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Abstract The new-generation polar-orbiting operational environmental sensor, the Visible Infrared Imaging
Radiometer Suite (VIIRS) on board the Suomi National Polar-orbiting Partnership (S-NPP) satellite, provides
critical daily global aerosol observations. As older satellite sensors age out, the VIIRS aerosol product will
become the primary observational source for global assessments of aerosol emission and transport, aerosol
meteorological and climatic effects, air quality monitoring, and public health. To prove their validity and to
assess their maturity level, the VIIRS aerosol products were compared to the spatiotemporally matched Aerosol
Robotic Network (AERONET) measurements. Over land, the VIIRS aerosol optical thickness (AOT) environmental
data record (EDR) exhibits an overall global bias against AERONET of �0.0008 with root-mean-square error
(RMSE) of the biases as 0.12. Over ocean, themean bias of VIIRS AOT EDR is 0.02 with RMSE of the biases as 0.06.
The mean bias of VIIRS Ocean Ångström Exponent (AE) EDR is 0.12 with RMSE of the biases as 0.57. The
matchups between each product and its AERONET counterpart allow estimates of expected error in each
case. Increased uncertainty in the VIIRS AOT and AE products is linked to specific regions, seasons, surface
characteristics, and aerosol types, suggesting opportunity for future modifications as understanding of
algorithm assumptions improves. Based on the assessment, the VIIRS AOT EDR over land reached Validated
maturity beginning 23 January 2013; the AOT EDR and AE EDR over ocean reached Validated maturity
beginning 2 May 2012, excluding the processing error period 15 October to 27 November 2012. These
findings demonstrate the integrity and usefulness of the VIIRS aerosol products that will transition from
S-NPP to future polar-orbiting environmental satellites in the decades to come and become the standard
global aerosol data set as the previous generations’ missions come to an end.

1. Introduction

Atmospheric aerosols, small solid and liquid particles suspended in the air, are introduced into the atmosphere
fromnatural and anthropogenic sources and includemineral dust, biomass burning smoke, volcanic ash, industrial
pollutants, sea salt, and biogenic compounds. Not only are some of these particles detrimental to human health
[Pope et al., 2002] and contribute to visibility impairment [Hand et al., 2011], they also affect local and global water
and energy cycles and atmospheric chemistry [Ramanathan et al., 2001; Rosenfeld et al., 2008; Chin et al., 2009;
Koren and Feingold, 2011; Koren et al., 2012;Martin et al., 2003]. Aerosols are active constituents in Earth’s radiative
balance, scattering, and absorbing solar radiation, which contribute to global climate forcing [Lau et al., 2006; Chin
et al., 2009]. Because aerosols act as cloud condensation nuclei and because of their radiative effects, they can
induce changes in cloud formation and lifetime [Albrecht, 1989; Twomey, 1977], systematically delay the formation
and development of precipitation [Guo et al., 2015], and thus impact rainfall and hydrological cycles [Ramanathan
et al., 2001; Lohmann and Feichter, 2005; Rosenfeld et al., 2008; Koren and Feingold, 2011; Koren et al., 2012]. Aerosol
also influences biogeochemical cycles. For example, the Trans-Atlantic African dust deposition over the Amazon
Basin provides important nutritional supply to the Amazon rainforest [e.g., Yu et al., 2015].

While aerosol forcing may offset some of the warming caused by greenhouse gases in the atmosphere, quan-
tifying that offset with confidence continues to be one of the daunting environmental challenges currently
faced by the research community [Boucher et al., 2013]. Furthermore, the capability to predict future climate:
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temperature, cloud, and precipitation distributions, is severely hampered by a lack of understanding of the
role of aerosols in these systems [Chin et al., 2009]. The difficulty is in understanding the role of aerosols
within complex meteorological and climatological processes. Aerosols themselves are complex substances
originating from various emission sources as varied as deserts, wild fires, and fossil fuel combustion
[Streets et al., 2003; Ginoux et al., 2012]. Then the original substances evolve and age during transport
and dispersion, changing their chemical, physical, and optical properties over time scales of minutes to
days [Chin et al., 2009; Yu et al., 2013]. Modeling these myriad processes, across all scales, is required
for better understanding of the processes leading to better predictive capability, but themodels must be con-
strained, supported, and validated by comprehensive observation-based data sets. Data assimilation of satel-
lite aerosol observations improves numerical model predictions by accounting for inaccuracies in model
sources and sinks. Numerical model prediction of aerosols with better accuracy is used to provide air quality
forecast guidance. The operational NOAA National Weather Service and Environmental Protection Agency
National Air Quality Forecast system (http://airquality.weather.gov/) and the Naval Research Laboratory
Aerosol Analysis and Prediction System [Zhang et al., 2014] are two specific examples of assimilation systems
that ingest satellite aerosol products. Assimilation systems require confident estimates of data uncertainty
and expected errors of the products used as inputs.

On the global scale spaceborne sensors provide the best spatial and temporal coverage of the aerosol system
[King et al., 1999; Diner et al., 2004], but the complexities in the aerosol physiochemical and optical properties
impose great challenges and introduce large uncertainty [Kaufman et al., 1997, 2002; Diner et al., 2004;Myhre
et al., 2005; Chin et al., 2009]. Therefore, comprehensive and systematic validation of satellite aerosol retrievals
using high-quality ground measurements is essential for scientific and operational applications of satellite
aerosol products.

For over 15 years, the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Multiangle Imaging
SpectroRadiometer (MISR) on board the NASA Earth Observing System satellites Terra and Aqua have pro-
vided quality global aerosol observations [Kaufman et al., 1997, 2002; Remer et al., 2005, 2008; Levy et al.,
2007, 2010, 2013; Sayer et al., 2013; Hsu et al., 2013; Kahn et al., 2010]. These heritage satellite aerosol products
were validated, and their expected error was estimated using Aerosol Robotic Network (AERONET) ground
measurements as truth for collocated satellite retrievals. These validation exercises were able to quantify
the expected uncertainty or expected error of an individual retrieval, distributed randomly within the global
data set. The quantification of expected error is a fundamental metric of a satellite aerosol product, necessary
for acceptance by the aerosol community.

