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Abstract. AErosol RObotic NETwork (AERONET) data 1 Introduction

are the primary benchmark for evaluating satellite-retrieved

aerosol properties. However, despite its extensive coveragd,he AErosol RObotic NETwork (AERONET), a global
the representativeness of the AERONET data is rarely disscale sun photometer network, has been providing robust
cussed. Indeed, many studies have shown that satellite ré@erosol spectral optical depth measurements, and some con-
trieval biases have a significant degree of spatial correlastraints on column-effective particle properties, for nearly
tion that may be problematic for higher-level processes ortwo decades. As such, it is often used as the primary stan-
inverse-emissions-modeling studies. To consider these issuérd for validating satellite aerosol products (e.g., Holben et
and evaluate relative performance in regions of few surfacel., 1998; Kahn et al., 2010; Levy et al., 2010; Hsu et al.,
observations, cross-comparisons between the Aerosol OptR006). AERONET has included 443 sites globally, with un-
cal Depth (AOD) products of operational MODIS Collec- der half that number operating at any one time, on average,
tion 5.1 Dark Target (DT) and operational MODIS Collection during the past decade. Only 11 sites have data records that
5.1 Deep Blue (DB) with MISR version 22 were conducted. are longer than seven years, and 39 sites have data records
Through such comparisons, we can observe coherent spatifffat are longer than five years. Field campaigns, which ex-
features of the AOD bias while sidestepping the full analy- tensively measure the environment in support of verification,
sis required for determining when or where either retrieval istarget specific areas of interest but are sporadic and short
more correct. We identify regions where MODIS to MISR lived. This ephemeral nature of observations suitable for
AOD ratios were found to be above 1.4 and below 0.7. Re-satellite product characterization leads to fundamental ques-
gions where lower boundary condition uncertainty is likely tions about the representativeness of available validation data
to be a dominant factor include portions of Western North Sets. For example, are there any regions with poor surface ob-
America, the Andes mountains, Saharan Africa, the Arabiarservation data that clearly require future deployments of sun
Peninsula, and Central Asia. Similarly, microphysical bi- Photometer instruments and/or in situ measurements, espe-
ases may be an issue in South America, and specific parts ¢fially for the purpose of validating satellite observations?
Southern Africa, India Asia, East Asia, and Indonesia. These Complicating matters further is the spatial correlation of
results help identify high-priority locations for possible fu- bias. Retrievals are underdetermined and some assumptions
ture deployments of both in situ and ground based remoténust be made, most typically through the lower boundary
sensing measurements. The Supplement includes a kml filecondition model, the assumed particle microphysics, or opti-
cal properties. As land features and particle properties have
spatial coherence (e.g., Anderson et al., 2003; Zhang and
Reid, 2006), we would expect some satellite retrievals of
aerosol products to share similar patterns in their biases with

respect to such spatial coherence.
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Recently Shi et al. (2011), Hyer et al. (2011) and Levy of surface measurements to support the refinement of future
et al. (2010) published evaluations of the over water andgenerations of algorithms.
land MODIS Dark Target (DT) Collection 5 aerosol prod-  To evaluate regions of spatially correlated bias, three com-
ucts. Over water, low and high biases are quite clear for finemonly used global satellite aerosol products were selected
and coarse mode aerosol particles, respectively. Wind anbr this study: the Terra operational Moderate Resolution
cloud related biases are visible as well. Uncertainties ardmaging Spectroradiometer (MODIS) Collection 5.1 Dark
also shown over coastal regions, where runoff and/or biolog-Target (DT) aerosol product, the Terra MODIS Collection
ical activity create issues for the surface boundary conditions.1 Deep Blue (DB) aerosol product, which retrieves aerosol
(e.g., Kahn et al., 2010). Biases in the over-water aerosoproperties, especially but not limited to, over bright surfaces,
optical depth (AOD) product were found to be largely cor- and the Multiangle Imaging SpectroRadiometer (MISR) ver-
rectable through model data and information contained in thesion 22 aerosol product. Note that these three products were
retrieval (e.g., Zhang and Reid, 2006). The over-land prob-chosen because they are widely used by the community for
lem, however, is much more complicated. The lower bound-various applications ranging from climate to air quality to
ary condition for MODIS DT Collection 5 is empirical and real-time operational forecasts (Zhang et al., 2001, 2008a,b;
cannot cope with all land forms everywhere. The more com-Kaufman et al., 2002; Remer et al., 2009; Kahn et al., 2009;
plicated land surface also reduces the degrees of freedom iReid et al., 2009; Hsu et al., 2006; Zhang and Reid, 2006).
available microphysical models that can be utilized by the re-All three products were spatially and temporally collocated,
trievals. As a consequence, Hyer et al. (2011) reported mangnd were used for evaluating the existing aerosol observation
cases where correlations between satellite and AERONEBystem. We conclude with a discussion of regions showing
AOD are good within regions, but slopes are vastly differ- clear inconsistency between sensor retrieval results, propos-
ent. Such regionally correlated biases are particularly probing areas that have an urgent need for additional, suborbital
lematic for higher-level investigations that require consistentmeasurements.
data over large areas, such as inverse modeling or lifecycle
studies. Also, Kahn et al. (2010) identified MISR — MODIS
DT AOD differences over India, Eastern China, and South-2 Datasets
eastern Asia that they attributed, in part, to dark particles ab-
sent from the current algorithm particle climatologies. They Onboard both Terra and Aqua satellites, MODIS has 36 spec-
noted that a lack of mixtures containing dust and smoke optitral channels with spatial resolutions ranging from 250 m to
cal analogs in the algorithms create AOD discrepancies ovefll km that can be used effectively in studying aerosols and
Sub-Saharan Africa and several other locations (also see Ecdlouds. Using seven near-UV, visible, and near-IR chan-
et al., 2010 regarding mixtures). nels, AOD over land and water, as well as fine-mode AOD

