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ABSTRACT 

MODIS aerosol retrievals over ocean from Terra and Aqua platforms are available from the Clouds and the Earth’s 
Radiant Energy System (CERES) Single Scanner Footprint (SSF) datasets generated at NASA Langley Research Center 
(LaRC). Two aerosol products are reported side-by-side. The primary M product is generated by subsetting and re-
mapping the multi-spectral (0.44-2.1 µm) MOD04 aerosols onto CERES footprints. MOD04 processing uses cloud 
screening and aerosol algorithms developed by the MODIS science team. The secondary (AVHRR-like) A product is 
generated in only two MODIS bands: 1 and 6 on Terra, and 1 and 7 on Aqua. The A processing uses NASA/LaRC 
cloud-screening and NOAA/NESDIS single channel aerosol algorithm. The M and A products have been documented 
elsewhere and preliminarily compared using two weeks of global Terra CERES SSF (Edition 1A) data in December 
2000 and June 2001. In this study, the M and A aerosol optical depths (AOD) in MODIS band 1 (0.64 µm), τ1M and τ1A, 
are further checked for cross-platform consistency using 9 days of global Terra CERES SSF (Edition 2A) and Aqua 
CERES SSF (Edition 1A) data from 13-21 October 2002. 
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1. INTRODUCTION 
The Terra and Aqua satellites (launched in December 1999 and May 2002, respectively) carry four Clouds and the 
Earth's Radiant Energy System (CERES) instruments, to measure the radiant energy exchange on Earth1. Terra carries 
flight models 1 and 2 (FM1-2) and Aqua carries flight models 3 and 4 (FM3-4). The Single Scanner Footprint (SSF) 
products combine the CERES data with cloud and aerosol retrievals from the MODerate resolution Imaging Spectro-
radiometers (MODIS), also onboard Terra and Aqua2. The SSF retains the mean and standard deviation of the imager 
pixel radiances and cloud/aerosol retrievals separately for the clear and cloudy portions of every CERES field-of-view 
(FOV). The spatial resolution (equivalent diameter at nadir) is 0.25-1 km for MODIS and ~20 km for CERES. 
 
Over ocean, two aerosol products are reported side-by-side, both derived from MODIS yet using different sampling and 
aerosol algorithms3. The primary M product is derived from the standard MOD04 granules developed by the MODIS 
Science Team, whereas a simpler secondary AVHRR-like A product is produced by the CERES Science Team with a 
less sophisticated cloud clearing and a single-channel NESDIS aerosol algorithm. The A product serves as a backup for 
the M product. Also, it is helpful to place the 20+ year heritage AVHRR aerosol record in context of the more accurate 
M aerosols, and to quantify the MODIS multi-channel improvement. This study briefly describes the M and A products 
on the Terra and Aqua CERES SSF datasets (for more detail, see Ref. 3), and cross-compares retrievals from the two 
platforms using 9 days of global data from 13-21 October 2002. 

2. THE M AND A AEROSOL PRODUCTS ON THE CERES SSF DATASETS 
The primary M aerosol product on the CERES SSF is generated by subsetting and remapping the MOD04 granules onto 
CERES footprints. It uses sophisticated cloud screening and multispectral (0.44-2.1 µm) aerosol retrieval algorithms 
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developed by the MODIS cloud and aerosol groups4-7. Of the 47 aerosol parameters in each MOD04 granule, 13 are 
saved on the CERES SSF, and of them, only one M aerosol optical depth (AOD), τM1 is analyzed in this study. The τM1 
is reported at the centroid wavelength of MODIS band 1 (λ1=0.644 µm). 
 
The secondary A product uses different sampling (glint and cloud screening) criteria8-9 and a simpler AVHRR-like 3rd 
generation NESDIS aerosol algorithm, which is currently employed operationally with AVHRR/3 on the NOAA-16 and 
-17 platforms10-11. Two AODs, τA1(0.630 µm) and τA2(1.610 µm) [τA2(2.113 µm) on Aqua, where band 6 is of poor 
quality], are derived from MODIS bands 1 and 6 [7 on Aqua] using single-channel algorithms. The τA‘s are reported at 
the wavelengths representative of band centers for a generic AVHRR sensor. In this study, only τA1 is used. 
 
