-
ences are the black squares, the center, and top-bottom red intervals

Although we have robustly validated tigéobal C005 AOD in the vertical (also red). The blue whiskers are the 96% ) 2a-
within EE, we know from the literature (e.g., Jethva et al tervals. The red dashed curves are linear best fits to the 66whereas
2008: Kah’n etal., 2009) that there aegionS\.NH,ere MODIS "’ the green dashed curves represent the over-land EE for total AOD
has systematic problems retrieving AOD. MODIS may Sys_:l:(O.05+O.15).

tematically overestimate or underestimate AOD for one rea-

son or another, and the errors might be offsetting (Kahn etematic errors result from poor aerosol model assumptions.

al., 2007). In this section, we examine the performancea|ihough the separation can never be complete, surface as-

of the MODIS algorithm for.retr.ieving AOD at i_ndividual sumptions tend to dominate the retrieval when there is little
AERONET sites. By separating into cases with light aerosolaergsol, whereas the surface becomes less important as the
loadings ¢ < 0.15) and heavy aerosol loadings* 0.4), we  36r0s0l load increases.

can distinguish between cases where the systematic errors
result from poor surface assumptions and cases where sys-

AOD land: Both 0.55¢m,QA3
N = 58526; bins =50 O Mean MODIS-AERONET

4 ‘ ) int
o —-+*= Linear fits to 17%-83% (1 sigma) interval = 5

Whiskers are 03%-97% (2 sigma) interval | .. —- of

ON

o
7]

0.0

-Al

MODIS:

LA s s B B S B 1 A B S B Sy B
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4.1 Site by site: overall high single scattering albedo. Thus, it is not surprising that
the products generally compare well in these regions.

Our dataset includes collocations from different sites and dif- Good comparisons are seen over southern Africa (e.g.,

ferent seasons. These sites represent a variety of surfac!\gongu’_ls S, 23 E) and parts of the_ Amazon for this sea-
types (forests, savanna, urban, soils, etc.), and a variety ot which are both da_\rk surface regions and were well sam-
expected aerosol types. Although we have demonstrated thﬁed by AERONET prior to COOS: Even though Japan and
on average, the retrieval algorithm has made the correct a Korea were not well sampled prior to C005 development,

sumptions as to surface and aerosol characteristics, we knOWere is generally good agreement. This is most likely be-

that there are sites where MODIS shows systematic errors. cause the surface s not too different from that present over
the well-characterized Eastern US and European regions,

Let us consider th&action of the MODIS—retrieved AOD 544 the AOD is not large enough so that a wrong choice
values that fall within EE at each site during a given sea-jy aerosol model would be catastrophic. Good agreement
son, as well as the sign of the mean bias. Where we seg giso seen at the Chinese sites of Taihw® (81120 E)
at least 2/3 (66% ord), we consider this to have “good”  ang xjanghe (39N, 116 E) (Mi et al., 2007). Interestingly,
matching. If fewer than half lie within EE, this is a “poo_r” while the region surrounding Kanpur, India (26, 80° E) is
match, and we also note whether MODIS tends to retrieveg|atively bright, the sunphotometer site is located in a small
too low or too high. Figure 4 provides visual assessmeni1 km 1 km) pocket of vegetation. Although the vegetated
of both matching quality and MODIS bias, during the sSum- 4re4 is probably too small for the entire scene to be consid-

mer months (June, July, August). Although examined forgreq “vegetated”, there is generally good agreement in the
other seasons, only the summer months are shown here bgymmer (e.g., Jethva et al., 2007).

cause there are more aerosol hotsptots (Northern Hemisphere |, aqdition to the urban surfaces mentioned above

pollution, Saharan dust, etc.) during this season. Symbol§op|s compares poorly over brighter and elevated targets.
are plotted at AERONET sites having at least ten colloca-gq, example, Palencia, Spain, is on a plateau, and has a rel-
tions for the season, and are color-coded based on the fraggively pbrighter surface where the aerosol signal is compar-
tion of MODIS data that matches within EE. Green symbols 4iively weak for a dark-target retrieval. Poor comparisons
are plotted where=66% match (*good”) within EE (€.9.,  are also noted at sites over the western US, (e.g., BSRN-
GSFC). Red represents sites wher®80% match within EE Boulder, 40 N, 105 W) and Sevilleta (32N, 106° W), the
and MODIS is b_iased high (e.g:, Dalanzadgad). There argatagonian region of Argentina (e.g., Trelew? 8365 W),
no cases for this season, but if plotted, purple would re-anq the steppe and near desert plateaus of Russia and China
fer to sites for which<50% match and MODIS is biased (e.g., Irkutsk, 52N, 103 E and Dalanzadgad). While these
low. Alta Floresta is marked by yellow because the frac-gcenes do not exceed the brightness criteria test for dark tar-
tion is between 50% and 66%, with a high bias. Jabiru isget scenes (2.1 pm reflectance greater than 0.25), our surface
marked blue to represent a S|m|llar fraction, but biased low. oflectance parameterization may be violated. In addition,
Scatterplots for four example sites GSFC (B8 76’ W), these regions may be dominated by aerosol types that would
Alta Floresta (9S, 56 W), Dalanzadgad (4N, 10#E), ot have been characterized by the clustering of AERONET
and Jabiru (12S, 132 E) are displayed at the bottom, in- gata available in 2005 and assumed for the dark-target algo-
dicating why the site received a certain color symbol. rithm. These regions may be better suited for retrieval with
For the summer months, much of the US East Coast showthe Deep Blue algorithm (Hsu et al., 2004), but testing this
very good agreement at 0.55 um. An exception is New Yorkhypothesis is beyond the scope of this paper.
City (the CCNY and GISS sites, both near°#0 73 W), Although most of the darker-target sites compare to within
where the urban surface is known to be poorly representedlobal EE as expected, we find sites that compare less well.
by MODIS's surface reflectance parameterization (e.g., Odror examples, Alt&-loresta and Cuiaba (15, 56 W) are
et al.,, 2010). Similar urban surface problems are also enboth in Brazil, one near the border of the Amazon for-
countered elsewhere (e.g., Jethva et al., 2007). Most sitesst, the other located further south in the cerrado (savanna-
in Western Europe also compare well, except for the Venisdike vegetation). These two sites have been collecting data
site (45 N, 12° E), which is plotted as a land site, but the since MODIS launch and were used when developing C005.
AERONET instrument is actually on an oceanographic plat-Yet, for both sites, AOD tends to be overestimated in heavy
form in the Adriatic Sea, some 15km from an urban area.aerosol conditions, and underestimated (consistently nega-
Essentially, since the MODIS C005 algorithm was developedtive) in light loading conditions. These differing biases re-
based on MODIS/AERONET collocations and AERONET sult from poor assumptions for both the aerosol model and
sky retrievals available through 2005 (Levy et el., 2007a,the surface reflectance. During the development of the C005
b), the US East Coast and Western Europe dominated thaerosol models, Levy et al. (2007b) found that the aerosol
database. Except for the urban and offshore sites, the sutype in the region had varying SSA, jumping between the
face is generally at least partially vegetated, and the regionaioderately and strongly absorbing aerosol models. Because
aerosol is characterized by fine-dominated particles with ahere was a tendency for lower SSA towards the southeast,
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Fig. 4. “Quality” of Terra-MODIS/AERONET comparisons of total AOD over land at each site, from the union of Terra and Aqua, during
June-July—August. The color at each represents the “quality” of the comparison at 0.55 um, designated as the percentage of the collocation:
that fall within EE (Table 3). The comparisons of spectral AOD (different symbols: blue — 0.47 pm, green — 0.55 pum, red — 0.65 pm) at four
sites are plotted, including: GSFC (B8, 76° W), Alta Floresta (9 S, 56 W), Dalanzadgad (43N, 104 E) and Jabiru (12S, 132 E).