One way to approach spatially correlated biases is througlfraction over water are retrieved (Remer et al., 2005, 2009;
cross-comparisons between satellite aerosol products, ndtevy et al., 2010). The reported one standard deviation of
only over the AERONET sites, but also over regions thatuncertainty for the over-ocean MODIS DT AOD retrieval is
may lack ground-based observations. Several studies hav@ 03+ 0.15x AOD, and is 0.05: 0.20x AOD for the over-
conducted comparisons of aerosol retrievals among differland cases (Remer et al., 2005). Recent studies (e.g., Shi et
ent sensors mostly highlighting the differences among satelal., 2011; Zhang and Reid, 2006; Kahn et al., 2007) sug-
lite aerosol optical depth retrievals (Myhre et al., 2004; Ab- gest that uncertainties in the operational over-ocean MODIS
dou et al., 2005; Mishchenko et al., 2007, 2009; Liu andDT AOD products could be related to cloud contamina-
Mishchenko, 2008; Kahn et al., 2007, 2009, 2010, 2011).tion, aerosol microphysical biases, and uncertainties in lower
Although some spatial information is presented in these efboundary conditions due to the use of a fixed near-surface
forts, a pair-wise map of regions of spatially coherent bias be-ocean wind speed of 6 m/s. In the next release (version 6)
tween sensor products has yet to be published. Indeed, suaff the MODIS DT aerosol products, variable near-surface
a product is useful not only to understand error covariance -ocean wind speeds will be included in the retrieval process
a necessary constraint for data assimilation, but more fundafRob Levy, personal communication, 2010). Over land, Hyer
mentally, we want to know how well such bias features relateet al. (2011) suggested that complex surface features and
to areas of ground truth, such as AERONET sites. Such prodregional biases in aerosol microphysical properties are the
ucts do not specifically resolve global issues related to quanmain sources of uncertainties for the operational MODIS DT
titative error characterization, but are beneficial in determin-aerosol products, whereas uncertainties due to viewing ge-
ing the overall scientific uncertainty of aerosol properties. Inometry and snow contamination are also noticeable. For the
regions with large differences among products, the data neeMODIS DT aerosol products, no retrival is attempted over
to be understood and the causes of the discrepancies shoutdight surfaces, such as the Saharan Desert (Remer et al.,
be studied. This need has been addressed to some extent2Q05; Levy et al., 2010). To fill the data gaps, the MODIS
the studies cited above, and it motivates the current studyDB product was developed, which has the capability of re-
which aims specifically at helping direct future deploymentstrieving aerosols over high surface albedo areas with the
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use of the MODIS near UV channels (Hsu et al., 2006).3 Results
The Collection 5.1 MODIS AQUA DB AOD has reported
uncertainties on the order of 20—30 %. In this paper, our results begin by presenting example satel-
MISR, which is onboard the Terra satellite, provides near-lite to AERONET AOD regressions for eight important ge-
simultaneous observations at nine viewing angles (nadirpgraphical regions. This demonstrates the nature of aerosol
+26.1, +£45.6, +£60.0, and+70.5 degrees) in four spectral retrievals against some ground truth. Then, to understand the
bands at 446.4nm, 557.5nm, 671.7 nm, and 866.4nm. Isize of the satellite-to-satellite AOD bias features, we find
has a much narrower swath 880 km (Diner et al., 2002) the ratio of MODIS to MISR AOD retrievals, and study the
compared with 2330 km of MODIS, providing global cov- spatial patterns through spatially and temporally collocated
erage about once per week. MISR has been successfullgomparisons. From these comparisons, we return to our orig-
used to retrieve aerosol properties globally, including overinal eight comparisons with AERONET, and discuss limita-
bright desert surfaces (Kahn et al., 2010). Kahn et al. (2005tions in spatial coverage of the current ground-based obser-
2010) showed that approximately one standard deviation of/ations in the problematic regions identified from our results.
uncertainty in MISR retrieved AOD is on the order of 0.05
or 0.2x AOD, whichever is larger. Biases and uncertainties 3.1 Example AERONET comparisons
in MISR AOD values are associated with cloud contamina-
tion, and lower boundary conditions in some locations (KahnEight AERONET sites, which have at least five-year data
et al., 2010). Uncertainties are also found over regions thatecords that provide observations to the aerosol state of a
have mixtures of dust and smoke aerosol types, as only limgiven region, were selected: Alta Floresta (for South Amer-
ited numbers of aerosol models are used in the retrieval proica), Banizoumbou (for North Africa), GSFC (for the East-
cess. Specific biases have been identified for retrievals witlern US), Maricopa (for the Western US), Kanpur (for India),
AOD values lower than 0.025 or higher than 0.5 (Kahn et al.,Mongu (for South Africa), Solar Village (for Saudi Arabia)
2010). Besides AOD, constraints on particle shape, size, andnd Shirahama (for East Asia). AERONET direct sun mea-
absorption are also reported by the MISR aerosol product. surements of AOD are highly accurate, with uncertainties on
Different sensors have different spatial coverage and overthe order 0f~0.01 in the visible and near-infrared channels
pass times. For fair comparisons, pairs of observations fronfor the level 2 product (Eck et al., 1999). Using the stan-
different instruments need to be collocated spatially and temdard Angstrom linear fit in log-log space, AERONET obser-
porally. Since both MISR and MODIS are onboard the Terravations from the 0.50 or 0.44 and 0.67 pm channels were used
satellite, it is possible to have simultaneous observations oveio estimate AOD values at the 0.55 (for MODIS) and 0.558
the same location from both instruments. However, the two(for MISR) pm channels (Shi et al., 2011). Withias80 min
aerosol products have different spatial resolutions (10 km fotemporal window and 0.1 degree spatial difference, one-
MODIS DT and DB, and 17.6km for MISR) and are not to-one collocated operational MODIS/MISR (level 2) and
exactly overlapping. Therefore, to spatially collocate the AERONET AOD were used for the comparisons for 2000
MODIS DT (MODIS DB) products with MISR, all three to 2007. Regressions are shown in Fig. 1, with regression
products were averaged into ©:50.5° (Lat/Lon) gridded  line parameters ancf values presented in Table 1. Because
products for every six hours. Note that the MODIS swathsthe behavior of satellite retrievals can change when AODs
overlap near the poles, so gridding over six hours will po-are due, in part, to multiple scattering, and because only
tentially combine data from different orbits. However, this some regions have high AODs (resulting in sampling bias
does not affect the analysis presented in this paper becaudwetween regions), we provide statistics for all data and also
such overlaps will only occur at the swath edges for MODIS for those AODs less than 0.5. Slopes, interceptspumber
and MISR swaths do not overlap. At the second step, theof data points and the 95 % confidence interval of correlation
six-hour gridded aerosol products were collocated in bothcoefficients (Spiegel and Stephens, 1999) are provided.
space and time, and pairs of data points with valid AOD Figure 1 shows that in most regions (the Eastern US, South
values from both MODIS DT (or MODIS DB) and MISR America, North Africa, South Africa, East Asia and India),
aerosol products were chosen for the tests described in theetrievals from the operational MODIS DT, MODIS DB, and
following section. Two comparison datasets were used inMISR aerosol products show reasonable correlations with
this study: (1) spatially and temporally collocated Terra Col- the collocated AERONET data. For example, other than
lection 5.1 MODIS DT and MISR Version 22 aerosol prod- the Maricopa and Solar Village sites? values of above
ucts from 2005-2007 and (2) spatially and temporally collo-0.6 are found between the MODIS (DT and DB), MISR,
cated Terra Collection 5.1 MODIS DB and MISR Version 22 and AERONET AODs. Yet slope differences are clearly
aerosol products from 2005-2007. noticeable for areas dominated by different aerosol species,
(e.g., dominant dust aerosol particles over Kanpur and
biomass burning aerosol particles over Mongu), indicating
that aerosol microphysical properties are among the sources
of uncertainties in these aerosol products. Also, although
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smaller than 0.2, collocated AOD values from the opera-
tional MODIS DT aerosol products show a much higher
AOD range up to 0.6. Note that the black regression line
for MODIS is not provided from the Maricopa plot due to an
insufficient number of data points, as well as a scattered and
non-linear pattern of the data distribution that makes a linear
regression less representative. Also, large intercept values
- - N7 R are observed for the comparisons betweep the MO_DIS DB
00 06 10 16 20 26 00 0.z 04 08 08 10 1z and AERONET AOD values at the Mongu site, showing that