The heritage polar-orbital sensorsMODIS andMISR are nearing the end of their lifespans. To continue this heri-
tageof global Earth observations, the SuomiNational Polar-orbitingPartnership (S-NPP),which is thefirst satel-
lite in the seriesof theUnitedStates’next generationpolar-orbitingoperational environmental satellite system,
the Joint Polar Satellite System (JPSS), was launched on 28 October 2011. This series of satellites will carry a
variety of sensors that will observe the Earth system and derive a wide array of parameters that characterize
the terrestrial surface, the oceans, and the atmosphere [Goldberg, 2013]. Critical daily global aerosol products,
similar to those traditionally provided by MODIS at near-daily global coverage, are now being produced from
observations of the Visible Infrared Imaging Radiometer Suite (VIIRS), one of the instruments onboard S-NPP,
but with much wider swath widths leaving no data gap in daily global observations. Due to its wider swath
width, VIIRS does not have orbital gaps near the equator as MODIS does and captures aerosol plumes better
at the edge of the scan that MODIS occasionally misses. Thus, after the demise of MODIS, VIIRS will be the
primary source of observationally based global aerosol data essential for a wide range of applications.

The VIIRS aerosol data products are derived primarily from the radiometric channels covering the visible through
the short-wave infrared spectral regions (412nm to 2250nm [Jackson et al., 2013]). The product includes AOT at
a pixel level (~750m) and is considered an intermediate product (IP) to the AOT environmental data record (EDR)
at ~6 km resolution, which is aggregated from the finer-resolution IP product. The VIIRS aerosol algorithm also
retrieves Ångström Exponent (AE) referred to as aerosol particle size parameter and outputs AOT at 11 different
wavelengths from 412nm to 2250nm. This paper presents the validation of the EDR and IP AOT products over
land and the EDR and IP AOT and AE products over ocean. These are the most commonly used aerosol
parameters for climate and weather forecasting modeling and other community-wide applications. Similar to
MODIS [Levy et al., 2013], our evaluation also indicated that the VIIRS AE product over land currently has no
quantitative value. Therefore, the evaluation of the VIIRS AE over land is not included in this paper.
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The calibration and validation (Cal/Val) of the VIIRS aerosol algorithm and products go through the following
phases: prelaunch Cal/Val, early orbit checkout, intensive Cal/Val that assesses beta and provisional maturity of
the products, and long-term monitoring once the products reach validated stage. At the provisional stage of
the VIIRS aerosol products, initial evaluation of VIIRS EDR AOT was made by comparing the product with Aqua
MODIS retrievals and measurements from AERONET and the Maritime Aerosol Network (MAN) [Liu et al., 2014].
This preliminary evaluation period covered the time from 2 May 2012 to 1 September 2013 and used the
near-real-time Level 1.5 AERONET Direct Sun measurements [Liu et al., 2014] due to the lack of the quality
assured Level 2.0 AERONET measurement at that time. Since then, with an extended temporal coverage of
VIIRS aerosol products, more quality assured AERONET L2.0 direct-Sun products have become available for
a more extensive assessment.

In this paper we perform an extensive comparison of VIIRS aerosol products to AERONET observations. We
will assess the accuracy and uncertainty of the products and estimate expected errors. This will be the first
time expected error is estimated for the VIIRS products. Section 2 briefly describes the VIIRS AOT algorithm
and the data sets used in this study, the validation approach, and defines the statistical parameters used
to quantify the quality of the product. Sections 3 and 4 present the validation results and the expected error
estimation, respectively. Section 5 summarizes the study with discussion.

2. VIIRS Aerosol Product and Validation Approaches
2.1. VIIRS Aerosol Algorithm

The VIIRS aerosol algorithm is based on the MODIS heritage. Details of the algorithm can be found in
Jackson et al. [2013], the VIIRS Aerosol Products Algorithm Theoretical Basis Document [Aerosol ATBD,
2015a], and the Operational Algorithm Description document [Aerosol OAD, 2015b].

Like MODIS, the VIIRS products are produced by two separate algorithms, one applied over land surfaces and
one applied over oceans. The VIIRS over land algorithm is based on the MODIS atmospheric correction algo-
rithm [Kotchenova and Vermote, 2007; Vermote and Kotchenova, 2008]. Prescribed look-up tables (LUTs) were
produced by the Second Simulation of a Satellite Signal in the Solar Spectral Vector code [Vermote et al., 1997;
Kotchenova et al. 2006] with different viewing geometries, different AOT values, and five land aerosol models.
Spectral surface reflectance ratios were also prescribed at selected visible and infrared bands. The optimal
AOT is selected by finding the minimum residuals between the calculated and the prescribed surface reflec-
tance ratios [Jackson et al., 2013].

The VIIRS over ocean algorithm originates from the operational MODIS over-ocean retrieval [Tanré et al., 1997;
Remer et al., 2009; Levy et al., 2013]. There are four fine mode and five coarse mode aerosol models in the
ocean aerosol algorithm. The VIIRS ocean aerosol algorithm finds the optimal pair of one fine mode and
one coarse mode aerosol models that can closely match the measured and the calculated top-of-atmosphere
reflectance at multiple selected spectral bands. The algorithm returns the AOT, the choice of each mode, and
the relative weight of each mode, called the Fine Mode Fraction. From this information, the full spectral AOT
can be obtained and various aerosol particle size parameters can be determined.