The dotted lines for each scatterplot are thedHB.05 + 0.15) over land.

they drew an a box to signify where the strongly absorbingward these sites and their NDVI characteristics. The veg-
type should be preferred. However, because the box borderstation in the Amazon rainforest has smaller visible/SWIR
were somewhat arbitrary, we believe that the box was drawmatios than the presumed global average. In addition, parts
too far west, leading to systematic overestimate in heavyof the Amazon (as well as Australia) are known to have red
aerosol conditions, especially at Cuiaba. Analysis of Versionsoils, which may not display the same surface reflectance re-
2 AERONET retrievals Ittp://aeronet.gsfc.nasa.gosug-  lationships as modeled with the CO05 parameterization.
gested that, in fact, SSA over Cuiaba is normally closer to 0.9
than to 0.86 during the dry season. At ARtoresta (farther 4.2 Separating surface assumption and aerosol
west), where the C005 moderately absorbing aerosol type assumption errors
(SSA~0.91) is assigned, the true SSA is closer to 0.92-0.93
(Schafer et al., 2008). Therefore, these SSA discrepancieAt Cuiaba and AltaFloresta, the MODIS—derived AOD are
may at least partially explain why both sites would expe- overall within EE, but that general assessment hides offset-
rience similar systematic bias. A correction to the aerosolting biases related to surface and aerosol assumptions. To
model assignments in Brazil is required, in some ways op-evaluate these issues we separate the MODIS/AERONET
posite to the correction that was implemented over Southeromparisons into three groups, based on the AOD (at
Africa (Ichoku et al., 2003) for CO04. 0.55pm) observed by AERONET. Collocations where
As for the consistent retrieval of negative AOD in light T <0.15 are “light” aerosol loading conditions, for which
loading conditions, these two Brazilian sites may suffer fromthe surface contribution dominates the TOA signal. For
similar problems as noted at Jabiru (Northern Australia).these cases, we can diagnose MODIS retrieval errors dom-
This systematic bias for low AOD results from overestimat- inated by surface reflectance assumptions. On the other
ing the surface reflectance in the visible channels. Since thbhand, cases where > 0.4 are “heavy” aerosol loadings,
C005 algorithm was optimized for the set of global colloca- for which the surface signal is negligible compared to the
tions that favored sites in the Eastern US and Western Euaerosol signal. For these cases, we can focus on MODIS
rope, the surface reflectance parameterization was biased toetrieval errors related to aerosol model assumptions. The
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Fig. 5. “Quality” of MODIS/AERONET 0.55um AOD comparison at each AERONET site during June-July—August, for cases where
AERONET AOD< 0.15 (top) and AERONET AOB 0.4 (bottom). Sites are color-coded based on the average error ratio (Error/EE).
Greenish colors (Cyan and Lime) are sites where the average of the MODIS and AERONET-derived AOD values differ by less than half of
EE. Colder (warmer) colors represent cases where MODIS, on average, significantly underestimates (overestimates) AOD.

cases of A5< t <04 likely are influenced by both surface during summer months, for the light & 0.15; top panel)
and aerosol errors, so we will ignore these cases for this exerand heavy € > 0.4; bottom panel) aerosol cases. The cyan
cise. Of course, there are also regions, such as the borders ahd green colors are sites wheER| < 1, meaning that the
the Sahara, where there is heavy aerosol, and we also expesystematic bias is less than the EE for the particular AOD
there to be problems with our dark surface assumptions.  group. Cooler colors indicate ERO (MODIS underestima-

Here we can compute anror ratio (ER), tion) whereas warmer colors represent £R (overestima-
tion), and at the extremes, purple and red represent increas-
ER= (rmopis —7)/EE, (3) ingly severe average biases. Unlike single collocation esti-

which compares the actual error to the expected error (e.gates of ER, sites where averageR| > 0 indicate system-

Mi et al., 2007). Where-1 < ER< 1, the actual error is atic bias to the MODIS retrieval.

smaller than EE, indicating a “good” match. WheR| > 1, Separation by aerosol regime helps to provide confirma-

it is a “poor” match. MODIS underestimation and overesti- tion of our hypotheses in the previous section. For exam-

mation are represented by ERD and ER> 0, respectively. ple, in the Amazon, MODIS clearly underestimates AOD
For each group (light and heavy loadings) separately, wen light loading conditions, and overestimates in more pol-

calculate themeanER of the MODIS/AERONET matches luted conditions, indicating both that the surface is darker

(minimum of ten) at each site and season, and use these valin the visible) than the VIS/SWIR relationship suggests,

ues to characterize the relative quality of the MODIS prod- and that the particles are brighter than that assumed for the

uct. Figure 5is a color-coded map of the mean ER at each siteegion. In urban or coastal areas (e.g., CCNY or Venise) and
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brighter elevated surfaces (e.g., US Southwest) the MODIS land: Both 0.55um,QA3
overestimations are generally confined to the low AOD con- ~ 03| "N =58526 bins =50 0 Mean MODIS-AERONET ' © Mean AERONET 1 0.6
ditions, indicating that the surface assumptions are the dom- E . oo e 1 3% (1 spre) Moews
inant sources of error. For the polluted conditions during °'2§ °
the summer months, MODIS underestimates AOD in the 2
biomass burning regions of the African Sahel, Dakaf (14

16° W) and Ouagadougou (1, 1° W), which we believe is
primarily a result of not enough absorption for the assigned
aerosol model. By itself, the relatively bright surface condi-
tions would lead to overestimation of AOD.

We find it interesting that the AOD at Bonangaeek g
(64° N, 148 W) is severely overestimated in polluted con- E Forral E
ditions, which suggests that our assumed aerosol mode 2% SR : : : 200
(SSA~0.91) is too absorbing to represent the dense smoke 00 05 ;fgstmm ;fponem 20 25 80
(SSA~0.97) observed at the site (Eck et al., 2009), possibly
due in part to significant burning of peat fuels in the region. rig 6. pifferences between MODIS and AERONET-reported AOD

In general, except for sites that experience widely vari-at 0.55 um (MODIS-AERONET) vs. AERONET-observed AE, for
able seasonal vegetation states such as Kanpur or Mongt@QAC = 3. Data are sorted by the AE and grouped into 50 equal bins.
the characteristics of the MODIS retrieval quality do not vary Each box represents the statistics of the MODIS-AERONET dif-
much from season to season, so the summer month map pr@arences in the bin. The means and standard deviations of the AE

vides the general global picture. Note that only a few sites(éach bin) are the centers and half widths in the horizontal. The
meet the minimum ten collocations in heavy loading condi-Mean. medians, and 66% ¢))-interval of the MODIS-AERONET
differences are the squares, the center, and top-bottom intervals of

AERONET AOD

AERONET AOD

MODIS
N

tions. the boxes. The dashed curves represent the over-land EE enve-
lope for total AOD+(0.05 + 0.15), where EE is calculated based on
) the mean AERONET AOD within the bin (diamonds; right y-axis
5 Systematic errors scale).

From Sect. 4 and the literature, we know that significant re-

trieval biases are tied to particular locations. Many authors . .
have found ways to improve MODIS retrievals at particu- bins. Each bin’s box represents the statistics of the MODIS-

lar sites (e.g., Mi et al., 2007; Oo et al., 2010; Jethva et aLAERONET differences in that bin, with the attributes (ex-

2008), but we have not implemented them in the global aIgo-CEpt for the whiskers) being the same as described in Fig. 3.

rithm. Others have empirically “corrected” the MODIS data Here, the dashed curves represent the over-land EE_enve-
in poorly performing areas (e.g., Zhang and Reid, for data aslOPe for total AOD €(0.05+0.1%); Eq. 2), where EE is

similation purposes), but were not focused on getting to thec@lculated based on the mean AERONET AOD within the
root causes of problems. Here we determine whether ther&E Pin (diamonds; right axis). From this plot, one can as-

are residual errors due to specific conditions, including clougS€SS the average absolute error (and sign), the relative er-

fraction, assumed surface type characteristics, or geometr;F.On as well as the average error in comparison to EE that

Of course, there can be multiple reasons for poorer than ayYa/es with AE. One also can see whether 66% of the col-

erage retrieval in a particular scene. For example, coarse©Cations f"’r” within EE for a glven.br:n, and r?ow the ablso-
dominated dust aerosol type will be more common over moreUt€ and relative errors compare with ER. The EE envelope

arid, brighter surfaces. Both characteristics would reduce théS l2rger for coarse-dominated cases, indicating that our sam-
quality of the retrieved AOD ple of coarse-dominated aerosol cases (presumably dust) has

larger AOD than our sample of fine-dominated cases.

5.1 Angstrom exponent Figure 6 shows that for the MODIS/AERONET collo-
cations with QAC =3, MODIS-retrieved AOD is generally
Figure 3 indicated that we have correctly defined the EEaccurate where AE is within the algorithm’s assumed AE
(Eq. 2) of the MODIS AOD for the global aggregate, how- parameter space < « < 1.6). Within this AE interval,
ever Figs. 4 and 5 show that the accuracy varies by locationthere is very little variability of AERONET AOD, such that
What conditions are related to the quality of the compari-each bin’s average AOD is approximately 0.2, with EE of
son? Figure 6 plots the differences between MODIS and+0.08. The absolute and relative errors, as well as the ER
AERONET as a function of the AERONET AE, defined by are all close to zero. For the bins with AEL.6 (fine-
AERONET AOD interpolated to the MODIS wavelengths of dominated), AERONET observed-AOD is lower, so that the
0.47 um and 0.65 pm, as described in Sect. 3.3. Like Fig. 3corresponding EE has a smaller envelope. Yet MODIS tends
the data are sorted and grouped into 50 equally populatetb overestimate by-0.02 (relative error of 20—30%), which
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land: Both 0.554m,QA3 ing to poor retrievals compared to EE (ERL.0). MODIS
0.2F "= 33794, bins = 50O Mean MODIS-AERONET ' & Mean AERONET 1 0.4 underestimation is largest in heavy, dusty conditions. In
[~ - Expected Unc: = (0.150z + 0.050) ] . . . . .
- — Boxes are 17%-83% (1 sigma) interval ] heavy fine-dominated situations the tendency is towards an

overestimation of~0.05 or 6%.