T y uncertainties can exist for the MODIS DB products over low
surface albedo regions. In contrast, observations from the
Banizoumbou and Solar Village sites confirm that both the
MODIS DB and MISR have capability to retrieve aerosols
over bright surfaces (e.g., Diner et al., 2001; Martonchik et
al., 2004; Hsu et al., 2006).

However, point comparisons are not sufficient and may not
fully represent the performance of satellite AOD retrievals.
For example, the spatial comparisons between MISR and
MODIS over South Africa in Sect. 3.2 (Fig. 4) indicate larger
differences than what the point comparisons show at the
AERONET site. Here we simply want to point out that sparse
point comparisons may not be representative of the perfor-
mance of a product over a region. Similar observations are
also made over the Arabian Peninsula. Comparisons between
satellite AOD products are therefore evaluated globally for
the rest of the paper.
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The regressions shown in the previous section reveal a com-
mon observation: satellite products often correlate well with
each other, but suffer from slope or Y-intercept biases. In-
deed, Hyer et al. (2011) reported highly variable regression
slopes of MODIS collection 5 against AERONET for differ-

0.4 *
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0.0

wo ez o+ o8 o8 oo s 1o 15 20 ent sites in the same geographical region. The question there-
: fore becomes: Over what area do these regressions hold? We
AERONET Derived AOD begin with an examination of overall AOD for the 2005-2007
(0.550 or 0.558 um) timeframe in Fig. 2, keyed to data of simultaneous MODIS

and MISR retrievals. Also, as part of the Supplement, Fig. 2
Fig. 1. One to one comparisons between MODIS Dark Targetjs repeated seasonally (DJF, MAM, JJA, SON).
(MODIS Deep Blue)/MISR and AERONET AOD at seven sites Figure 2 shows the three-year averaged spatial plots of

for year 2000-2008(a) Alta Floresta,(b) Shirahama(c) Kanpur, .
) )l/vlongu, © Baniio)umbou(f) GSF(C),(g) Maricop;,)(h) Sglar AOD from the (_:ollocated MISR Verspn 22 and MODIS Col-
village. Iect.|on 5.1 retrievals. To construct Fig. 2a, only MISR AOD
retrievals that have been collocated with MODIS AOD re-
trievals were used and vice versa. The detailed collocation
steps are described in Sect. 2. By using this collocation
an underestimation is observed for high MISR AOD valuesmethod, Fig. 2a and b could be different from the three-
(AOD > 0.5), in almost all regions, except Mongu (as previ- year averaged MISR and MODIS AOD plots that used all
ously reported in Kahn et al., 2010), the influence of lower the available data. Shown in Fig. 2a, regions of high AOD
boundary conditions (generally manifested in the intercept ofthat are likely associated with heavy smoke aerosol plumes
the regressions) is less evident in MISR-AERONET than theare seen over South America, South Africa, and Indone-
MODIS-AERONET comparisons (Kahn et al., 2010; Hyer sia, with dust plumes are visible over North Africa and the
et al., 2011; Shi et al., 2011). For example, over the West-Middle East (e.g., Husar et al.,, 1997; Hyer et al., 2011).
ern US, where AERONET reported AOD values are mostly Aerosol plumes that originate from multiple aerosol sources