2.2. VIIRS Aerosol Products

Only the VIIRS AOT and AE EDRs are validated in this study. Because of a significant improvement in the VIIRS
land AOT owing to an update of the prescribed surface reflectance ratios on 22 January 2013 [Liu et al., 2014],
the validation period for the VIIRS land AOT was selected from 23 January 2013 to 31 December 2014. Over
ocean, however, the VIIRS aerosol algorithm did not significantly change since 2 May 2012. Therefore, the
validation period for the VIIRS Ocean AOT and AE EDR extends from 2May 2012 to 31 December 2014, except
for the period from 15 October 2012 to 27 November 2012 that is excluded due to an error in the processing.
Although the VIIRS Aerosol EDR reports AOT at 11 spectral wavelengths, the primary AOT product evaluated
in this study is the AOT at 550 nm (AOT hereafter unless otherwise noted). Only the operational VIIRS ocean
AE product calculated from the spectral AOT at 865 nm and 1610 nm is evaluated in this study.

Although the IP retrievals are not an official product that requires assessment for validated stages, their
~750m at nadir spatial resolution is useful for the air quality user community and other users who require
high-resolution aerosol imagery for qualitative evaluation and monitoring of aerosol events. Therefore, we
also compare the VIIRS IP AOT and AE products with AERONET observations to evaluate data accuracy and
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uncertainty and report findings here for reference. For AOT, the VIIRS Aerosol IP product only reports AOT at
one wavelength, 550 nm. For AE, only the Ocean AE IP calculated at 865 nm and 1610 nm is evaluated in
this study.

2.3. Validation Approach With AERONET

The AERONET network provides a long-term, continuous, and readily accessible database of aerosol optical
properties in the public domain for validation of satellite retrievals [http://aeronet.gsfc.nasa.gov, Holben
et al., 1998]. The near-real-time Level 1.5 data sets offer a means for quick evaluation of a satellite product.
The AERONET Level 2.0 data sets undergo greater quality assurance procedures including temporal variability
checking and postdeployment calibration. Thus, the Level 2.0 products are recommended for satellite data
validation purposes [Smirnov et al., 2000].

For this study, only the Level 2.0 AERONET Direct Sun Algorithm AOT products at 10 spectral wavelengths are
used to interpolate AOT values to 11 VIIRS wavelengths. The interpolation uses a second-order polynomial
fitting of AERONET AOT and wavelengths in logarithmic coordinates with all available AERONET measure-
ments at wavelengths from 340 nm to 870 nm plus 1640 nm [Eck et al., 1999; Remer et al., 2005; Levy et al.,
2010; Kahn et al., 2010]. The AERONET measurements at 1020 nm are not used due to their relatively larger
data uncertainty attributable to water vapor absorption and the temperature sensitivity of the detector at
1020 nm (Tom Eck, personal communication). Use of multiple channels minimizes the uncertainty of any
single channel in interpolating to another wavelength [Eck et al., 1999]. The established second-order
polynomial relation between AERONET AOT and wavelengths in logarithmic coordinates is then used to
calculate AOT values at 11 VIIRS wavelengths from 412 nm to 2250 nm to be compared to the VIIRS spectral
AOT at the same corresponding wavelength.

This study conducted the multisensor aerosol product matching up using the Multisensor Aerosol Products
Sampling System (MAPSS). The MAPSS was developed at the NASA Goddard Space Flight Center. The system
consistently samples and generates the spatial statistics of aerosol products from multiple spaceborne
sensors, including the Moderate Resolution Imaging Spectroradiometer (MODIS), the Multiangle Imaging
SpectroRadiometer (MISR), the Ozone Monitoring Instrument, the Polarization and Directionality of Earth
Reflectances, and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, enabling a direct
cross characterization and data integration between on-orbit aerosol observations from multiple sensors
and providing well-characterized collocated data for the integrated validation of satellite aerosol products
[Petrenko et al., 2012]. The latest development of the system includes the VIIRS EDR aerosol products. For each
MAPSS-generated VIIRS EDR-AERONET matchup, the corresponding VIIRS IP retrievals are added to the
matchup for the VIIRS IP evaluation purposes.

For the VIIRS versus AERONET matchup, the spatial statistics of the satellite retrieval are calculated for a
27.5 km circle, centered at the AERONET station. The best quality assured VIIRS retrievals are averaged within
the circle to represent the value of the satellite product for that collocation. Correspondingly, temporal
statistics of the AERONET measurements are calculated for a one-hour time window (±30min of satellite
overpass time) for the same collocation. The matchup scheme requires at least 20% of all the possible
VIIRS retrievals (~15 VIIRS EDR retrievals at nadir) within the 27.5 km radius circle to be of high quality and
at least two AERONET measurements to be available during the one-hour time window. When VIIRS pixels
are spatially averaged to matchup with AERONET station, the best quality land and ocean retrievals within
the spatial domains are averaged separately. If the number of best quality land or ocean retrievals meets
the sampling requirements, the matchups are used for the land or ocean validation respectively. More infor-
mation about MAPSS can be found in Petrenko et al. [2012] and at the MAPSS website http://disc.gsfc.nasa.
gov/aerosols/services/mapss/ (accessed on 02 December 2015).

2.4. Statistical Parameters for Validation and Expected Error Estimation

Several key parameters are defined for VIIRS aerosol product validation. Accuracy is the mean of the biases
between the VIIRS aerosol retrievals and the AERONET ground measurements. Precision is the standard
deviation of the biases while uncertainty is the root-mean-square error of the biases, both of which are
indicative of noise in the data and describe how far the VIIRS retrievals have deviated from AERONET
measurements in both positive and negative directions. The smaller the accuracy, the uncertainty, or the
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precision, the closer the VIIRS versus AERONET matchup data pairs are to the 1:1 line in the scatterplot, and
the better the performance of the satellite retrievals.