o
w

5.2 Cloud fraction

Although the MODIS cloud-clearing algorithm aims to re-
move clouds from the scene, many studies have reported a
positive correlation between AOD retrieval error and cloud
g ] fraction, suggesting residual cloud contamination in the
E Fore <015 ] MODIS aerosol retrieval (Kaufman et al., 2005; Marshak et
0.2E. ! ! : ! ! 10.0 al., 2006; Zhang et al., 2005). The MODIS-aerosol-product
00 05 /1\-0 ;;(5 20 E e cloud fraction is calculated from the 500 m resolution pix-
land: Both 0.55.m QA3 els (Levy et al., 2009) that were removed during the cloud
(7= 661/ bihs =500 Mean NODISAEFONET ' Wean AERONET | 1.0 masking of the aerosol algorithm (Martins et al., 2002). Fig-
= e K0 H ira) el 1 ure 8 plots the MODIS-AERONET differences as a func-
K 08 tion of MODIS-aerosol-product cloud fraction over land.
] The great majority of cases have low cloud fractierb#b)
and there is no significant bias, such that validation (within
global EE) is achieved for scenes with cloud fraction less
than 5%. Yet, Fig. 8 also shows that MODIS overestimates
AOD when cloud fraction is higher, and the error increases
] with increasing cloud fraction (e.g., Coakley et al., 2005).
i 102 As cloud fraction goes above 20%, the mean MODIS error
04 L 7 approaches 0.03-0.04 or 15-20% in relative AOD units. Av-
! ! ‘ ‘ ! ‘ 0.0 erage ER-0.3-0.4. For the larger cloud fractions 13%),
0.0 05 1.0 - 20 25 3.0 fewer than 66% are within EE.

Angstrom Exponent The collocation data set that produced Fig. 8 is inherently

Fig. 7. Differences between MODIS and AERONET-reported AOD biased towards low cloud fraction because of the require-
at 0.55 um (MODIS-AERONET) vs. AERONET-observed AE, for Ment that both AERONET and MODIS report aerosol re-
QAC =3, for the “light” (r < 0.15; top) and “heavy”{ > 0.4; bot-  trievals at the same time. Globally, the MODIS retrieval
tom) aerosol loading cases. The explanation of symbols is the sam@ill encounter higher cloud fractions than seen in this data
as for Fig. 6. Note differences in y-axis scales. set. Thus, the biases seen in Fig. 8 for cloud fraction above
20% will have a greater effect on aerosol statistics calculated
from the MODIS retrieval than is apparent from the figure,
in EE-space is ER-0.3-0.4. For coarse-dominated aerosol though “ground-truth” data to assess this situation statisti-
(a < 0.6) scenes, where the AERONET AOD is generally cally is lacking.
larger, MODIS tends to underestimate AOD by 0.03-0.04. There are many reasons for AOD dependence on cloud
While this is a somewhat smaller relative error of 15-20%, fraction, as well as many possible factors that could increase
in EE-space, the average ER is similar in magnitude. retrieval error with cloud fraction, such as cloud contam-
Let us further study the dependence of AOD error and AE,ination in the retrieved product. The differences between
by separating the 58 526 cases into three groups based diODIS and AERONET, however, might not be due entirely
AERONET observed AOD. Figure 7 plots the 33794 casesto MODIS cloud screening blunders. In fact, they can arise
of light aerosol loading# < 0.15) in the top panel, and the from different strategies for sampling. The AERONET sun
6621 cases of heavy loading £ 0.4) in the bottom panel. mode’s cloud screening algorithm tests temporal variability
The remaining cases, having moderate aerosol loadings, afg.g., Smirnov et al., 2002), whereas MODIS's cloud screen-
not plotted. For low aerosol loading, the MODIS retrieval of ing algorithm operates on spatial variability. It is easy to
AOD has negligible bias on average, an66% are within  visualize situations where the sunphotometer’s view of the
EE, regardless of the scene’s AE. There is a small, but syssun is unobstructed, yet there are clouds in the surround-
tematic MODIS overestimation~0.01) for the highest AE  ings. The AERONET view will be biased towards the clear
casesd > 2.0). On the other hand, MODIS retrieval of high sky, whereas the MODIS view will include some pixels that
AOD (r > 0.4) can have significant errors, especially for the are sampled within cloud fields. We know that non-cloudy
lowest AE caseso < 0.8). For these coarse-dominated con- holes within cloud fields are physically different from the
ditions, MODIS underestimates AOD by 0.2 or 20%, lead- non-cloudy atmosphere far from clouds (Charlson et al.,

MODIS-AERONET AOD
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)
AERONET AOD

M S NN
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land: Both 0.554m,QA3 flectance at 2.1 pm must be less than 0.25), and that there are
0.3 N ='58526; bins = 50 O Mean MODIS-AEAONET o Mean AERONET 1 0.6 constraints on surface spectral reflectance properties. Specif-
=~ Expected Unc: + (0.1507 + 0.050) E| . .. . . .
— Boxes are 17%-83% (1 sigma) interval ] ically, it is assumed that there is a relationship between the

02 visible (VIS: 0.47, 0.65 um) and shortwave-infrared (SWIR:

2.1 um) surface reflectance, that also depends on scattering
angle and surface “greenness” (Levy et al., 2007b). The sur-
face greenness, parameterized by the NBWIr (Karneili
et al., 2002), is similar to the standard Normalized Differ-
ence Vegetation Index (Tucker et al., 1979), but based on
] two SWIR channels (1.6 and 2.1 pum). Except for extremely
e dusty cases, the use of the SWIR channels was expected
Forzall to help minimize aerosol contamination. When developing
R S — 100 the COO05 algorithm, Levy et al. (2007b) relied on a MODIS
00 02 e 08 10 granule test-bed, which resulted in a decision to optimize the
retrieval to cases with scene reflectance between 0.01 and
Fig. 8. Differences between MODIS and AERONET-reported AOD 0.25, and the NDVIswir dependency to between 0.25 and
at 0.55 um (MODIS-AERONET) vs. MODIS-retrieved cloud frac- 0.6. This test-bed was dominated by data from the US East
tion, for QAC = 3. Explanation of symbols is same as for Fig. 6.  Coast and Western Europe, where the observed 2.1 um re-
flectance is~0.10, and the NDVlswir is ~0.4. Although
there were scenes that demonstrated a larger range of surface
2007; Koren et al., 2007, 2009). Higher humidity in cloud conditions in the testbed, their influence on the global surface
fields contribute to aerosol swelling close to the clouds (e.g.parameterization was small.
Twohy et al., 2009), and stray light from 3-D effects (e.g., Figure 5 (top) showed locations over the globe where
Wen et al., 2007), remnants of decaying clouds and otheMODIS and AERONET do not agree in light loading con-
cloud-related issues (e.g., Koren et al., 2009) all contributeditions. We can examine the impact of scene and sur-
to increasing the AOD retrieved in the cloud field. Note that face assumptions by concentrating on these cases. Figure 9
some factors that enhance satellite-retrieved AOD in cloudplots MODIS-AERONET differences in light loading con-
fields should be included in the result (swelling) whereas oth-ditions (r < 0.15), as a function of MODIS-observed scene
ers represent AOD-retrieval artifacts (3-D effects), but all arebrightness (reflectance in 2.1 um; top) and scene greenness
physical phenomena that cannot be avoided by cloud maskdNDVI _swir; bottom). Differences between MODIS and
ing, unless aerosol retrievals are excluded over the entirddERONET are smallest in the mid-range, when the scene
cloud field. The paradigm that MODIS does not avoid cloud reflectance is 0.12, and/or the ND$Wir is 0.4. MODIS
fields as strictly as AERONET, contributes to the MODIS- is biased high (by 0.02 or 20%) when the scene reflectance
AERONET differences in Fig. 8. is >0.17 and biased low by similar amount when the scene
We split the cloud fraction cases into three groups based omeflectance is<0.07. The scene’s NDVéwir demonstrates
the AERONET AOD, including those with light (< 0.15) a larger influence on the MODIS bias, such that errors are
and heavy £ > 0.4) aerosol loadings. We do not plot the re- >0.03 (30%) when NDVIswir<0.2 and< —0.03 (30%)
sults here, but for the light loading cases, the residual cloudvhen NDVLswir > 0.6.
fraction bias continues even to lower cloud fraction cases However, even though there are systematic biases,
(>2%). For the heavy loading cases on the other hand, thé¢here are only a few conditions for whick66% of
differences between MODIS and AERONET are neartle-  the MODIS/AERONET collocations match within EE.
pendenbf cloud fraction. This suggests that enhanced AOD These occur when scene reflectance =i9.20 and/or
associated with cloud fields saturates for higher aerosol loadNDVI _swir < 0.2, which represents less than 10% of the
ing situations, or that heavy aerosol is not significantly in- global dataset. In other words, MODIS tends to overestimate
creased in cloud fields. We must remember that although th&OD over surfaces that are brighter and less green than opti-
MODIS validation is constrained by AERONET data and its mal, and to underestimate when they are darker and greener.
cloud screening, MODIS may be retrieving in different con- However, for the most part, over the middle of the range opti-
ditions than AERONET is observing. This means that AOD mal for MODIS retrieval, there is very little systematic bias.
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cannot be easily validated in the vicinity of clouds. In order to make MODIS retrieval more accurate over the en-
tire range of surfaces, the assumptions of surface reflectance
5.3 Scene and surface reflectance properties relationships, surface darkness and surface greenness will be