Atmos. Meas. Tech., 4, 2823836 2011 www.atmos-meas-tech.net/4/2823/2011/



Y. Shi et al.: Application for potential AERONET deployment

Table 1. Regression coefficients and 95 % confidence interval (Cl) for correlation coefficients in Fig. 1 with all AOD and satellite AOD

smaller than 0.5 in parentheses. No statistics are shown when number of points are smaller than 25.

2827

2

Site Satellite Slope Intercept r # of points Upper Cl Lower CI
MISR 0.48(0.81)  0.09(0.00) 0.77(0.82)  107(88) 0.92(0.94) 0.83(0.86)
AltaFloresta (95,56 W) \iopispT  1.33(1.01)  0.140.05) 0.92(0.82) 467 (353) 0.97 (0.92) 0.95 (0.89)
_ MISR 0.67(0.66) 0.03(0.03) 0.90(0.84)  29(26) 0.98(0.96) 0.89 (0.82)
Shirahama (33N, 135'E)  \iopispT  1.01(0.85) 0.0540.02) 0.83(0.79) 146 (137) 0.93(0.92) 0.88 (0.84)
MISR 061(0.47) 011(0.13) 0.70(0.54)  136(89) 0.88(0.82) 0.78(0.62)
Kanpur (26 N, 80° E) MODISDT 1.06(0.54) 0.05(0.21) 0.79(0.43) 411(142) 0.91(0.74) 0.87 (0.55)
MODISDB 0.98(0.28)  0.04(0.19) 0.60(0.11) 213(68) 0.82(0.52) 0.72(0.09)
MISR 0.82(0.74)  0.03(0.04) 0.88(0.75) 210(192) 0.95(0.90) 0.92(0.82)
Mongu (52 S, 23 E) MODISDT 0.76(0.67)  0.04(0.05) 0.83(0.71) 870 (820) 0.92(0.86) 0.90 (0.82)
MODISDB 1.02(0.54) 0.1740.04) 0.60(0.34)  99(78) 0.84(0.72) 0.68(0.42)
MISR 051(0.51) 0.20(0.14) 0.61(0.49) 220(153) 0.83(0.77) 0.72(0.61)
Banizoumbou (13N, 2°E) MODIS DT - - - - -2 -2
MODISDB 063 (1) 032(0) 081()  148()  093()  087()
MISR 0.72(0.80)  0.03(0.02) 0.87(0.90) 175(171) 0.95(0.96) 0.91(0.93)
GSFC (38N, 76°W) MODISDT  1.1(1.06) 0.01(0.01) 0.94(0.84) 744 (671) 0.97(0.93) 0.97 (0.91)
MISR 0.8(0.77)  0.06(0.06) 0.35(0.39) 180(179) 0.68(0.70) 0.49 (0.52)
Maricopa (33N, 11°w)  MODIS DT - - - - -(=) -(=)
MODIS DB - - - - - -
_ MISR 0.9(0.68) 0.09(0.13) 0.74(0.66) 261(227) 0.89(0.85) 0.82(0.77)
Solar Village (24N, 46°E)  \iopispe  053(0.29)  0.19(0.21) 0.35(0.12) 440 (350) 0.65(0.43) 0.52 (0.25)

f—
055 0.6 0.7 0.8 1.

Retrieved AOD year 2005-2007 (green

0 0.06 0.1 0.15 0.2 0.3 0.4 0.45 0.5

Fig. 2. Average of spatial distribution of MISR (0.558 um) and operational MODIS Dark Target (DT) and MODIS Deep Blue (DB) (0.55 um)
for 2005-2007. The MISR and operational MODIS DT/MODIS DB AOD data were first collocated both in space and time, and only
collocated MISR and MODIS retrievals were used in generating this plot. Data were gridded eVexy0d5 (Lat/Lon). (a) MISR AOD

that corresponds with operational MODIS Ob) Operational MODIS DT AOD(c) MISR AOD that corresponds with MODIS DB, and