In both products, sun glint area is excluded by making retrievals outside the γ=40° cone glint angle. Additionally, in the 
A product all of the solar side of the orbit is also excluded, for historical reasons. This restriction results in a reduced A 
sample compared to the M sample and is currently being re-evaluated. 
 
In cross-platform comparisons, one should keep in mind the time difference between the two platforms. Terra is a 
morning platform, with a nominal equator crossing time, EXT~1030, whereas Aqua is an afternoon platform with the 
nominal EXT~0130 (Fig.1). However, the actual local solar time (LT) of aerosol observations may be within a few 
hours of the EXT, due to MODIS cross-scan and orbital inclinations of the platforms (Fig. 2). According to analyses in 
Ref. 13, the diurnal variations in the AOD over global ocean are small and should not affect results of comparisons. 

Fig. 1. Local Equator crossing time, η(h), for the Terra and Aqua platforms. Data are the two-line element from 
www.celestrak.com. Note that the nominal EXTs are 1030 for Terra and 0130 for Aqua. For details, see Ref. 12. 

Fig. 2. Frequency of local solar time in the M and A aerosol observations from the Terra and Aqua platforms. Note that the solar 
side of orbit is excluded from the A product. As a result, its histogram is mono-modal and shifted with respect to the EXT towards 
lower sun. The second peak in the M product comes from the solar side of orbit. 
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3. CERES SSF DATA AND MAPPING INTO (1°)2 BOXES 
This study uses 9 days of global M and A aerosol data from 13-21 October 2002 on the CERES/FM1 Terra (Edition 
2A) and CERES/FM4 Aqua (Edition 1A) SSF datasets. The FM1 and FM4 were chosen for these analyses because they 
were in a cross-track mode during the 9-day period, thus facilitating geographical (co)registration of the retrievals3. 

Terra/M              N    τ1M LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
CERES FOVs 2,008,739 0.129 10.41 -1.2 -10.3 48.2 39.7 37.9 135.6 62.6 
(1°)2-boxes    164,895 0.138 10.41 -3.2 -10.9 55.3 43.2 38.3 131.7 64.3 
Aqua/M              N    τ1M LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
CERES FOVs 1,578,546 0.120 13.73 -3.4 -15.6 46.5 36.7 43.0 139.4 66.3 
(1°)2-boxes    128,996 0.124 13.72 -4.9 -14.2 54.2 41.6 44.0 134.0 68.3 
Terra/A              N     τ1A LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
CERES FOVs    932,810 0.133 10.17 -2.4   -7.9 32.5 32.6 37.3 149.8 64.2 
(1°)2-boxes      81,426 0.135 10.08 -4.1   -9.4 41.3 36.7 39.5 146.7 69.2 
Aqua/A              N     τ1A LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
CERES FOVs    829,467 0.130 13.90 -5.0 -13.6 30.7 30.3 41.9 152.6 68.3 
(1°)2-boxes      70,169 0.131 13.99 -6.4 -14.3 39.9 34.7 44.1 150.3 74.0 
 

Table 1. Mean statistics of τ1M, τ1A and auxiliary parameters in Terra and Aqua data from CERES FOVs and (1°)2-boxes. 

Fig. 3. Top: count of CERES FOVs in (1°)2-boxes in the (left) M and (right) A products. Bottom: trends in the mean and min (left) 
τ1M and (right) τ1A from Terra (squares/broken lines) and Aqua (circles/solid lines). Note that τ1M are truncated in the MOD04 
processing and therefore min(τ1M) never goes below zero. The τ1A are not truncated and may go negative. (Physical origin of 
negative τA is discussed in Ref. 14.) Trends in τ1A are smaller and more cross-platform consistent than in τ1M. Close agreement 
between min(τ1A) from Terra and Aqua MODIS bands 1indicates their excellent calibration consistency15. 
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Collection 4 MOD04 Terra and Aqua products have been consistently used in the SSF processing of both datasets. In 
this study, we concentrate on the detailed analyses of τ-retrievals in MODIS band 1, only. Note that on the CERES SSF, 
the τ1M and τ1A are reported at slightly different wavelengths (0.644 and 0.630 µm, respectively). For the present 
comparisons, τ1A was first re-scaled to the M wavelength of 0.644 µm as τ1A(0.644 µm)= 0.96377×τ1A(0.630 µm)3. 
 