reevaluated for future MODIS retrievals. From Fig. 9, it ap-
The MODIS second-generation algorithm makes two majorpears that a simple linear factor could correct most of the
assumptions about the surface optical characteristics. Thebserved bias.
full inversion expects the scene to be “dark” (observed re-
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AOD<0.15 land: Both 0.55um,QA3 relative or fractional error is much less dependent on AOD,
0.2 "N'=33794; bins = 50 O Mean MODIS-AERONET _ © Mean AERONET ] 0.4 so this metric should be relatively independent of geometry.
e ot 6. (1 s el ] Figure 10 presents the statistics of the MODIS-AERONET
o o g jo_s differences as a function of sensor view zenith angle. Angles
Q . e 1 4 are negative or positive, depending on whether they are to
E ] 9 the “left” or “right” of nadir along the path of the orbit. For
S ook TN e {02 example, the left side of the orbit corresponds to the eastern
< i 19 side for Terra (descending across equator), and the western
§ iy ] < side for Aqua (ascending). The sun is on the western side for
= o1F Jo.1 Terra and eastern side for Aqua, so there is symmetry to glint
: 0 0 CRIIIIEERRIENN00900000 0 0 | and hotspot patterns.
. | We see from Fig. 10 that although in general66%
02t : : : et —100 of MODIS-AERONET collocations are within EE, MODIS
0.00 005 0-10 015 020 025 tends to overestimate AOD by0.01 (5% relative error) on
Scene Reflectance 2.1um . R X ..
land: Both 0.55um,QA3 the sun-glint (left) side and to underestimate by similar mag-
0.2 N =33794; bins = 50 'O Mean MODIS-AERONET  © Mean AERONET 1 0.4 nitude on the sun-shadow (right) side of the swath. If split
SNl A b o ] into light (r < 0.15) and heavy« > 0.4) aerosol loadings
] (not shown), (a) the view angle dependence is limited to low
§ 50'3 5 AOD conditions, and (b) the errors are independent of angle
m 9 in heavy aerosol conditions. Yet, 66% of the collocations fall
) J02 LZ: within the EE envelope, indicating that the EE is an accurate
< ] g assessment, independent of view zenith angle.
§ : ] < Scattering angle dependence is more difficult to interpret,
s o1b Jo1 and is presented for the global aggregate in Fig. 11. Again,
g o o O OORABIIIRITIENX00000 0 ] the average absolute errors of MODIS are smai0.01)
E Fore <045 ] across the entire range of scattering angle, and for the most
020 : : : -10.0 part, >66% of collocations in every bin match within EE.
0.0 02 04 06 08 However, observedAERONET AOD also increases with

NOVLswir scattering angle in three discrete groups: low AGED(15)

Fig. 9. Differences between MODIS and AERONET-reported for smallest angles, medium AOD~0.2) for angles be-
AOD at 0.55 um (MODIS-AERONET) for “light” £ <0.15) load- tween 100-140 and Iargest AOD 2€025) for Iargest an-

ing cases with QAC=3. Plotted are the differences compared tadles -160°). Because what we are reporting is based on
2.1 pum scene reflectance (top) and to NDiir (bottom). Expla- MODIS/AERONET collocations, the true AOD is correlated

nation of symbols is same as for Fig. 6. with whereMODIS is sampling wittwhichangles. High val-
ues for AOD are more common in the tropics than near the
poles, and conditions of near-nadir solar zenith angles and
5.4 Observation geometry larger scattering angles are also more common in the tropics

) ) ) than near the poles. This means that larger AOD is associated
An ideal aerosol algorithm would retrieve AOD of equal \ith |arger scattering angle, which is seen in Fig. 11. This

quality, independent of solar_and observing geometry. HOW-.5, also explain why Fig. 1 of Mishchenko et al. (2009) dis-
ever, factors other than algorithm performance can also CausKlays scattering angle dependencies. MODIS tends to over-

povariance between MODIS AOD retrieval error and observ-ggtimate AOD near 120and slightly underestimate between
ing geometry. For example, many heavy aerosol events (dust, 4 and 160.

smoke, pollution) occur in mid-latitude and tropical regions — the magnitudes of the high and low MODIS biases in
during summer. These events tend to coincide with specifiGnege piots are generally negligible, but to avoid misinterpre-
scattering geometry. The solar zenith angig) (s small in  (5in due to possible cancellation of errors, we again sepa-
these circumstances, and scattering angles related (0 S0- 4t our collocations into light(< 0.15) and heavy«( > 0.4)
lar zenith angle as well as target view zertiand relative  4er050] loading cases (Fig. 12). For the light loading cases,
solar/sensor azimuth angles: the angular dependence of the AERONET AOD is reduced,
(4) but the pattern of MODIS-AERONET differences is retained
from Fig. 11. For the heavy aerosol cases, although in gen-
These factors create natural correlations between observegtal the relative bias of MODIS is low, there is large nega-
AOD and scattering angle. Because absolute AOD error intive bias (0.08 or 10%) in the 140160 angle range. The
creases with AOD (e.g., Fig. 3), correlations between absoAERONET AOD is higher £0.8) in this range than for
lute AOD error and scattering angle also occur. However, thesmaller angles~0.7).

O = cos 1 (— coHpcoY + Sindysing cosp).
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land: Both 0.554m,QA3 land: Both 0.55um,QA3
0.3 F "N = 58526; bins = 50 0 Mean MODIS-AERONET ~ © Mean AERONET 1 0.6 0.2 N =33794; bins = 50 O Mean MODIS-AERONET = © Mean AERONET 1 0.4
E = - Expected Unc: + (0.1507 + 0.050) [~ Expected Unc: + (0.1507 + 0.050) ]
02 i — " Boxes are 17%-83% (1 sigma) interval E — " Boxes are 17%-83% (1 sigma) interval :
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land: Both 0.55um,QA3
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Fig. 10. Differences between MODIS and AERONET-reported [ e e o o eean MODW AEFONET O Mean AERONET 10
04 xpected Unc: + (0.150z + 0.050) |
AOD at 0.55um (MODIS-AERONET) vs. MODIS-observed sen- |~ Boxes are 17%-83% (1 sigma) interval i
sor zenith angle, for QAC =3 over land. Explanation of symbols is a [ 08
same as for Fig. 6. Note that the negative values of sensor zenitrQ o2 ° %, %0 01000 1 &
= c o O= P~ &1 - YR NG e N 4
angle refer to the “left” of the MODIS swath along the track (West L 7 ? $ o6 2
side for Aqua, East side for Terra). 8 r L | LT 5
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w L o {1 i 5
<
g I I 04
land: Both 0.55um,QA3 a r EEiantii gt it o i <
m T T T T = Q -02 B
03| N =58526; bins =50 O Mean MODIS-AERONET ~ © Mean AERONET 1 0.6 = H
F - Expected Unc: + (0.150z + 0.050) El F —-10.2
£~ Boxes are 17%-83% (1 sigma) interval k| F
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E ] "L Forr>04 i
8 El | L 1 L 0.0
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w 1 -3 .
z Bl e Scattering Angle
e L
I g Fig. 12. Differences between MODIS and AERONET-reported
8 102 < AOD at 0.55um (MODIS-AERONET) vs. MODIS-observed scat-
= E tering angle, for QAC=3, for the “light’ { < 0.15; top) and
“heavy” (r > 0.4; bottom) aerosol loading cases. The explanation
E Forcal E of symbols is given in Fig. 6.
-0.3E I I L I 40.0
80 100 120 140 160 180
Scattering Angle bias is~0.1 (15%). This points to possible issues with the

assumed particle scattering phase functions for both coarse
Fig. 11. Differences between MODIS and AERONET-reported P gp

and fine modes.
AOD at 0.55 um (MODIS-AERONET) vs. MODIS -observed scat- . . . .
tering angle, for QAC =3. The explanation of symbols is given in Finally, returning to the light loading dataset £ 0.15),

Fig. 6. we assess only the cases where ONDVI _swir<0.4,
where we expect minimal bias due to the surface (e.g.,
Fig. 9). We plot the scattering angle dependence of these