For expected error estimation, the evaluation of the heritage satellite aerosol products adopted a conventional
approach that theexpectederror bars shouldenclose1 standarddeviationof all retrievals basedon theassumption
that the biases should follow a Gaussian distribution. The expected errors are derived from the two linear
envelopes above and below the 1:1 line on a scatterplot that embraces at least 68% (approximately 1 standard
deviation) of the matchups [Levy et al., 2013; Sayer et al., 2013].

However, during the expected error evaluation, we found that the bias distributions are not always Gaussian.
This means, if we want to describe expected error more precisely, expected error should count both how far
the mean biases are away from the truth (expected accuracy, EA) and how much individual retrievals fluctu-
ate from the mean biases (expected precision, EP). Moreover, expected errors have strong dependence on
actual aerosol loading. Therefore, we will estimate expected errors as functions of either AERONET measure-
ments or VIIRS observations. The former function is useful for expected error calculation when truth is known.
But for most satellite retrievals without AERONET sites in adjacency, the latter function will be valuable to
have approximate estimation of errors based on satellite retrievals.

3. Validation Results
3.1. Time Series of VIIRS AOT EDR Versus AERONET

To obtain an overall view of the difference between the VIIRS EDR and AERONET in terms of mean global AOT,
we plot the time series of this parameter as shown in Figure 1, for land and ocean, respectively. Based on the
VIIRS-AERONETmatchup data set, the VIIRS and AERONET AOTmeans averaged over all thematchups at each
calendar day were compared and their differences calculated. Only collocated data are included in the
time series.

As illustrated in Figure 1a, the daily AOT variations and their seasonality, observed by the VIIRS Land AOT EDR
and AERONET for the period of 23 January 2013 to 31 December 2014, are similar. Both indicate higher AOT
during the northern hemisphere summer and lower AOT during winter. There is, however, evidence of a
significant seasonal variability in the bias with positive biases in boreal summer and negative biases in boreal
winter (Figure 1b). Some of these biases are attributed to the retrieval assumption that treats the spectral
surface reflectance ratios (412 nm, 445 nm, or 488 nm over 672 nm) as constants globally while these ratios
actually have some dependence on seasonal surface characteristics, such as seasonally varying vegetation
growth and senescence [Liu et al., 2014].

Agreements between the VIIRS Ocean AOT EDR and AERONET are shown in Figure 1c over the data period of
02 May 2012 to 31 December 2014 with the processing error period 15 October 2012 to 27 November 2012
excluded. Although the seasonal variability in the daily and monthly AOT mean differences are not as signif-
icant as observed in the land counterpart, the VIIRS Ocean AOT EDR shows persistent positive biases over
most of the time period with a hint of somewhat larger bias during the boreal summer months (Figure 1d).

3.2. Validation of VIIRS Land AOT Retrievals With AERONET

Additional calibration/validation work was carried out to extend the preliminary evaluation of the VIIRS Land
AOT reported in Liu et al. [2014]. With amuch longer data record and quality assured AERONET data sets avail-
able, we compared the VIIRS AOT EDR and IP products to the AERONET Level 2.0 ground measurements.

The statistics of accuracy, precision, uncertainty, and correlation are presented in Figures 2a and 2b and
also summarized in Table 1. A map of the 367 AERONET sites used in the analysis is shown in Figure 2c.
As shown in Figure 2a, the sample sizes, accuracy, precision, uncertainty, and correlation coefficient in
the Land AOT EDR versus AERONET are 29145, �0.0008, 0.116, 0.116, and 0.817, respectively. Although
there are no maturity evaluation requirements for the IP products, the same set of statistical parameters
are derived. The values for the Land AOT IP versus AERONET are 20269, 0.0415, 0.155, 0.160, and 0.741,
respectively (see Table 1 and Figure 2b). Better performance of the land AOT EDR is expected because
when IP AOT is aggregated to EDR AOT, the top 40% and bottom 20% of the available AOT IP retrievals
within the 8 × 8 aggregation box are not included. This is done to exclude data artifacts associated with
subpixel cloud contamination or cloud shadows.
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The regional characterization of the AOT difference between VIIRS and AERONET is shown in Figure 2c. Colors
indicate the magnitude and sign of the bias. Spatially, the performance of VIIRS Land AOT EDR compared to
AERONET varies with a clear regional dependency in the bias. In comparison to AERONET, VIIRS has a large
negative bias over India and central Africa but a high bias over the Eastern U.S., the Island of Java, and at
high-latitude regions in the northern hemisphere. Such regional dependence warrants more in-depth
investigations of the algorithm performance in different regions of interest. More regional analysis will be
discussed in section 3.6.

3.3. Validation of VIIRS Ocean AOT Retrievals With AERONET

The VIIRS aerosol algorithm over ocean is different from that over land [Jackson et al., 2013]. Evaluation of the
VIIRS aerosol retrievals over ocean was conducted by comparing AERONET measurements at coastal sites to
the surrounding VIIRS retrievals but for ocean retrievals only. The locations of the 146 sites that contributed to
the statistics are shown in Figure 3c. With much longer data availability and better quality assured AERONET
data sets, we compared VIIRS Ocean AOT at both EDR and IP levels to AERONET L2.0 AOT. Statistical metrics of

(a)

(b)

(c)

(d)

Figure 1. Time series of globally averaged VIIRS AOT EDR and AERONET L2.0 computed from thematchup data set (a) Land
Daily AOT Means, (b) Land Daily AOT Mean Differences, (c) Ocean Daily AOT Mean, and (d) Ocean Daily AOT Mean
Differences. Only collocated data are included in the global mean; therefore, the analysis is biased to AERONET station
locations and to the times when both AERONET and VIIRS are reporting a high-quality observation or retrieval. In particular,
the ocean time series is biased to coastal and island locations, which may not represent the open ocean well.
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accuracy, precision, uncertainty, and correlation are shown in the scatterplots of Figure 3 and are also
summarized in Table 1.