Fig. 4. Histograms of τ1M and τ1A derived from (1°)2 Terra and Aqua data. Geometric mean and STD statistics are superimposed. 

Fig. 5. Top: zonal density of M and A retrievals (bin size ∆φ=5°). Spatial coverage from Terra and Aqua by M and A products is 
similar. Bottom: trends in the mean and min τ1M (left) and τ1A (right) from Terra and Aqua. (See caption to Fig.3 for detail.) 
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Four rows of Table 1 list counts of CERES FOVs and average statistics of the τ1M and τ1A from Terra and Aqua, along 
with the associated auxiliary parameters (local time, geography, cloud amount, and sun-view geometry). There are 
N=2,008,739 and N=1,578,546 CERES FOVs with τ1M, and N=932,810 and N=829,467 FOVs with τ1A retrievals from 
Terra and Aqua, respectively. In what follows, these full samples of retrievals are referred to as products. 
 
To facilitate analyses below, the τ1-retrievals and auxiliary parameters reported on the CERES FOVs have been first 
averaged into (1°)2 boxes, resulting in N=164,895 and N=81,426 (1°)2-boxes for Terra, and N=128,996 and N=70,169 
for Aqua with M and A aerosols, respectively. Figure 3 (top) shows histograms of CERES FOVs counts, N, used in 
calculating the average statistics within each (1°)2-box. Different boxes are populated non-uniformly and the shape of 
histograms differs for the two products, due to differences in their sampling. Smaller values of N in a box are associated 
with more cloud or glint, proximity to the coastal line, scan edge, or sun illumination limits. 
 
Figure 3 (bottom) plots the respective τ1A(N)-trends in the retrievals. Both τ1M(N) and τ1A(N) trends in Fig. 3 suggest a 
slight positive bias towards low N. Increased difficulties are expected in a product when approaching the boundaries of 
its valid domain. Note however that the τ1A trends are flatter and more cross-platform consistent. A prominent feature of 
Fig.3 is a progressive divergence between the Terra and Aqua τ1M‘s towards low N, possibly indicating residual cross-
platforms differences in their respective cloud screenings. These differences may result from e.g. subtle calibration 
differences in those MODIS bands that are used in cloud clearing but not in aerosol retrievals (e.g. thermal IR bands). 

Fig. 6. Same as in Fig.5 but for the ambient cloud amount, AT (binned at ∆AT=5%). (Note that AT was determined by the A-cloud 
screening). In the M product, maximum of the AT-histograms is found in the highest bin centered at AT~97.5%, whereas in the A-
product, it is in the lowest bin at AT~2.5%. As a result, the average AT~47% in the M products compared to AT~32% in the A-
product (cf. data in Tables 1-2). Also, the τ1A-trends are smaller compared to τ1M trends, and more reproducible cross-platform. 
Small divergence between the two τ1M trends increasing towards larger AT’s may indicate residual cloud screening differences in the 
M product between the two platforms (cf. τ1M(N) trends in Fig. 4). 
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Global average statistics of τ1 and auxiliary parameters based on the (1°)2-data are also listed in Table 1. They differ 
systematically from their CERES FOVs-based counterparts. In this study, we concentrate on the analyses of the (1°)2-
data, assuming that the effect of spatial scale does not corrupt the cross-platform comparisons, as long as consistent 
sampling/statistics are used in the two datasets. However, the fact that the sample statistics are sensitive to the specific 
way the sampling and/or averaging are done clearly indicates a need for better understanding and proper handling. 
Recall that both aerosol products on the CERES SSF are themselves statistics derived from pixel-level MODIS data. 
The derivation may be complex and involve more than one sampling and/or averaging step. For instance, the A product 
on the CERES SSF is derived from (sub-sampled) pixel level MODIS data, whereas the M product is derived from the 
10km MOD04 product, which is itself a complex statistic derived from MODIS pixel level data3. 