We slice our dataset once more, this time separating?SlO collocations as Fig. 14, and see that the angular pat-
the heavy aerosol loading cases={ 0.4) by AERONET-  tern of Figs. 11 and 12 (top) remains. Because the AOD
observed AE. Fig. 13 displays MODIS-AERONET errors for is so small, the angular dependence suggests residual BRF
cases of low AE ¢ < 0.8; top) and high AE ¢ > 1.2; bot- (bidirectional reflectance function) dependence in the surface
tom). The statistics are too sparse to make conclusions abodproperties that are not captured in the retrieval assumptions
the angular dependence, however, it is clear that there arte-g., Gatebe et al., 2001). In fact, when we constrain to
compensating errors from different aerosol regimes. The preonly cases where AERONET-measured AQD.1, the pat-
sumably dust cases (< 0.8) are generally underestimated tern still remains.
by 0.1 (15-20%), with largest bias of 0.225%) in the
140°-160 range. For the high AE cases, presumably dom-
inated by fine-mode aerosol, MODIS consistently overesti-
mates AOD, especially in the range 22030 where the
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AOD>0.4 land: Both 0.55um,QA3 AOD<0.15 land: Both 0.55um,QA3
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04l T Boesere 17%-83% (1 sigms) interval 40 AOD at 0.55 um (MODIS-AERONET) vs. MODIS-observed scat-
T 1 tering angle, for QAC=3, for “light’f < 0.15) aerosol load-
[a] . .
2 pal - ing cases only, for a small subset of the NDM&ir range
i 1 Q (0.30< NDVI _swir< 0.40). The explanation of symbols is given
z [ m in Fig. 6.
€ 00 06 %
< 0 2
[%] L w
8 o2 194 Table 3. AERONET sites with long-t ds used for ti
e} : . g-term records used for time
series assessment.
0.4 0.2
ol a2 ‘ ‘ ‘ J00 Site Name (Lat, Long)
80 100 120 140 160 180 Alta_Floresta (9S, 569 W)
Scattering Angle Banizoumbou (139N, 2% E)
_ _ BONDVILLE  (409° N, 889 W)
Fig. 13. Differences between MODIS and AERONET-reported CartSite (369 N, 979 W)
AOD at 0.55 um (MODIS-AERONET) vs. MODIS-observed scat- Dakar (149 N, 169 W)
tering angle, for QAC = 3, for the “heavy’t (> 0.4) aerosol loading Dalanzadgad (43NN, 1049 E)
cases only, now separated by AERONET-repoAedstrom expo- El Arenosillo (379 N, 6%° W)
nent. The top/bottom panels represent cases with “large” 0.8) GSFEC (389 N, 769 W)
and “small” @ > 1.8) values of AE. The explanation of symbols is Ispra (459 N, 8% E)
given in Fig. 6. Mongu (159 S, 239 E)
Ouagadougou (12N, 1 W)
Sevilleta (349N, 1062 W)
6 Terravs. Aqua Skukuza (249S, 319 E)
Venise (459N, 129 E)

Until now, the validation effort in this paper has been based

on the union of the Terra and Aqua collocations. For C004,

Remer et al. (2005) compared Terra and Aqua AOD data

separately to AERONET, and found no significant differ- than in the afternoon (Aquat ~ 0.195), but considering
ences between their uncertainties. During the developmenthere are 20% more collocations for Terra than Aqua, there
of C005, Levy et al. (2007a) performed preliminary evalua- may be some sampling issues; both instruments include some
tion for the CO05 algorithms (using C004 radiance as inputs)missing dates.

and reached the same conclusion. Here, we separate C005

MODIS AOD products into Terra and Aqua cases (QAC=3),6.1 Validation time series

and separately compare with AERONET in more detail. For

common dates (after July 2002), the results are shown irin recent years, there has been some effort to use satel-
Table 3, and there is no significant indication that one in-lite data to examine global and regional aerosol trends (e.g.,
strument compares better to AERONET than the other oveMishchenko et al., 2007; Karneili et al., 2009; Papadimas et
land. It is interesting that there is some suggestion that colal., 2008). In these studies, the magnitude of trends is on the
located AOD is higher in the morning (Terra;~ 0.205) order of 0.01-0.02 per decade. We can identify similar trends

www.atmos-chem-phys.net/10/10399/2010/ Atmos. Chem. Phys., 10, 103983-2010



10416 R. C. Levy et al.: Global evaluation of the Collection 5 MODIS dark-target aerosol products

Table 4. Statistics of the comparison between MODIS and AERONET total AOD at 0.55 um over land, (QAC = 3) for Terra and Aqua since
July 2002.

Satellte N Mean AOD Mean AOD Regression R RMS %IinEE
AERONET MODIS equation
Both 51411 0.201 0.198 y=0.986r+—-0.006 0.906 0.108 72.65
Terra 28637 0.205 0.202 y=0.982x+-0.006 0.911 0.107 73.21
Aqua 22773 0.195 0.193 y=0.992r+-0.007 0.898 0.108 71.96
in the MODIS data record. For regional trends, it is plausible EE RATIO: land: Terra 0.55um

that we can compare with that reported by ground based or N'= 6512; meas = 0.020 ‘ ‘ 1
other satellites measurements (e.g., Karneili et al., 2009; Pa: Y =-0.0002%k + Q7224 r ) :
padimas et al., 2008). However, we believe tilabaltrends ' : |
are much more difficult to quantify, due to complicated sam-
pling patterns over different aerosol types and surface condi-
tions. Even if global trends in the MODIS data record seem
statistically significant, we must rule out the possibility that
they are caused by artifacts, such as instrument calibratioru%
drift (e.g., Zhang and Reid, 2010).
Even with known sensor degradation, the MODIS chan-

nels used in the aerosol retrieval are maintained by the MCST
to within 2% of typical reflectance levels (for example, 0.002 4

n
o]
=1

10

Err Rati

of 0.1 reflectance units) (Xiong et al., 2005). Sensitivity (2000 2001 2002 2003° 2004 2Q05 2006 2007 2008
tests with the MODIS algorithm (e.g., Levy et al., 2007b) 0 500 1000 1500 2000 2500 3000
suggest that such small calibration errors can still result in Days since 1 Jan 2000

AOD errors of~0.01-0.02. For C005-derived AOD over EE RATIO: land: AqL{a 0-55/‘@

[N = 3402; mean = -0.127 ]
ocean, Remer et al. (2008) reported a rather large offset of [Pt Y = 0.00008% + - 4453 1

gt .- - .

IS

~0.015 (10%) between the global means of Terra and Aqua,
and suggested the discrepancy was due to calibration differ-
ences between the two sensors. For the same study, they cot
cluded there was no significant difference between Terra andg
Aqua over land. However, if one zooms in on the plots, there &
is some indication that Terra’s AOD is decreasing, whereas;
Aqua’s is increasing over time. u%

From the time-aggregated validation exercises we have
performed so far, we do not see significant differences be-
tween Terra and Aqua “quality”. However, our aggregation
over the entire time series may not reveal a systerchtioge
in quality for one or both sensors that results in canceling er-
rors. If not characterized properly, such systematic change Y 500 1000 1500 2000 2500 3000
might appear as an artificial global AOD trend. Days since 1 Jan 2000

Let us compare Terra and Aqua separately to AERONET Fig. 15. Time series of Error Ratio (ER; Eqg. 3) of MODIS C005
but as a function of time, and for complete years only. For0.55um AOD compared to seven long-term AERONET sites, for
this purpose, we require AERONET sites that are long-term,Terra (top) and Aqua (bottom). Points between the dashed lines
and assume that their post-processing (to Level 2) removeétl) are cases where MODIS matches AERONET within EE over
artificial trends in the AERONET data time series. Table 4land ¢£0.05+0.15r). The solid line is the linear regression. At
lists selected AERONET sites with a seven-year or Iongerthe top of the plqt is text that describes: the number of collocations
record. (N), the regression equation and correlati®).

Figure 15 plots the Error Ratio (ER) for 0.55um AOD
(Eq. 3) calculated for every MODIS/AERONET collocation seems to be biased high by 0.0055%6) early in the mis-
in our multi-station, seven-year record. We see no trend forsion, flipping to a low bias of similar magnitude sometime
Aqua, yet a downward trend for Terra. The trend in ER for after 2004. Although, within the validated EE envelope, this
Terra is statistically significant, as measured by a T-test withsuggests an artificial drift in Terra’s AOD time series.
6512 points and correlation a8 = 0.215. Terra-MODIS

IR = -0.053 . =

[2000 2001 2002 2003" 2004 2005 2006 2007 2008
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To explain the drift, we recall that the over-land re- formation about aerosol size over land@hus, we strongly
trieval inverts reflectance in three channels (0.47, 0.65 andecommend that users NOT use size products quantitatively.
2.1um). The 0.47 um channel, like the other MODIS blue To avoid confusion, we plan to remove AE and fine AOD pa-
and deep blue channels at 0.412 and 0.443 um, is affectechmeters from future product lists. The ETA (model weight-
by polarization and directional signal issues. This is espe-ing) parameter will be retained for its diagnostic value.
cially true for Terra, which suffers from more significant  Although MODIS Collection 5 AOD uncertainties have
optical sensor degradation than does Aqua (X. Xiong, perbeen characterized globally, and the product is therefore val-
sonal communication, 2009). However, unlike the 0.412 anddated, the literature clearly points out regional and system-
0.443 um channels, which are closely monitored by the oceantic errors. Many of these errors can be traced to situations
color team [ttp://oceancolor.gsfc.nasa.gov/VALIDATION/ where assumptions about surface reflectance and/or assigned
operationalgains.htm] and tuned for the bio-optical re- aerosol optical properties are violated.
trieval algorithms, the 0.47 um channel may have residual By considering only cases having light aerosol loading
calibration error. Sensitivity tests show that a systematic(z < 0.15, N = 33794), we focused on issues related to the
change in the 0.47 um channel, capable of causing the trendssumed surface reflectance. We characterized the MODIS-

seen in MODIS-Terra’s ER record, is entirely possible. Pre-AERONET differences as functions of observed ND3wir
liminary analysis of the 0.47 um reflectance suggests thatind 2.1 um scene reflectance.

there is such a residual time-dependent trend. We can see
how the process of MODIS validation can help reveal hidden
biases or uncertainties in the calibration algorithms. Cer-
tainly, calibration has been an important consideration in
other data validation efforts (e.g., Lyapustin et al., 2007;
Kahn et al., 2005; Lallart et al., 2008). Careful reevalua-
tion of the Terra/MODIS 0.47 um channel is ongoing, and
refinements will be made, as appropriate.