(d) MODIS DB AOD.
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of dust, smoke and pollutants are observable over East and To better illustrate the differences, Fig. 3a and b show spa-
South Asia (Reid et al., 2009; Eck et al., 2005). Long-rangetial plots of the MODIS DT and MODIS DB AOD divided by
aerosol transports are also shown. Asian dust plumes crogbe MISR AOD. There is a small wavelength difference be-
the Pacific Ocean and reach the West Coast of the US; Northbween MODIS and MISR channels around 550 nm (550.0 nm
African dust plumes cross the Atlantic Ocean and reach thdor MODIS and 557.5 nm for MISR). Not accounting for the
Caribbean. A high AOD band is also noticeable over highwavelength difference also leads to small differences in the
latitude southern oceans. However, this feature is probabl WODs themselves. Red colors represent regions in which
produced by cloud artifacts (e.g., Zhang et al., 2005; Shi eMODIS retrieves higher AOD than MISR, and blue colors
al., 2011; Kahn et al., 2010; Smirnov et al., 2011). show the opposite. For Fig. 3a, ratios larger than 1.4 are
Figure 2b shows the corresponding operational MODISfound over Western and Northeast Canada, the Western US,
DT AOD distributions. Because only pairs of MODIS and the Andes mountains, most of the Amazon, and Central and
MISR data that possess valid AOD values were used inEast Asia, indicating that the MODIS DT AOD values are
creating Fig. 2, the differences between Fig. 2a and b arenuch higher than the MISR AOD values over these regions.
mostly related to the differences in the retrieval processesRatios smaller than 0.7 are found over the Central US, the
as sampling biases between the two products are minimizedast coasts of South America and South Africa, and North-
High AOD features over the Western US, the Andes moun-Central Asia. Also, even over regions like South Africa and
tains, and the Namibian desert from Fig. 2b are not foundSouth America, where we expect both sensors to have bet-
in the spatially and temporally collocated MISR AOD plot ter performance due to relatively low surface reflectivity, ra-
in Fig. 2a. These results for the Western US agree with theios of 1.1-1.5 are found. Shown in the left-hand panels of
results reported in van Donkelaar et al. (2006, 2010). Also,Fig. 3, the patterns are consistent with Kahn et al. (2010)
MODIS DT AOD values are higher than the collocated MISR and Mishchenko et al. (2009). Some of this behavior also
AOD values over regions such as East and Central Asiaappears in the sensor-AERONET comparisons for the Alta
India, Indonesia, South Africa, and South America. Note Floresta site in Fig. 1. Figure 3b shows that over parts of the
that the differences seem significant, yet could mostly beWestern US, Southern South America, North Africa, Cen-
explained with the known limitations of each product. For tral Asia, Northern India, and Eastern Australia, the ratios
example, for the MODIS DT aerosol product, overestima-between MODIS DB and MISR AOD are greater than 1.4.
tion of AOD values that are greater than 0.5, which appearRegions where MISR retrievals are much greater than those
over sparely vegetated land (e.g., the Andes mountains, thtom MODIS DB are South Africa, the middle of the Ara-
Namibian desert, and the Western US), could be due to théian Peninsula, Mid-India, and part of Central Asia. How-
uncertainties in surface characteristics, which deviate fromever, the ratio plots from Fig. 3a and b can be misleading,
the surface reflectance model used in the operational MODI®ecause high ratio values over regions with small AOD val-
product. In another case, higher MODIS DT AOD values ues can skew the picture. Therefore, the AOD differences
over South America, South Africa, and Central Asia could (MODIS DT — MISR) and (MODIS DB — MISR) for the
be related to the underestimation of the MISR aerosol prodgreen band are shown in Fig. 3c and d, respectively. The
uct for high AOD (Kahn et al., 2009, 2010; Olga Kalash- main patterns of Fig. 3c and d are very similar to that of
nikova, personal communication, 2010). This effect can beFig. 3a and b. However, regions with low AOD values and
observed in the Alta Foresta data (Fig. 1), in which the MISRvery high ratio values, such as the Western US, have AOD
retrieval underestimates the biomass burning AOD comparediifferences on the order of 0.1-0.3. Conversely, over Cen-
to AERONET. tral Africa, where the ratio plot does not show a large in-
Figure 2c and d are structured the same as Fig. 2a andonsistency, Fig. 3c and d highlight the regions with AOD
b, but they show the comparison of MODIS DB and MISR differences larger than 0.1. Also, AOD differences over the
aerosol products. Figure 2c shows the three-year (2005+ropical and high-latitude oceans are small, despite showing
2007) averaged spatial plot of MISR AOD (collocated with large ratios in places (Fig. 3a and c, respectively).
the MODIS DB product). Heavy aerosol loadings are found Note that Fig. 3 reflects, in locations where the AOD ra-
for dust over North Africa and the Arabian Peninsula, for tios are greater than one, the fact that the version 22 MISR-
smoke over South Africa, and for pollutant mixed dust over retrieved AOD values tend to have a low bias in the high
Northern India and East Asia. Figure 2d shows the corre-AOD regime (Kahn et al., 2010), combined with the ten-
sponding MODIS DB AOD distributions. For South Amer- dency for MODIS DT AOD values to be overestimated over
ica, Northern India (e.g., the Kanpur site), and East Asia,brighter surface. The uncertainties in Fig. 3 caused by com-
higher AOD values are shown for the MODIS DB prod- paring two small values are discussed in Sect. 4. Further-
uct. Conversely, MODIS DB has much lower AODs in more, uncertainties in the microphysical models used in these
central Africa and parts of the Arabian Peninsula. Overretrievals are amplified at higher aerosol loading regions due
desert regions such as North Africa and the Middle East, théo multiple scattering (Zhang et al., 2007; Hyer et al., 2011).
AOD values from the two products have differences aroundThus, as shown in Fig. 4, we performed regressions between
0.1t00.3. MISR and MODIS DT (MODIS DB) AOD values using
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0.5 0.6 0.7 0.8 0.9 1. 1.1 1.256 1.4 1.6 2.

Oper. Modis (MODIS Deep Blue) over MISR AOD Ratio (green)

-0.3 -0.1 -0.05 -0.01 0.01 0.05 0.1 0.3

Differences in Oper. MODIS (MODIS Deep Blue) and MISR AQD (green)

Fig. 3. (a) The ratio of operational MODIS DT over MISR AOD in green channel for year 2005—-2@) Similar to (a) but for MODIS
DB. (c) The differences between operational MODIS DT and MISR AOD in green channel for year 2005-200Qd), Simdilar to (c) but
for MODIS DB. Note the color scales are different between the top and the bottom panels.

collocated MODIS and MISR data with AOD values between satellite products, high correlations of 0.8 or greater were

0-0.5 (MODIS = MISRx slope +intercept). Figure 4a, cand found compared with ground-based sun photometer obser-
e show spatial distributions of correlation, slope, and inter-vations on a global basis (Shi, 2009; Hyer et al., 2011; Shi et
cept values, respectively, for the regression analysis usingl., 2009), showing that:

the collocated operational MODIS DT and MISR AOD data. ) ) .