4. M AND A PRODUCTS FROM TERRA AND AQUA AT A GLANCE 
The global average AODs derived from (1°)2-data and listed in Table 1, are τ1M=0.129 and τ1A=0.133 for Terra, and 
τ1M=0.120 and τ1A=0.130 for Aqua. Figure 4 plots the respective τ1-frequency distributions. Their shape is close to log-
normal14,16. Geometric τ-statistics are also superimposed in the graphs. All mean τ1‘s (from either M or A product, Terra 
or Aqua platform, in both arithmetic and geometric statistics) are within ~0.01 of each other.  
 
Figure 5 shows zonal densities and trends in the retrievals. They are closely reproducible from the two platforms, with 
Terra being slightly higher than Aqua. The cross-platform differences are smaller and more localized in the A product. 
 
The data in Table 1 suggest that some auxiliary parameters associated with the retrievals may systematically differ 
between the M and A products. For instance, the average ambient cloud amount is AT~55% in the M and only ~40% in 
the A product. Figure 6 plots the retrieved τ’s as functions of cloud amount. The sensitivity is significant in both 
products. Similar cloud-aerosol correlations have been previously observed in the AVHRR17, VIRS18 and most recently 
in the Terra/MODIS3 data. The correlation may be due to the real cloud-aerosol interactions. However the fact that the 
shape and magnitude of the τ(AT) trends are product- and platform-specific suggests that residual cloud contamination 
may significantly contribute to the observed trends. To that end, the divergence of the τ1M(AT) trends between Terra and 

Terra/Aqua M              N    τ1M LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
Terra      85,985 0.131 10.45 -1.1 -17.4 53.5 41.8 40.0 130.1 63.6 
Aqua      85,985 0.120 13.64 -1.1 -17.4 52.2 40.9 44.9 132.0 67.1 

 

Terra/Aqua A              N     τ1A LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
Terra      26,089 0.123 10.07 -4.3 -20.7 38.0 36.5 40.3 145.7 69.1 
Aqua      26,089 0.120 13.97 -4.3 -20.7 35.6 34.1 45.2 148.3 74.0 
 

Table 2. Average statistics of τ1M, τ1A and auxiliary parameters in the Terra/Aqua intersection data sets for the M and A products. 

Fig. 7. Histograms of cross-platform τ1M and τ1A-differences derived from (1°)2 Terra-Aqua match-up datasets in Table 2. Mean and 
STD statistics are superimposed. Note that τ1A shows lower cross-platform bias and smaller RMSD. 
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Aqua at large AT may result from residual cross-platform cloud screening differences (cf. also the diverging trend in the 
τ1M(N) at low N in Fig. 5). Note that some differences between the absolute values of the τ-retrievals and cloud amounts 
from the morning and afternoon platforms may exist, due to a few hours time lag. However the τ(AT) relationship is 
expected to hold from platform to platform for the same product, irrespective of the physical mechanism(s) underlying 
this relationship. Recall that many of the current cloud screening procedures (including those used in the M and A 
aerosol production) are threshold-based. Therefore they may not adequately treat the cloud-aerosol transition zone, 
which is deemed to be largely a continuous rather than a discrete process.  

5. REFINED SPACE TIME MATCHUP IN THE PRODUCT COMPARISONS 
In plotting Figures 3-6, a tacit assumption was made that the whole globe, during the 9-day period, is a uniform and 
stable target. No specific attempt was made to precisely match the Terra and Aqua data in space and time. For analyses 
in this section, the (1°)2 data from Terra/Aqua, and M/A products have been merged by latitude, longitude, and day. 
 