The overall performance of VIIRS Ocean AOT retrievals at both EDR and IP levels are shown in Figures 3a and 3b,
respectively. As shown in Figure 3a, the sample sizes, accuracy, precision, uncertainty, and correlation
coefficient in the Ocean AOT EDR versus AERONET are 17663, 0.0252, 0.060, 0.065, and 0.919, respectively.
Over ocean the statistical metrics of IP and EDR AOTs are very similar. The same set of these statistical values
from the Ocean AOT IP versus AERONET are 12107, 0.0273, 0.054, 0.061, and 0.926, respectively (see Table 1 and
Figure 3b). The overall performance of VIIRS Ocean AOT retrievals is better than the land counterpart because
over land, surface brightness and roughness vary with much more heterogeneity than over ocean, and thus,
characterizing land surface at high spatial resolution is challenging and causing higher retrieval errors in land
AOT retrievals.

(a) (b)

(c)

Figure 2. VIIRS LandAOT versus AERONET L2: (a) Density scatterplot of AOT EDR versus AERONET, (b) density scatterplot of AOT
IP versus AERONET, and (c) mean AOT difference between VIIRS AOT EDR and AERONET at the contributing AERONET stations.

Table 1. Summary of the Statistics From the VIIRS AOT 550 nm Versus AERONET L2.0 AOT 550 nm Scatterplotsa

Land AOT EDR Land AOT IP Ocean AOT EDR Ocean AOT IP Ocean AE EDR Ocean AE IP

Sample size 29145 20269 17663 12107 7548 4388
Accuracy �0.0008 0.0415 0.0252 0.0273 0.115 0.082
Precision 0.116 0.155 0.060 0.054 0.558 0.591
Uncertainty 0.116 0.160 0.065 0.061 0.570 0.597
Corr. coef. 0.817 0.741 0.919 0.926 0.676 0.679
Slope 0.738 0.730 0.967 0.958 0.457 0.429
Intercept 0.044 0.089 0.030 0.033 0.607 0.619

aData periods: 23 January 2013 to 31 December 2014 for land and 02 May 2012 to 31 December 2014 for ocean.
AERONET L2.0 data were acquired on 30 August 2015.
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The regional characterization of the AOT difference between VIIRS and AERONET in Figure 3a is shown in the
map of Figure 3c. In comparison to Figure 2c for the Land AOT EDR, the AOT biases between VIIRS Ocean AOT
EDR and AERONET are small and have minimal regional differences. More regional analysis with selective
regions of interests will be discussed in the section 3.6.

3.4. Validation of VIIRS Ocean AE Retrievals With AERONET

Although only the validation of the VIIRS AOT at 550 nmwas discussed above, the VIIRS aerosol EDR products
provide spectral AOT at 11 wavelengths from 412 nm to 2250 nm. From the spectral AOT values at two wave-
lengths (445 nm and 672 nm over land and 865 nm and 1610 nm over ocean), AE is calculated and provided
to the users. In this analysis, only good quality AE retrievals were used. A good quality AE retrieval not only
requires all quality assurance procedures by screening out unfavorable retrieval conditions (such as cloudy
or snow pixels) but also requires the corresponding AOT retrieval at 550 nm to be greater than or equal to
0.15. This requirement is to avoid larger uncertainty in AE retrievals associated with low AOT because the
spectral AOT errors are propagated to the AE retrievals when AE is calculated from two spectral AOTs
[Gobbi et al., 2007].

Figure 4 shows the comparison between the VIIRS Ocean AE (865 nm/1610 nm) EDR and AERONET. A map of
the mean AE differences between VIIRS AE EDR and AERONET at 367 AERONET stations are shown in Figure 4
c. As shown in Figure 4a, the sample size, accuracy, precision, uncertainty, and correlation coefficient for the
Ocean AE EDR versus AERONET are 7548, 0.115, 0.558, 0.570, and 0.676, respectively. Similarly, the sample
size, accuracy, precision, uncertainty, and correlation coefficient in the Ocean AE IP versus AERONET are
4388, 0.082, 0.591, 0.597, and 0.679, respectively (see Table 1 and Figure 4b), providing essentially the same
quality as the EDR, but with a much finer spatial resolution. The scatter shown in Figure 4a has a regional
pattern, which is shown in the map of Figure 4c. Western U.S. coasts have positive AE biases but

(a) (b)

(c)

Figure 3. VIIRS Ocean AOT versus AERONET L2: (a) Density scatterplot of AOT EDR versus AERONET, (b) density scatterplot of AOT
IP versus AERONET; and (c) mean AOT difference between VIIRS AOT EDR and AERONET at the contributing AERONET stations.
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Eastern U.S. coasts have negative AE biases. Analysis of AE retrievals over land is not being reported
because there is no skill in the algorithm to derive the information. This is a known aerosol remote sensing
problem and is widely reported in literature for MODIS, and the land AE is no longer reported in the
MODIS Collection 6 Dark Target aerosol product [Levy et al., 2013].

3.5. Spectral VIIRS AOT EDR Versus AERONET

As mentioned previously, the VIIRS EDR product reports spectral AOT at 11 wavelengths: 412 nm, 445 nm,
488 nm, 550 nm, 555 nm, 672 nm, 746 nm, 865 nm, 1240 nm, 1610 nm, and 2250 nm. Based on the available
AERONET spectral AOT measurements (see section 2.3), we are able to assess the performance of the VIIRS
AOT EDR at different selected wavelengths. Because of the much reduced data availability and large uncer-
tainty in the AERONET data at wavelengths longer than 865 nm, most of which are extrapolated, we do not
show the results for the VIIRS spectral AOT at wavelengths longer than 865 nm. The plots in Figure 5 provide
an overall summary of the accuracy and precision for spectral AOT EDRs at wavelengths up to 865 nm. As
shown in Figures 5a and 5b, for the VIIRS Land spectral AOT EDR, as the wavelength gets longer from
412 nm to 865 nm, the mean AOT bias (red line in Figure 5a) decreases from +0.014 to �0.006 and the pre-
cision (blue line in Figure 5b) decreases from 0.153 to 0.090. Similar for the VIIRS Ocean spectral AOT EDR, as
the wavelength gets longer from 412 nm to 865 nm, the mean AOT bias (cyan line in Figure 5a) decreases
from +0.0445 to +0.0056 and the mean standard deviation of the AOT bias (black line in Figure 5b) decreases
from 0.080 to 0.045. In contrast to the VIIRS land AOT retrievals, the ocean AOT shows more positive biases
but less retrieval uncertainty.