Like Fig. 2, Seasonal regressions are included in the Sup- 1- There are still regions that have no or few sites that

plement. Similar to the studies of Kahn et al. (2009), corre- ~ Would assist in refining assumed aerosol properties for
lation values greater than 0.8 are found over global oceans ~ Satellite retrievals.

ﬁ]n;nrgoft;?enfoher?c;ogiéﬁﬁg'33:8\;2:2 %Oére:sgogn\éﬂge;;if 2. Additional AERONET sites are desired for some of the
: ’ regions with large MODIS/MISR ratio values, espe-

tains, the Namibian desert, and parts of the Middle East, ; . -
Central Asia, and Northern Australia. Most of the regions cially for regions where it is suspected that aerosol op-
) ’ . S ; tical property assumptions cause large uncertainties in
showing poor correlations are highlighted in intercept plot of . .
. : . ; . satellite retrievals.
Fig. 4e as well. Regions with large intercept values indicate

locations where surface reflectance values may be underes-3. For regions where satellite products need better aerosol

timated for the MODIS DT retrievals, typ|Ca”y in arid and property information to constrain assumptionS, field
semi-arid regions with high surface reflectance (Kahn et al., measurements can play an important role, including
2010; Hyer et al., 2011). Also, although the correlations be-  jajrcraft in situ observations, especially where multiple

tween MISR and MODIS DT AOD data are above 0.8 over |ayers of different aerosol types are present.

the Amazon region, slope values of 1.2 and above are found

(Fig. 4c). Similar slope and correlation patterns can also be 4. Note that building up a statistically useful database for
found over the middle of South Africa and Southeast Asia, new AERONET sites may take time, but such efforts
suggesting potential aerosol microphysical biases over these are potentially beneficial to not only current but most
regions. Issues with aerosol type in the retrievals for some  importantly to future sensors.

of these regions have been noted previously (e.g., Kahn et o T

al., 2010; Levy et al., 2010). However, field campaigns canfigure 4b, d and f show similar spatial distributions of cor-

further improve satellite retrievals over regions where bet-'¢lation, slope and intercept values for the regression analy-
ter aerosol property information is lacking. Also, for both SIS using the collocated MODIS DB and MISR AOD data.

Compared with the analyses from the collocated operational

www.atmos-meas-tech.net/4/2823/2011/ Atmos. Meas. Tech., 4, 28262011



2830 Y. Shi et al.: Application for potential AERONET deployment

0.6 0.7 0.8 0.85 0.88 0.92 0.96 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Correlation of MODIS Dark Target / Deep Blue and MISR AOD (green band)

-0.12 -0.06 0.02 -0.01 0.01 0.02 0.06 A2

Intercepts of MODIS Dark Target / Deep Blue and MISR AOD (green band)

0.6 0.7 0.8 0.85 0.88 0.92 0.96 1. 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Upper and Lower boundaries of 95% Confidence Interval of
Correlation Coefficience in (a) and (b)

Fig. 4. The regression and correlations between MISR and operational MODIS DT (right panel) / MODIS DB (left panel) for year 2005-2007
(MODIS =MISR x slope + intercept). Only collocated MODIS and MISR data that have MISR AOD values between 0-0.5 wer@used.
and(b) Correlation,(c) and(d) Slope,(e) and(f) Intercept,(g) and(h) upper boundary of the 95% confidence interval for correlation

coefficient in(a) and(b), and(i) and(j) Similar to(g) and(h) but for lower boundary.
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MODIS and MISR data, lower correlation, larger intercept difficulty of fully understanding aerosol properties and their
values and lower slope values were found. However, mostpatial/temporal variations from limited ground and in situ
regions shown in Fig. 4b, d and f are either desert regionobservations.
or areas with complex surface features, and therefore, lower
correlations between two aerosol products are expected, due i ) ) o
to lower sensitivity to aerosol properties over bright surfaces# Discussion: relationship to spatial distribution of
Still, detailed analyses of the uncertainties for the two aerosol  AERONET sites
products over these regions, similar to the studies conducte
for the MODIS DT aerosol products (e.g., Shi et al., 2011;
Hyer et al., 2011), are necessary.

In sum, the areas with large disagreements betwee
satellite retrievals can be divided into three categories:

H/Iost of the problem areas listed in Sect. 3 are very remote
and under-developed. Hence, this increases the difficulty
ri]n establishing long-term AERONET sites, which would be

useful for validating the satellite aerosol retrievals over those
regions. Conversely, regions with the best agreement often
1. Complicated surface conditions: transition areas fromhave the highest density of AERONET sites, even though

bare land to areas with dense or sparse vegetation covel*ﬂe surrounding areas might have large inconsistencies. This
is partially because the aerosol climatology used by the

2. Complicated aerosol type: inaccurate representations oMODIS DT over-land algorithm is based on AERONET data
aerosol microphysics in the retrieval processes over th€lLevy et al., 2010). Also, this may, in part, be related to

dark vegetation areas or dark surfaces; the concentration of sites in more developed “darker” re-
. _ _ gions where vegetation cover is greater. The distribution
3. Desert regions with very bright surfaces. of sites results in a sampling bias. The use of “global”

Most problematic areas belong in the first category. These reg'tatlstICS from AERONET to measure product efficacy biases