7 Conclusions

A new version of the MODIS dark-target algorithm was de-
veloped (Levy et al., 2007a, b, 2009), addressing issues
identified by validating previous versions/collections of the
MODIS dark land aerosol product (e.g., Remer et al., 2005;
Levy et al.,, 2005). The upgraded algorithm was used to
derive Collection 5 (C005). Here, we used sunphotome-

— MODIS compares best (negligible bias and good
correlation) over sites that are both moderately
“dark” (2.1 um reflectance  0.10-0.15) and moderately
“green” (NDVI_swir~ 0.30-0.40). Such generally veg-
etated sites occur over the eastern United States, West-
ern Europe and Southern Africa.

MODIS overestimates AOD (by 0.02 or more), where
surfaces are brighter (2.1 um reflectance approaching
0.25) and less green (NDWwir < 0.2). This includes
the western US and Central Asia.

MODIS underestimates AOD (by 0.02 or more) where
the surface is unusually dark (2.1 um reflectand®05)

or green (NDVIswir > 0.6). These conditions are seen

in parts of the Amazon forest, as well as northern Aus-
tralia and areas known for reddish colored soils.

By considering only cases of heavy aerosol loading- (

ter (AERONET) data as ground truth, to evaluate eight-plus0.4; N = 6621), we focused on issues related to assumed
years (2000-2008) of the MODIS-derived total AOD and aerosol type properties.

aerosol size products, from both Terra and Aqua.

Of 85463 valid MODIS/AERONET collocations (at
0.55 um), 68.8% of matching AOD values fell within the ex-
pected error (EE) bounds df(0.05 + 15%), a criterion for
MODIS-C005 AOD product validation. When separated by
QAC, only 50% of the collocations having low confidence
(QAC=0; N = 10743) matched within EE, whereas 72% of
those with high confidence (QAC =3] = 58726) matched
within EE. Those collocations having QAC =3 also demon-
strated regression fits extremely close to 1-1. This means
that stratifying by QAC can be significant for some appli-
cations, and suggests that whenever possiders should
rely on the highest confidence data for quantitative studies
The use of lower confidence data should depend on the trade-
off between an application’s tolerance for uncertainty and the
spatial coverage requirements.

— MODIS-derived AOD compares best to AERONET
where the observed aerosol is fine-mode dominated, and
the algorithm-assigned model’s single scattering albedo
is appropriate. These conditions are met over the East
Coast of the US, Western Europe, and parts of Asia.

— MODIS overestimates in fine-dominated cases where
the observed SSA is greater than that assumed. For
example, for the Brazilian Cerrado, the assumed
SSA=0.86 whereas more recent AERONET data sug-
gests SSA=0.91.

— MODIS underestimates in cases where observed SSA is
less than that assumed for the fine-mode model, and/or
that dust is mixed in. This is noted in southern Africa,
and along the Sahel and Indian semi-arid zones.

Even when constrained to the highest confidence dateAs @ result of these findings, we suggest that maps of aerosol
Comparison of MOD|S-deriveAngstrom Exponent and fine model type assgnments be modified for future versions of
AOD showed thaMODIS does not provide quantitative in- the aerosol algorithm.
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Although they are clearly tied to specific regions, sys- (e.g., Hyer et al., 2010). The biases discussed above and dis-
tematic biases were found to be dependent on a variety oplayed in the figures should be acknowledged and considered
observed and assumed conditions. In general, MODIS unwhen using MODIS land AOD retrievals in cloudy scenes, in
derestimates AOD for low AEo < 0.8), and overestimates heavy dust or smoke, over dense vegetation or bare soils. Al-
AOD for high AE (« > 1.6), as measured by AERONET. The ternatively, these situations could be avoided.
low AE cases tend to be characterized by larger total AOD, Here, we also assessed the performance of the MODIS
and the underestimation is more significant for heavy aerosoaerosol (AOD and size parameters) compared to AERONET
loading. Clearly, the MODIS algorithm does not work well observations. We have not attempted to characterize MODIS
for dust. There is no systematic bias for the middle rangedata that is not collocated with AERONET. However, we
of AE (0.8 < o < 1.6), which suggests that the MODIS Col- now have defined a quantitative EE for the MODIS Collec-
lection 5 algorithm performs appropriately when the ambienttion 5 dark target aerosol products over land. We encour-
conditions are similar to the algorithm’s expected AE range. age users to take the known biases into account as they use

The MODIS bias is positively correlated with observed the Collection 005 products. The results presented here will
cloud fraction. As cloud fraction increases from 10% to 60%, provide a solid base from which to refine the algorithm and
the average MODIS-AERONET differences increase to 0.03prepare for future Collections of the MODIS products.

(~15% relati_ve error). The MODIS bi_a_s is not significantly AcknowledgementsiVe are deeply grateful to the many
correlated with cloud fraction for conditions of heavy aerosol AERONET Principal Investigators and site managers; without their
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in the vicinity of clouds, because the sampling of cloud andfunded by NASA research announcement NNHO6ZDAQ0O1N-EOS,
cloud free sky may be different for MODIS and AERONET. managed by Hal Maring.

The MODIS-AERONET differences are also correlated
with scattering angle. However, part of this dependence ig=dited by: N. Mihalopoulos
clearly related to MODIS’'ssamplingdependence on scat-
tering angle. Dust and absorbing aerosol types dominat&eferences
tropical regions, which coincidently are tbaly regions that
MODIS can observe with large scattering angle. Studying
the retrieved results_stratlﬂed by pa_rtlculer aerosol/_scene CoN- o clouds with MODIS, J. Geophys. Res.-Atmos., 103(D24),
ditions can help to |sola'Fe true artifacts in fche retrieval. For ., 41-32157, 1998,
example, when constrained to cases of light aerosol loadAI-Saadi, J., Szykman, J., Pierce, R., Kittaka, C., Neil, D., Chu,

ing (r < 0.15) and optimal surface vegetation conditions p_ et al.: Improving national air quality forecasts with satellite

(e.g., 0.30< NDVI _swir < 0.40), we observe that MODIS-  aerosol observations, B. Am. Meteorol. Soc., 86(9), 1249-1261,
AERONET differences exhibit some dependence on scatter- doi: 10.1175/BAMS-86-9-1249, 2005.

ing angle. This suggests that our assumed surface reflectan®&errick, S., Leptoukh, G., Farley, J., and Rui, H. G.: A
may be missing some BRF factor, and should be studied fur- Web Service Workflow-Based Data Visualization and Anal-
ther. ysis System, |IEEE T. Geosci. Remote, 47(1), 106-113,

We find no significant differences in retrieval biases be- d0i:10.1109/TGRS.2008.2003183, 2009.

tween Terra and Aqua. However, there is a statistically sig-Charson. R., Ackerman, A.'S., Bender, F.-M., Anderson, T., and
Liu, Z.: On the climate forcing consequences of the albedo con-

gg:,ia?;r(;g?&%egst Teen-(lj-:rtr:;xgrgéﬁr/::tzziggggrfgzil- tinuum between cloudy and clear air, Tellus B, 59(4), 715-727,
fore 2004, and te underestimate AOD by similar magnitgdeChu, D.., Kaufman, Y. J., Ichoku, C.. Remer, L.. Tanre, D.,
thereafter. The likely cause is degradation of Terra’s optical anq Holben, B. N.: Validation of MODIS aerosol optical
response in the 0.47 um channel (used in the land algorithm gepth retrieval over land, Geophy. Res. Lett., 29(12), 1617,
only) that results in very small errors to the sensor’s calibra- doi:10.1029/2001GL013205, 2002.

tion over time. This effect is not found with Aqua data. The Coakley, J. A., Friedman, M. A., and Tahnk, W. R.: Retrieval
calibration issues should be corrected in a future reprocess- of cloud properties for partly cloudy imager pixels, J. Atmos.
ing of MODIS data, and must be completely resolved before Ocean. Techn., 22(1), 3-17, 2005.