It is worthwhile to note, however, that although the mean bias and precision decrease with increasing
wavelength, it does not mean the aerosol retrieval at higher wavelengths is more accurate than at lower
wavelengths. As shown in Figure 5c, the absolute magnitude of the spectral AOT also decreases with

(a) (b)

(c)

Figure 4. VIIRS Ocean AE versus AERONET L2: (a) Density scatterplot of AOT EDR versus AERONET, (b) density scatterplot of AOT
IP versus AERONET, and (c) mean AE difference between VIIRS AE EDR and AERONET at the contributing AERONET stations.
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wavelengths, but the relative uncertainty, defined as the root mean square error of AOT biases divided by the
AOT mean, actually increases with wavelengths.

The correlation between the VIIRS and AERONET spectral AOT over land also decreases from 0.846 to 0.506 as
the wavelength gets longer from 412 nm to 865 nm. For the VIIRS Ocean spectral AOT EDR, however, as the
wavelength gets longer from 412 nm to 865 nm, the correlation coefficient stays high from 0.911 to 0.913.
Such dramatic differences in the correlation between the land and ocean retrievals demonstrate that the
overall uncertainty in the VIIRS Land AOT retrievals is higher than its ocean counterpart. This also warrants
more in-depth investigationswith land aerosolmodel stratifications so that we can have a better understanding
of the performance of each land aerosol model for retrieving AOT at various spectral wavelengths.

While the standard VIIRS operational aerosol product only offers an AE over ocean calculated from the
865 nm and 1610 nm wavelengths, AE can be calculated from the AOTs at any two separate wavelengths.
An AE calculated from the wavelength pair of 550 nm and 865 nm represents AOT spectral dependence
through the visible and near-infrared bands, an important spectral range for a variety of applications. It also
happens to be one of the wavelength pairs used for calculating AE in the MODIS aerosol product. Figure 5d
shows the density-scatterplot of the VIIRS Ocean AE versus AERONET AE that is calculated from the AOTs at
550 nm and 865 nm wavelengths. In comparison to the VIIRS operational ocean AE product in Figure 4a, this
AE seems to have relatively higher mean biases (0.178 versus 0.115) but much less uncertainty (0.381 versus
0.570). The correlation coefficient of the two AE pairs also increased from 0.676 to 0.797. This indicates that
the validation of AE or spectral AOT depends on the wavelengths chosen.

3.6. Regional and Seasonal Variability of VIIRS AOT and AE EDR

Figures 2c, 3c, and 4c have shown regional differences in the bias between VIIRS and AERONET AOT or AE. A
more detailed analysis was conducted by dividing the global retrievals into several dust or biomass burning

Figure 5. (a) Accuracy for VIIRS spectral AOT retrievals at eight wavelengths in visible and near infrared, over land and
ocean respectively. (b) Precision for VIIRS spectral AOT retrievals at eight wavelengths in visible and near infrared, over
land and ocean respectively. (c) AOT means and relative uncertainty at the same wavelengths, over land and ocean
respectively. (d) VIIRS versus AERONET Angström Exponent calculated from the spectral AOT at 550 nm and 865 nm.
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regions so that both regional and seasonal variability of the VIIRS versus AERONET difference with different
aerosol species can be evaluated at the same time. Analysis is performed for nine regions of interest (ROI)
over land (Western U.S., Eastern U.S., India, East Asia, Canada, South America, Europe, south Africa, and central
Africa) and four regions over ocean (North Tropical Atlantic, South Tropical Atlantic, North Indian Ocean, and
Northwestern Pacific). The definition of these ROIs can be seen in Figure 6a. For each region, the daily mean
deviations of the VIIRS AOT or AE EDR retrievals from the paired AERONETmeasurements were first calculated
and a 30 day running mean was applied to the daily data sets for better observations of seasonal variability in
the time series.

The smoothed daily time series for the nine land ROIs can be seen as Figure 6b. Themost significant variability
is found over India with strong negative biases in the VIIRS Land AOT retrievals during boreal spring seasons
when the most intensive agricultural biomass burning activities occur during local harvesting season. Other
areas with biomass burning activity show similar negative bias (central Africa and south Africa). In contrast,
large positive biases occur during boreal spring to boreal fall but never in boreal winter. Such regionally
dependent seasonal variability in the VIIRS Land AOT retrievals provides the evidence that the VIIRS land
aerosol algorithm can be improved by using dynamic surface reflectance ratios instead of global constants
[Liu et al., 2014]. Also, further evaluation of the biomass burning smoke AOT retrieval and the algorithm’s
choice of aerosol model for smoke events seem warranted.