) . . : verification statistics in favor of satellite retrievals. Long-
gions include: the Somalia region (029, 35-50 E), the ; . X
North Coast of Africa (20-35N), the Sahel zone~(12° N term AERONET observations greatly improve the satellite

) . N retrievals regionally by providing developers with valuable
across Afncg), the West Coast of Af”ia (1529, the East verification data that is coupled with some aerosol optical
Coast of Africa and Madagascar (10=3), the East Coast roperty information from sun-skv retrievals
of Brazil, the Andes mountains, the West Coast of US, thep perty . y et " .
. . However, several issues were raised with the previous

East Coast of Australia, Kazakhstan, and Mongolia. The o o . . .
. . analysis. First, some significant differences occur in regions
Yellow Sea region near coastal China also has a surface-type. - . :
roblem. as it is a region with turbid waters. Redions thatWlth existing AERONET sites, and the differences between
?all into t1he second caq[egory (complicated aérosolg]types) in-'vIISR and MODIS are due largely to the assumed aerosol
clude: 5 N-5"S and 10_30E of Africa, 5-10 S and 60— properties in the satellite algorithms and/or limitations in the

. . algorithm, such as high AOD for MISR (this is seen in Fig. 1
70° W of South America, 20-3N and 100-11%5E of China . 9 nigh ( . 9
) in the Amazon region with dark surfaces) or high surface re-
and Korea, the south and north end of Japan, Malaysia, In; . .
: S flectance for MODIS. Second, the ratio of AOD retrievals
donesia, and the Philippines. Better agreement for aeros

retrievals among sensors is expected for the regions with Iov%)etween two sensors/algorithms in regions of low AOD is
' S exp 9 not necessarily a good measure of whether errors are signifi-
surface reflectivity in the visible spectrum. However, the

AOD differences between the two products can still be rel_cant. Third, even if there are AERONET sites in high surface

. S . reflectance areas, the main issue in satellite retrievals is of-
atively large (AOD> 0.1). This indicates that the compli- h f fl h o d
cated aerosol type is a likely source of uncertainty. For ex—ten the poor surtace re ectance c _aractenzatlon,_ and more

) AERONET sites will not necessarily improve that situation.

;Tgslec;fsgrr:skzl%Creso%ﬁigzoﬁr;jtgS;veRdearizres rttr;(;te?a‘ﬁrinmtg( In response to these questions, a gradient map of AOD
. P _ - Reglons differences AAOD, MODIS DT / MODIS DB minus MISR
the third category include: Northwestern India {EDand .
. . ) AOD at the green channel) between satellite aerosol products
35°N), Iran and Afghanistan (45-6& and 25-35N), Ti- S -
was computed, as shown in Fig. 5. Over-plotted in Fig. 5

ggj,l\tlt)]eaizsaicﬁa}:iitojégeaﬁarzglazlspc?n&?;i:iéigﬁr?lc\)/l_lsR are the frequency indices of available AERONET data. To
' g ' ' create the gradient map @AOD, only regions with both

and MO[.)IS retrievals dp not always pomt_ to a lack of UN" satellite AOD values larger than 0.1 were used. The gradient
derstanding of the basic aerosol properties in the region,
|rs computed based on Eq. (1),

Rather, they sometimes indicate satellite algorithm issues fo
one or both instruments. For example, numerous field cam- \/ JAAOD \ 2 JAAOD \ 2

paigns have been conducted over regions such as3-d0d  AOD Error Gradient ( ) + ( 5 > 1)
60-70 W of South America (e.g., Reid et al, 1998, 2005, Y

SCAR-B and SMOCC campaigns), where many AERONET where§x and 8y (§x and dy are evaluated at half degrees
observations are available. Even with extensive in situ and_at/Lon) represent spatial distances in the west-east and
ground based observations, such regions may also reveal threuth-north directions, respectively. The magnitude of the

0x
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Poorly
Normal

Well

0.005 0.01 0.02 0.04 0.06 N 2
Magnitude of AOD error gradient with AERONET Observation Density

Fig. 5. The spatial distribution of the gradient of AOD differenc@sAOD) between the MODIS and MISR aerosol products. TA&OD

was computed by subtracting MODIS DT/MODIS DB (0.55 pum) AOD from MISR AOD (0.558 um). Only land regions that have reported
AOD larger than 0.1 from both products were used for computing the gradient. Over-plotted on top of the gradient map is the AERONET
density map. For AERONET observation density, for every one by one degree grid, one AERONET site that has observation for a month
during the 1993-2009 periods is counted as one. Regions that have index of 0—12, 12—-60, and above 60 are considered poorly, normal, wel
observed area for red, yellow and green, respectively. Oceans are plotted ifayfeyMODIS DT and(b) for MODIS DB.

AAOD gradient shows the spatial variation of uncertaintiesdistributions of AERONET sites would help future valida-
in satellite aerosol products. Regions with smelOD gra-  tion efforts, for example: Northern India, and western South
dient values are shown in dark blue, indicating that a fewAmerica.