attempting to derive global trends from the data (e.g., ZhangPuPovik, O. and King, M. D.: A flexible inversion algorithm for
and Reid, 2010). retrieval of aerosol optical properties from Sun and sky radiance

measurements, J. Geophys. Res., 105, 20673-20696, 2000.
ubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N,

Ackerman, S. A., Strabala, K. L., Menzel, W. P,, Frey, R. A.,
Moeller, C. C., and Gumley, L. E.: Discriminating clear sky

In this paper, we performed overall assessment of theD
MODIS AO.D relative to_ AE.RONET’ and validated it gIOb._ Mishchenko, M., Yang, P., et al.: Application of spheroid mod-
ally. Despite SyStemat'C, F"ases due to AE, cloud fraetlon els to account for aerosol particle nonsphericity in remote sens-
and surface scene conditions, nearly 80% of the retrievals g of desert dust, J. Geophys. Res.-Atmos., 111(D11), D11208
fall into a parameter range where AOD errors were less (oi:10.1029/2005JD006619, 2006.
than 0.01. Thus, the MODIS AOD is a quantitative prod- Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov, A.,
uct, and is useful for applications such as model assimilation O’Neill, N. T., etal.: Wavelength dependence of the optical depth

’

Atmos. Chem. Phys., 10, 10398342Q 2010 www.atmos-chem-phys.net/10/10399/2010/



R. C. Levy et al.: Global evaluation of the Collection 5 MODIS dark-target aerosol products 10419

of biomass burning, urban, and desert dust aerosols, J. Geophys. et al.: MISR Aerosol Product Attributes and Statistical Compar-
Res.-Atmos., 104(D24), 31333-31349, 1999. isons With MODIS, IEEE T. Geosci. Remote, 47 (12, Part 2),

Eck, T. F., Holben, B. N., Reid, J. S., Sinyuk, A., Hyer, E. J., 4095-4114, 2009.

O’Neill, N. T., et al.: Optical properties of boreal region biomass Karnieli, A., Derimian, Y., Indoitu, R., Panov, N., Levy, R., Remer,
burning aerosols in central Alaska and seasonal variation of L., et al.: Temporal trend in anthropogenic sulfur aerosol trans-
aerosol optical depth at an Arctic coastal site, J. Geophys. Res.- port from central and eastern Europe to Israel, J. Geophys. Res.,
Atmos., 114, D11201, doi:10.1029/2008JD010870, 2009. 114, DO0OD19, doi:10.1029/2009JD011870, 2009.

Evans, K. F. and Stephens, G. L.: A new polarized atmosphericKarnieli, A., Kaufman, Y. J., Remer, L., and Wald, A.: AFRI —
radiative-transfer model, J. Quant. Spectrosc. Ra., 46(5), 413— aerosol free vegetation index, Remote Sens. Environ., 77(1), 10—
423, 1991. 21, 2001.

Gao, B., Kaufman, Y. J., Tanre, D., and Li, R.: Distinguishing tro- Kaufman, Y. J., Gobron, N., Pinty, B., Widlowski, J., and Verstraete,
pospheric aerosols from thin cirrus clouds for improved aerosol M.: Relationship between surface reflectance in the visible and
retrievals using the ratio of 1.38 um and 1.24 um channels, Geo- mid-IR used in MODIS aerosol algorithm — theory, Geophys.
phys. Res. Lett.,, 29(18), 1890, doi:10.1029/2002GL015475, Res. Lett., 29(23), 2116, doi:10.1029/2001GL014492, 2002.
2002. Kaufman, Y. J., Remer, L., Tanre, D., Li, R., Kleidman, R., Mattoo,

Gatebe, C., King, M., Tsay, S., Ji, Q., Arnold, G., and Li, J.: Sen- S., etal.: A critical examination of the residual cloud contamina-
sitivity of off-nadir zenith angles to correlation between visible  tion and diurnal sampling effects on MODIS estimates of aerosol
and near-infrared reflectance for use in remote sensing of aerosol over ocean, IEEE T. Geosci. Remote, 43(12), 2886—2897, 2005.
over land, IEEE T. Geosci. Remote, 39(4), 805-819, 2001. Kaufman, Y. J., Tanre, D., Remer, L., Vermote, E., Chu, A.,

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P.,, Set- and Holben, B. N.: Operational remote sensing of tropo-
zer, A., et al.: AERONET — A federated instrument network and  spheric aerosol over land from EOS moderate resolution imaging
data archive for aerosol characterization, Remote Sens. Environ., spectroradiometer, J. Geophys. Res.-Atmos., 102(D14), 17051
66(1), 1-16, 1998. 17067, 1997.

Hsu, N., Tsay, S., King, M., and Herman, J.: Aerosol propertiesKaufman, Y. J., Wald, A., Remer, L., Gao, B., Li, R., and Flynn,
over bright-reflecting source regions, IEEE T. Geosci. Remote, L.: The MODIS 2.1 um channel — Correlation with visible re-
42(3), 557-569, 2004. flectance for use in remote sensing of aerosol, IEEE T. Geosci.

Hubanks, P.: MODIS Atmosphere QA Plan for Collection 005: Remote, 35(5), 1286-1298, (1997).

Deep Blue Update Version 3.5, 61 pp., available attp:// King, M., Menzel, W. P., Kaufman, Y. J., Tanre, D., Gao, B., Plat-
modis-atmos.gsfc.nasa.gov/referemtid.php 2007. nick, S., et al.: Cloud and aerosol properties, precipitable water,

Hyer, E. J. and Reid, J. S.: Baseline uncertainties in biomass and profiles of temperature and water vapor from MODIS, IEEE
burning emission models resulting from spatial error in satel- T. Geosci. Remote, 41(2), 442—458, 2003.
lite active fire location data, Geophys. Res. Lett., 36, L05802,Koren, I., Feingold, G., Jiang, H., and Altaratz, O.: Aerosol ef-
doi:10.1029/2008GL036767, 2009. fects on the inter-cloud region of a small cumulus cloud field,

Hyer, E. J.,, Reid, J. S., and Zhang, J.: An over-land aerosol opti- Geophys. Res. Lett., 36, L14805, doi:10.1029/2009GL037424,
cal depth data set for data assimilation by filtering, correction, 2009.
and aggregation of MODIS Collection 5 optical depth retrievals, Koren, I., Remer, L., Kaufman, Y. J., Rudich, Y., and Martins, J.:
Atmos. Meas. Tech. Discuss., 3, 4091-4167, doi:10.5194/amtd- On the twilight zone between clouds and aerosols, Geophys. Res.
3-4091-2010, 2010. Lett., 34(8), L08805, d0i:10.1029/2007GL029253, 2007.

Ichoku, C., Chu, D., Mattoo, S., Kaufman, Y. J., Remer, L., Tanre, Lallart, P., Kahn, R., and Tanre, D.: POLDER2/ADEOSII, MISR,
D., et al.. A spatio-temporal approach for global validation = and MODIS/Terra reflectance comparisons, J. Geophys. Res.-
and analysis of MODIS aerosol products, Geophys. Res. Lett,, Atmos., 113(D14), D14S02, doi:10.1029/2007JD009656, 2008.
29(12), 1616, do0i:10.1029/2001GL013206, 2002. Levy, R., Remer, L., and Dubovik, O.: Global aerosol optical prop-

IPCC: Climate Change 2007: The Physical Science Basis, Con- erties and application to Moderate Resolution Imaging Spectro-
tribution of Working Group | to the Fourth Assessment Report  radiometer aerosol retrieval over land, J. Geophys. Res.-Atmos.,
of the Intergovernmental Panel on Climate Change, edited by: 112(D13), D13210, 10.1029/2006JD0078151, 2007a.

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- Levy, R., Remer, L., and Kaufman, Y. J.: Effects of neglecting po-
eryt, K. B., Tignor M., and Miller, H. L., Cambridge University larization on the MODIS aerosol retrieval over land, IEEE T.
Press, Cambridge, United Kingdom and New York, NY, USA, Geosci. Remote, 42(11), 2576-2583, 2004.

996 pp., 2007. Levy, R., Remer, L., Martins, J., Kaufman, Y. J., Plana-Fattori, A.,

Jethva, H., Satheesh, S., and Srinivasan, J.: Assessment of Redemann, J., et al.: Evaluation of the MODIS aerosol retrievals
second-generation MODIS aerosol retrieval (Collection 005) over ocean and land during CLAMS, J. Atmos. Sci., 62(4), 974—
at Kanpur, India, Geophys. Res. Lett., 34(19), L19802, 992, 2005.

doi:10.1029/2007GL029647, 2007. Levy, R., Remer, L., Mattoo, S., Vermote, E., and Kaufman,

Kahn, R., Garay, M., Nelson, D., Yau, K., Bull, M., Gaitley, B., Y. J.: Second-generation operational algorithm: Retrieval of
et al.: Satellite-derived aerosol optical depth over dark water aerosol properties over land from inversion of Moderate Reso-
from MISR and MODIS: Comparisons with AERONET and im- lution Imaging Spectroradiometer spectral reflectance, J. Geo-
plications for climatological studies, J. Geophys. Res.-Atmos., phys. Res.-Atmos., 112(D13), D13211, 10.1029/2006JD007811,
112(D18), D18205, doi:10.1029/2006JD008175, 2007. 2007b.