5.1 Terra versus Aqua comparison 
Cross-platform comparisons are useful to determine if the global aerosol is captured consistently from the two satellites. 
Table 2 shows that the M product is available from both Terra and Aqua in N=85,985 (1°)2 boxes, whereas the A 
product is available from both platforms on the same day in only N=26,089 boxes. These two sub-samples of the full M 
and A products are termed the M and A Terra/Aqua intersections, respectively. In Figs.7-8, data from the two 
intersections are plotted as histograms of the Terra-Aqua differences and Terra vs. Aqua scattergrams. Overall, the A 
product shows more cross-platform consistency compared to the M product. This manifests itself in a smaller cross-
platform bias (0.003 vs. 0.011) and RMSD (0.048 vs. 0.066), and in a higher cross-platform correlation (0.80 vs. 0.72). 
 
5.2 M versus A comparison 
Table 3 shows that there are N=79,209 data points in which both the M and A products are available from Terra, and 
N=67,330 such data points from Aqua. Figure 9 plots histograms of the “A minus M” differences. The two products 
show a systematic bias of (τ1A-τ1M)~+0.012±0.001 with an RMSD from 0.039-0.045. These M-A biases are larger than 

Fig. 8. Scattergrams “Terra vs. Aqua” for τ1M (left) and τ1A(right). The linear regression coefficients are also superimposed. Note 
that cross-platform correlation is higher in τ1A-product. 

MA Terra              N τ1M/τ1A LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
M      79,209 0.123 10.17 -4.2   -9.7 46.4 37.5 39.0 144.7 67.6 
A      79,209 0.134 10.07 -4.2   -9.7 41.1 36.9 39.4 146.8 69.3 

 

MA Aqua              N τ1M/τ1A LT, h LAT, ° LON, ° AT, % θV, ° θS, °     χ, °   γ, ° 
M      67,330 0.117 13.93 -6.6 -14.7 44.9 35.5 43.6 148.4 72.4 
A      67,330 0.130 13.99 -6.6 -14.7 39.5 34.9 44.0 150.4 74.2 
 

Table 3. Average statistics of τ1M, τ1A and auxiliary parameters in the MA intersection data sets for Terra and Aqua. 
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the (τ1A-τ1M)~(4±5)×10-3 differences observed in the previous Terra Edition 1A MA-comparisons in December 2000 
and June 20013. This change is deemed to be due to the use in this study of a newer version of the CERES SSF data, 
which is based on the MOD04 collection 4 used in the M-production. The A-processing uses a different sampling of 
1km data (every 4th pixel and every other scan line in Ed2A versus every other pixel and every other scan line in Ed1A, 
which might affect the results of the uniformity test18), and more accurately defined solar flux constants. The M and A 
products remain highly correlated (Fig.10). The correlation coefficient is R~0.86 from both platforms (cf. R~0.84 and 
~0.78 obtained in Ref.3 for Terra Edition 1A data from December 2000 and June 2001). 
 
In Ref. 3, the MA-intersection sub-sample was used to highlight the M-A aerosol algorithm differences as sampling 
differences are minimized here. Note however that they are not removed completely. For instance, Table 3 shows that 
the average cloud amount in the MA-intersection is higher in the M product than in the A product: 46.4% versus 41.1% 
for Terra, and 44.9% versus 39.5% for Aqua. This is due to the fact that different MODIS pixels are sampled by the M 
and A products, even within the same (1°)2-box. 
 
5.3 Statistical representativeness of the intersection sub-samples 
In matching the two data sets being compared as closely as possible in space and time, one must ensure that the 
intersection sub-sample remains representative of the full datasets. If the condition of statistical representativeness is not 
met, then the results of comparison cannot be extended to the full datasets. 
 
For example, comparison of Tables 1 and 3 suggests that the Terra MA intersection (N=79,209) is ~97% and 48% of 

Fig. 9. Histograms of (τ1A-τ1M) differences derived from (1°)2 (left) Terra and (right) Aqua MA-intersection sub-samples. The τ1A

shows a positive bias with respect to τ1M of ~012. 