AERONET sites would be sufficient to validate retrievals  For the AERONET density index, seventeen years of the
for the whole region. Regions with largeAOD gradient ~ AERONET level 2.0 data were used (1993-2009). A fre-
values are shown in lighter colors (such as white). Theseguency index of 1 is defined as one AERONET site within
regions have large spatial variance AAOD, and denser a 1° x 1° latitude and longitude region, having at least one
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Fig. 6. Overlay of Fig. 3b on Google Earth over North Africa.

measurement during one month of the time series. If therdndia, and especially the Malaysia — Indonesia region. The
are two AERONET sites, and each has at least one obsetype C regions include Australia and Greenland. All of the
vation during any one month, the index number is set topreviously discussed regions are highlighted with red boxes
2. We increment the index value for a given region even ifin Fig. 5.

only a fraction of a month has sun photometer data. For one Lastly, based on the discussions from this section, we
AERONET site that provides continuous observations for aidentified regions that require better surface boundary con-
year, the index for the lat/lon grid that the AERONET site ditions: (1) Central Asia; (2) Malaysia — Indonesia (3) Cen-
locations is set to 12. Regions with indexes of 0—12, 12—60¢ral Africa, near Zaire; (4) the Central Sahara; (5) the Eastern
and above 60 (for the seventeen year period) are defined a&rabian Peninsula; (6) Greenland and Australia, where no
poorly observed (red), normal (yellow), and well observed long-term monitoring effort is present for a large area. The
(green) regions respectively. Figure 5 includes four by fourMalaysia — Indonesia region is also highlighted in this study,
(4 x 4) degree averages, which were developed from the onget we expect new sites to be established for the 7-SEAS and
by one (1x 1) degree averages, by picking the largest indexSEACARS field campaigns; some of these sites will likely
value of any 1x 1 degree box inside the>44 degree grid remain as long-term sites. AERONET data from the United
to highlight the signal. Since only regions with AOD values Arab Emirates (UAE) could be used to study retrieval related
larger than 0.1 from both satellite products were used in creissues over the Eastern Arabian Peninsula. Also, large dis-
ating Fig. 5, it is necessary to compare Fig. 5 with the AOD crepancies are found over the high-latitude southern ocean
ratio/difference plot (Fig. 3) that includes all scenarios. Two that invite further experiments in order to understand the
regions that are not included in Fig. 5, but are highlighted incause of the high AOD band over this area. This question
Fig. 3, are the Andes mountains and the West Coast of théaas been at least partially addressed by the ship based sun
US. Again, both regions have complex surface characterisphotometer measurements from the Maritime Aerosol Net-
tics that can create problems for space-borne satellite aerosalork (MAN network) (Smirnov et al., 2011). The measured
retrievals. AOD in this region is very low.

Figure 5 shows that Europe and the West and East Coasts For topographically complex regions that introduce high
of US are well covered with sun photometer observations. AOD biases, such as the Western US, the Andes mountains,
However, it is still useful to identify regions for future and the Namibian desert, it would be useful for long-term
AERONET sites for three scenarios: (1) type A region: AERONET sites to be established for satellite validation.
regions where it is suspected that aerosol optical propNotice that most of the issues with satellite retrievals over
erty assumptions are poor in satellite retrievals; (2) type Bthese sites relate to surface reflectance characterization. Yet
region: regions with moderate to high AOD and lack of it may also be partially due to inaccurate representations
AERONET sites; (3) type C region: any sites in large re- of particle properties, especially non-spherical aerosol parti-
gions of the earth that have no or few sites. Based orcles (Liu et al., 2007), such as coarse dust, highly absorbing
Fig. 5, type A regions include Central Africa and Northwest- aerosol, and mixtures of smoke and dust particles (Kahn et
ern South America. Type B regions include the Middle East,al., 2009, 2010).
the high latitude Asian part of Russia, Central Asia, Western
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5 Discussion: community effort 3. This study also identifies the locations where additional
ground based and in situ measurements would have the
The purpose of this paper is not simply to point to areas of  greatest impact on improving satellite aerosol retrievals.
diverging AOD products, but rather to inform the larger sci-
entific community that there are likely regions where local  Adding more AERONET sites in and of themselves will
measurements can be made to maximize the benefit for renot resolve the discrepancies among satellite products. How-
trieval development. Regional measurements of aerosol ogver, if AERONET data is used properly, it will help
lower boundary condition properties, even over short fielddevelopers and data users alike understand the true nature
studies, could have significant value when measurements argf uncertainty in important regions of the globe. Already,
made in poorly observed regions. AERONET data are being used as a golden standard to val-
To this end, as part of the Supplement of this paper, weidate most, if not all, satellite aerosol products, especially
provide our annual data as well as seasonal breakouts fosOD. We show that the performance of the satellite prod-
community use. These are provided in KML format. In- ycts could be dramatically different from their performance
deed, even when using the simple overlay tools in KML in gver the AERONET sites (sampling bias of the AERONET
Google Earth, hotspots of divergence can be seen related tgetwork). This study identifies regions where large discrep-
land surface features (e.g., Fig. 6). ancies are found among satellite products and where no cov-
erage exists from existing AERONET sites. What we now
have is an estimate of diversity among commonly used prod-
ucts, but little information about true uncertainty in any of

Using spatially and temporally collocated MODIS and MISR the product;. We hope this study W?” ai.d in future decisiops
aerosol optical depth retrievals, we examined the spatial dif 0 constructing ground based and in situ aerosol observing
ference between the operational MODIS and MISR aeroso['€tWOrK stations. _ o _
products. Differences are indicative of the spatially corre- N the Supplement to this paper, a KML file is provided.
lated biases, which are highly detrimental to higher orderVe hope these can be useful to the scientific community in
data analysis methods such as data assimilation and inver§Qdder to develop priorities for enhanced sampling by sun pho-
modeling. The spatial comparisons of the two collocated!©Meters or regional in situ studies.

aerosol products reveal regions that need further improve- _ )

ments in future satellite studies. For the first time, our SUPPlementary material related to this

analysis identified the regions that would most benefit from@'ticlé is available online at:

long-term point measurements and field campaigns for futurd!{tP://www.atmos-meas-tech.net/4/2823/2011/

satellite aerosol studies. The key results from our study are:2Mt-4-2823-2011-supplement.zip

6 Summary and conclusions

1. The ratio of MODIS to MISR AOD is much larger than
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