Kahn, R., Nelson, D., Garay, M., Levy, R., Bull, M., Diner, D., Levy, R., Remer, L., Tai, D., Mattoo, S., and Kaufman, Y.: AL-

www.atmos-chem-phys.net/10/10399/2010/ Atmos. Chem. Phys., 10, 103983-2010


http://modis-atmos.gsfc.nasa.gov/reference_atbd.php
http://modis-atmos.gsfc.nasa.gov/reference_atbd.php

10420 R. C. Levy et al.: Global evaluation of the Collection 5 MODIS dark-target aerosol products

gorithm for remote sensing of tropospheric aerosol over dark tar-Remer, L., Kleidman, R., Levy, R., Kaufman, Y., Tanre, D., Mat-
gets from MODIS: Collections 005 and 051: Revision 2, Febru- too, S., et al.: Global aerosol climatology from the MODIS
ary 2009, MODIS Algorithm Theoretical Basis Document, 2009.  satellite sensors, J. Geophys. Res.-Atmos., 113(D14), D14S07,

Li, R., Remer, L., Kaufman, Y., Mattoo, S., Gao, B., and Vermote, d0i:10.1029/2007JD009661, 2008.

E.: Snow and ice mask for the MODIS aerosol products, leeeSalomonson, V., Barnes, W., Maymon, P., Montgomery, H., and
Geosci. Remote S., 2(3), 306-310, 2005. Ostrow, H.: MODIS: Advanced Facility Instrument for Studies
Liu, L. and Mishchenko, M.: Toward unified satellite climatology of the Earth as a System, IEEE T. Geosci. Remote, 27, 145-153,

of aerosol properties: Direct comparisons of advanced level 2 1989.
aerosol products, J. Quant. Spectrosc. Ra., 109(14), 2376—238%chafer, J., Eck, T. F., Holben, B. N., Artaxo, P., and Duarte,
2008. A.: Characterization of the optical properties of atmospheric

Lyapustin, A., Wang, Y., Kahn, R., Xiong, J., Ignatov, A., Wolfe, R., aerosols in Amazonia from long-term AERONET monitor-
et al.: Analysis of MODIS-MISR calibration differences using ing (1993-1995 and 1999-2006), J. Geophys. Res.-Atmos.,
surface albedo around AERONET sites and cloud reflectance, 113(D4), D04204, doi:10.1029/2007JD009319, 2008.

Remote Sens. Environ., 107(1-2), 12-21, 2007. Smirnov, A., Holben, B. N., Eck, T. F., Dubovik, O., and Slutsker,

Marshak, A., Wen, G., Coakley, J., Remer, L., Loeb, N., and Ca- I.: Cloud-screening and quality control algorithms for the
halan, R.: A simple model for the cloud adjacency effect and AERONET database, Remote Sens. Environ., 73(3), 337-349,
the apparent bluing of aerosols near clouds, J. Geophys. Res.- 2000.

Atmos., 113(D14), D14S17, doi:10.1029/2007JD009196, 2008. Tanre, D., Herman, M., and Kaufman, Y.: Information on aerosol

Martins, J., Tanre, D., Remer, L., Kaufman, Y., Mattoo, S., size distribution contained in solar reflected spectral radiances, J.
and Levy, R.: MODIS Cloud screening for remote sensing of Geophys. Res., 101(D14), 19043-19060, 1996.
aerosols over oceans using spatial variability, Geophys. ResTucker, C.: Red and photographic infrared linear combinations for
Lett., 29(12), 1619, d0i:10.1029/2001GL013252, 2002. monitoring vegetation, Remote Sens. Environ., 8(2), 127-150,

Mi, W., Li, Z., Xia, X., Holben, B. N., Levy, R., Zhao, F., et 1979.
al.: Evaluation of the moderate resolution Imaging spectrora-Twohy, C., Coakley, J., and Tahnk, W.: Effect of changes in rela-
diometer aerosol products at two aerosol robotic network sta- tive humidity on aerosol scattering near clouds, J. Geophys. Res.-
tions in china, J. Geophys. Res.-Atmos., 112(D22), D22S8, Atmos., 114, D05205, doi:10.1029/2008JD010991, 2009.
doi:10.1029/2007JD008474, 2007. van Donkelaar, A., Martin, R. V., Brauer, M., Kahn, R, Levy, R,

Mielonen, T., Levy, R. C., Aaltonen, V., Komppula, M., de Leeuw,  Verduzco, C., and Villeneuve, P.: Global estimates of average
G., Huttunen, J., Lihavainen, H., Kolmonen, P., Lehtinen, K.  ground-level fine particulate matter concentrations from satellite-
E. J., and Arola, A.: Evaluating the assumptions of surface re- based aerosol optical depth, Environ. Health Perspect., 847-855,
flectance and aerosol type selection within the MODIS aerosol doi:10.1289/ehp.0901623, 2010.
retrieval over land: the problem of dust type selection, Atmos. Wen, G., Marshak, A., Cahalan, R., Remer, L., and Kleidman, R.:
Meas. Tech. Discuss., 3, 3425-3453, doi:10.5194/amtd-3-3425- 3-D aerosol-cloud radiative interaction observed in collocated
2010, 2010. MODIS and ASTER images of cumulus cloud fields, J. Geophys.

Mishchenko, M., Geogdzhayey, |., Rossow, W., Cairns, B., Carl- Res.-Atmos., 112(D13), D13204, doi:10.1029/2006JD008267,
son, B., Lacis, A., et al.: Long-term satellite record reveals likely ~ 2007.
recent aerosol trend, Science, 315(5818), 1543-1543, 2007. Wiscombe, W.: Improved mie scattering algorithms, Appl. Optics,

Mishchenko, M. I., Geogdzhayey, I. V., Liu, L., Lacis, A. A., Cairns 19(9), 1505-1509, 1980.

B., and Travis, L. D.: Toward unified satellite climatology of Xiong, X., Sun, J., Barnes, W., Salomonson, V., Esposito, J.,
aerosol properties: What do fully compatible MODIS and MISR  Erives, H., and Guenther, B.: Multiyear On-Orbit Calibration
aerosol pixels tell us?, J. Quant. Spectrosc. Ra., 110(6-7), 402— and Performance of Terra MODIS Reflective Solar Bands, IEEE
408, 2009. T. Geosci. Remote, 45(4), 879-889, 2007.

O'Neill, N. T., Eck, T. F., Smirnov, A., Holben, B. N., and Xiong, X., Sun, J., Wu, A., Chiang, K., Esposito, J., and Barnes, W.:
Thulasiraman, S.: Spectral discrimination of coarse and fine Terra and Aqua MODIS calibration algorithms and uncertainty
mode optical depth, J. Geophys. Res.-Atmos., 108(D17), 4559, analysis, Sensors, Systems, and Next-Generation Satellites 1X,
doi:10.1029/2002JD002975, 2003. Proc. SPIE Vol. 5978, 59780V, 2005.

Oo, M., Jerg, M., Hernandez, E., Bit, A., Gross, B., Moshary, Zhang, J., Reid, J. S., and Holben, B. N.. An analysis
F., et al.: Improved MODIS Aerosol Retrieval Using Modified of potential cloud artifacts in MODIS over ocean aerosol
VIS/SWIR Surface Albedo Ratio Over Urban Scenes, leee T. optical thickness products, Geophys. Res. Lett.,, 32(15),
Geosci. Remote, 983-1000, doi:10.1109/TGRS.2009.2028333, d0i:10.1029/2005GL023254, 2005.

2010. Zhang, J. and Reid, J. S.: A decadal regional and global trend anal-
Papadimas, C. D., Hatzianastassiou, N., Mihalopoulos, N., Kanaki- ysis of the aerosol optical depth using a data-assimilation grade
dou, M., Katsoulis, B. D., and Vardavas, |.: Assessment of over-water MODIS and Level 2 MISR aerosol products, Atmos.

the MODIS Collections C005 and C004 aerosol optical depth Chem. Phys. Discuss., 10, 18879-18917, doi:10.5194/acpd-10-

products over the Mediterranean basin, Atmos. Chem. Phys., 9, 18879-2010, 2010.

2987-2999, doi:10.5194/acp-9-2987-2009, 2009. Zhang, J., Reid, J. S., Westphal, D., Baker, N., and Hyer, E. J.:
Remer, L., Kaufman, Y., Tanre, D., Mattoo, S., Chu, D., Martins, J., A system for operational aerosol optical depth data assimila-

et al.: The MODIS aerosol algorithm, products, and validation, tion over global oceans, J. Geophys. Res.-Atmos., 113(D10),

J. Atmos. Sci., 62(4), 947-973, 2005. D10208, doi:10.1029/2007JD009065, 2008.

Atmos. Chem. Phys., 10, 10398342Q 2010 www.atmos-chem-phys.net/10/10399/2010/