On the other hand, the VIIRS Ocean AOT EDR shows an overall positive bias (Figure 6c). North Tropical Atlantic
where African dust outbreaks frequently happen seems to drive the global statistics more significantly than
the other regions. North Tropical Atlantic has three positive peaks, all during boreal summer times, when
African dust outbreaks are usually prevalent [Huang et al., 2010]. In contrast to the Northwestern Pacific
where more negative AE biases indicated that too many coarse particles were detected in the algorithm,
more positive AE biases in the VIIRS AE EDR occurred over the North Tropical Atlantic, as observed in
Figure 6d. The AE overestimation indicates too many fine particles detected by the retrieval algorithm when
coarse African dust particles were present, in line with the high bias of the fine mode fraction we observed
when compared this parameter with those from MODIS and MISR. This is intriguing because fine particles
have stronger back scattering than larger particles, so theoretically more counting of fine particles should
lead to underestimation of AOT. But this is not seemingly the case for North Tropical Atlantic where both
positive AE and AOT errors were found. Therefore, solely attributing the positive AOT error to too high of a
fine mode fraction in the algorithm may not be adequate. For the case over North Tropical Atlantic during
the dust laden boreal summer months, it is also worthwhile to explore whether the positive AOT biases
are a consequence of modeling the spheroid dust particles as spherical using the Mie theory. Yang et al.
[2007] showed that the phase functions of spherical particles are much larger than its spheroidal counter-
parts in forward directions (scattering angles< 5°) and backward directions (>150°), but much less at scatter-
ing angles between 90° and 150°. In our matched up data sets, however, most of the scattering angles over
North Tropical Atlantic were between 90° and 150°, implying that the assumption of spherical dust particles
in the coarse model could result in AOT overestimation because of the relatively lower phase function of
spherical particles. And consequently, the AOT overestimation attributable to substituting spherical particles
for spheroidal particles is more significant for shorter wavelengths than longer wavelengths [Yang et al.,
2007], leading to positive AE biases over the dust prevalent North Tropical Atlantic.

3.7. Evaluation of Land Aerosol Model Selection in the VIIRS Land AOT

The dynamic selection of the land aerosol models is another potential factor for data uncertainty in the VIIRS
Land AOT retrievals. As described with more details in Jackson et al. [2013], there are five land aerosol models
in the land aerosol algorithm: Dust, Smoke High Absorption, Smoke Low Absorption, Urban Clean, and Urban
Polluted. The models include size distributions and optical properties of the aerosols with some of the para-
meters varying with magnitude of the AOT [Remer and Kaufman, 1998].

To evaluate the performance of each land aerosol model, we used the VIIRS IP versus AERONETmatchup data
sets. For each VIIRS IP versus AERONET matchup within the domain and time period, the most often selected
land aerosol model was identified. Out of all the matchup samples, the fraction of each land aerosol model for
the VIIRS IP-AERONETmatchup is shown in Figure 7a. The Dust model is selectedmost often (43% of the time)
followed by the Urban Clean model (32%), Smoke Low Absorption (12%), Urban Polluted (8%), and Smoke
High Absorption (5%). Figure 7c further illustrates the regional distribution of the most often selected land
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aerosol model at each AERONET site. For example, the Dust model is the most often selected model over the
Sahara, Western U.S., Western Europe, and Australia, etc. Sometimes, it is also selected over the Amazon
where dust is not common, indicating a potential aerosol model selection issue in the algorithm. Because
coarse dust particles are less scattering than fine smoke particles, modeling smoke with dust models leads
to positive AOT bias. However, the significance of such influence from the mismatched aerosol model over
Amazon is still unclear because Figure 6b did not show significant positive bias over South America. The

(a)

(b)

(c)

(d)

Figure 6. Seasonal variability of VIIRS AOT and AE EDR versus AERONET: (a) Maps of ROIs, (b) Land AOT, (c) Ocean AOT, and
(d) Ocean AE 865 nm/1610 nm.
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mean and standard deviation of the retrieval biases for each model are compared in Figure 7b. The Urban
Clean model and the Smoke Low Absorption model seem to cause larger positive biases and larger data
uncertainty in comparison to the other three models.

3.8. Relation of VIIRS Land AOT Biases to Aerosol Particle Size

To see whether the Land AOT biases are related to aerosol particle sizes, we plotted the differences between
VIIRS and AERONET Land AOT against AERONET measured AE and then linked the results to the correspond-
ing landmodel selections. Figure 8 shows the mean and standard deviation of the VIIRS versus AERONET AOT
differences in 50 bins of AERONET AE. Systematic changes in the land AOT biases as a function of AE are
observed. These systematic changes are described as the best linear fit of AERONET AE to the mean biases
(EA) and the best linear fit of AERONET AE to the 1 standard deviation of the biases (EP). The expected error
(EE) is calculated as a combination of EA and EP (see Figure 8). EA of land AOT as a function of AERONET AE
changes from negative to positive as AE increases, indicating more positive biases for fine particles. EP as the
indicator of the data uncertainty in land AOT, however, decreased as AERONET AE increased, showing less
data uncertainty for land AOT retrievals for fine particles. The matchup samples were almost evenly distributed
when the AERONET AE is between 1 and 2, where biases were generally near zero and standard deviations
remained constant across the AE bins. Thus, the extreme AE bins, at the low and high ends of the distribution,
influence most of the systematic variations captured by the linear fits.

The land model selection in each AERONET AE bin aligned with expectations that the coarse mode model
(dust model) would be associated with small AE and fine mode model (the aggregation of the four other
land aerosol models) with large AE. Indeed, the dust model fraction is ~0.70 when the AERONET AE

Figure 7. Land aerosol model selection in the AOT matchups of VIIRS IP and AERONET L2: (a) probability distribution
function of each model selection; (b) AOT differences for each model. The means, medians, and 1 standard deviation intervals
of the VIIRS IP-AERONET differences are the red circles, the red center lines, and blue boxes in the vertical, respectively. The black
whiskers are the 2 standard deviation intervals; (c) most frequently selected model at each matchup AERONET site.
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indicates coarse particles, and this
fraction reduces to ~0.30 as AERONET
AE increases becoming dominated
with more fine particles.