Fig. 10. Scattergrams “τ1A vs. τ1M” for (left) Terra and (right) Aqua. The linear regression coefficient, R, is also superimposed. (Cf. 
values of R~0.84 and ~0.78 obtained in Ref. 3 for two Terra datasets in December 2000 and June 2001, respectively.) 
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the full A (N=81,426) and M (N=164,895) samples, respectively. One might expect that that the MA-intersection here is 
representative of the A product, because of their 97% match. Indeed, the A product statistics (retrievals and auxiliary 
parameters) are very close in the full A dataset and the MA-intersection sub-sample: the average τ1A=0.135 in the full 
set vs. τ1A=0.134 in the intersection, cloud amounts are 41.3% versus 41.1%, etc. The MA-intersection is thus 
representative of the full A product, and all results obtained in the MA-intersection sub-sample hold for the full A 
dataset. On the other hand, it is not fully representative of the M product: the average τ1M=0.133 in the full set versus 
only τ1M=0.123 in the intersection, cloud amounts are 55.3% versus 46.4%, etc. Extending statistical conclusions 
obtained in the MA intersection to the full M sample are not justified here. 
 
The requirement of statistical representativeness is important in many remote sensing applications such as e.g. the 
validation of satellite products against ground-based sun-photometers19-20. It is often overlooked that the comparisons 
are done in a relatively small intersection sample, in which both satellite and ground-based data are available. This 
satellite/surface intersection sample may not be representative of either satellite or sun-photometer product. Certain 
regions and seasons that are available in the satellite product are never covered by ground-based measurements (e.g., 
many areas in the open ocean, especially in the high latitudes). On the other hand, there may be domains of sun-
photometer measurements that are never observed from a satellite. The intersection sub-samples, in which both satellite 
and ground-based product are present, may differ statistically significantly from the full samples. Analyses in this 
section demonstrate that it is relatively easy to check the statistical equivalency of the intersection sub-sample and the 
full dataset. As of the time of this writing, we are not aware of any validation studies in which this check was attempted. 

6. CONCLUSION 
Comparisons of the two global aerosol products derived from two satellite platforms, undertaken in this study, shed 
additional light on the current status of aerosol retrievals, and highlight outstanding issues. 
 
In the M product, the Terra-Aqua differences are larger than in the A product. The biases tend to increase in the areas 
which are less populated/more cloudy, suggesting that residual cross-platform cloud screening differences may be the 
cause rather than diurnal changes in aerosol abundance. These analyses are in agreement with the point made elsewhere 
that for the overall quality of an aerosol product, sampling is at least as important as the degree of sophistication and 
complexity of the aerosol algorithm3. Clearly, complex cross-compensation mechanisms between sampling and aerosol 
algorithms take place in the M and A products, counter-balancing each other and leading to relatively small differences 
between the two global products. Presently, these mechanisms are not fully understood. 
 
It is felt that the current priorities in the aerosol remote sensing should be revisited. In particular, the emphasis should be 
redirected from the increased level of aerosol algorithm complexity towards development of more scientifically sound 
sampling strategies. The log-normal nature of aerosol optical depth must be considered in pursuing the optimal space-
time averaging procedures. Cloud screening scheme alternatives to the current threshold-based techniques should be 
explored21-22. These efforts would eventually lead to in-depth understanding and unification of the sampling algorithms. 
 
Satellite aerosol products are complex combinations of input data, sampling and aerosol algorithms. These three factors 
are not fully independent and may interfere in a complicated way. A comprehensive system of quality control/assurance 
(QC/QA) of each global product is thus needed that includes a set of self- and cross-consistency checks that are global 
in their nature. Examples of such checks are presented in this paper. Note that these checks are not intended to replace 
the customary validation against ground based sun-photometers, which is considered the ultimate test for satellite 
retrievals. Rather, the two techniques should be used in concert with each other. In comparing different datasets using 
their intersection sub-samples (cross-platform or -product comparisons, or validation against ground-truth data), one 
must ensure that the intersection sample is statistically representative of the full data set being compared/validated. 
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