3.9. Relation of VIIRS Land AOT
Biases to Ground
Vegetation Conditions

As extensively discussed in Liu et al.
[2014], the biases in the VIIRS Land
AOT retrievals are potentially related to
surface conditions such as surface bright-
ness and vegetation coverage. In this
study, this investigation is extended to
the possible influence of surface reflec-
tance assumptions on retrieval uncer-
tainty by using the extended data
period to identify the sensitivity of the
retrieval biases to vegetation indices
that describe surface conditions.

Figure 9 shows the mean and standard deviation of the VIIRS versus AERONET biases over 50 bins of a
near-infrared (NIR)-based normalized difference vegetation index:

NDVINIR ¼ M8-M5ð Þ= M8þM5ð Þ (1)

where M5 is the 672 nm red band and M8 is the 1240 nm NIR band reflectances. This NDVI features a
reference wavelength in red and a measurement wavelength in NIR, and thus is also called NDVI1240 nm in
some literature [Huang et al., 2009] for vegetation water content monitoring purposes. In Figure 9, the mean
and standard deviation of the biases are strongly related to ground vegetation growth and vegetation water
content that is better presented with this vegetation index. The mean AOT bias changes systematically from
�0.2 to +0.02, and the standard deviation of the biases decreases significantly from 0.5 to 0.07 as this
NDVI1240 nm increases from ~0.1 to 0.7. Figure 9 implies that the relationship between NDVINIR and surface
reflectance ratios can help build a more dynamic surface reflectance ratio database as a function of ground
vegetation conditions. This should aid in reducing data product uncertainty in the land AOT retrievals and
improve the overall performance of the VIIRS land AOT product. The results are consistent with the Liu
et al. [2014] findings that at least part of the systematic biases are attributable to the dependence of spectral
surface reflectance ratios on vegetation coverage because the current VIIRS algorithm prescribes globally
constant spectral surface reflectance ratios without accounting for the variation of surface type [Liu et al., 2014].
The prescribed spectral surface reflectance ratios are optimally matched by the spectral surface reflectance

ratios calculated in the land aerosol
models after correction for aerosol and
other atmospheric effects with opti-
mally selected aerosol models and aero-
sol loadings [Vermote and Kotchenova,
2008]. To improve the VIIRS land AOT
performance, some exploratory work
was conducted in Liu et al. [2014] by
introducing ground vegetation condi-
tion dependence in the spectral surface
reflectance ratios.

4. Expected Error Estimation

Expected error (EE) is a validation
metric often used when satellite aero-
sol retrievals are validated against

Figure 9. Dependence of the difference between VIIRS best quality IP and
AERONET Land AOT to a NIR-based NDVI, NDVINIR = (M8-M5)/(M8 +M5),
with M5 at 672 nm and M8 at 1240 nm.

Figure 8. Sensitivity of the difference between VIIRS EDR and AERONET
AOT Land AOT to the AERONET AE. The red line is the Expected
Accuracy (EA), the best linear fit to the mean biases (red circles). The
expected precision (EP) is estimated as the best linear fit to the 1 standard
deviation of the biases (the vertical top-bottom blue intervals). The two
blue lines are the expected error (EE) calculated based on EA and EP. The
gray vertical lines are the fraction in each AE bin that the dust model is
selected and is quantified with the right-hand side axis and labels.
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ground measurements, but EE has no universally accepted definition, and thus varies wildly in the litera-
ture. The EE for the MODIS aerosol products was mostly estimated based on the assumption of a
Gaussian distribution of the biases from the MODIS retrievals to AERONET [e.g., Levy et al., 2010; Remer
et al., 2005; Sayer et al., 2013; Hsu et al., 2013]. With such an assumption, EE is the envelope that encom-
passes 68% of the samples with least bias. In the literature, the EE values for the MODIS Dark Target aerosol
product were defined as the difference between retrieval product and AERONET, as a function of the
AERONET measurements. The EE values for the Collection 6 MODIS Deep Blue aerosol product are defined
as the product-AERONET differences as a function of the satellite retrievals, in order to produce a calculated
data bias as part of the output in the aerosol product. Moreover, the geometric air mass factor (AMF, the
sum of the cosines of the solar and sensor zenith angles) was also used in the EE estimation equation
[Sayer et al., 2013]. To define the EE for the VIIRS aerosol products, namely, Land AOT, Ocean AOT, and
Ocean AE, we explored the following four approaches: (1) EE based on EA and EP that are functions of
the AERONET measurements, where EA is the expected accuracy derived from mean biases and EP is
the expected precision derived from 1 standard deviation of biases (i.e., Figure 10a), (2) EE based on EA
and EP that are functions of the VIIRS observations (i.e., Figure 10b), (3) EE estimated by the 68% sample
percentile method similarly as in Sayer et al. [2013] with the use of AMF (i.e., Figure 10c), and (4) EE esti-
mated as in (3) but without taking AMF into account (i.e., Figure 10d). Based on these approaches, Figures
10 and 11 present the EE estimation results for the VIIRS land AOT and ocean AOT, respectively. All the EE
estimation equations and the associated statistical parameters are summarized in Table 2 for comparison
and references.

In order to estimate EE, Figure 10a first demonstrates how the VIIRS versus AERONET deviation varies with
AOT loading in 50 AERONET AOT bins. All 29145 AOT matchup samples were divided into 50 AERONET
AOT bins with equal sample sizes, and then mean, median, 1 standard deviation, and 2 standard deviations
of the samples were calculated in each AERONET AOT bin. There are strong indications of positive biases in
the VIIRS Land AOT at the lower bound of the AERONET AOT (<0.2), but negative biases at the higher bound
of the AERONET AOT (>0.2). As a function of AERONET AOT, EA (red line) is estimated as the best linear fit to
the mean biases (red circles): �0.238 × τA+0.040, and EP is estimated as the best linear fit to the 1 standard
deviation of the biases represented by the blue boxes: 0.232 × τA+ 0.050. The EE for the VIIRS Land AOT is
then calculated as EA± EP (two blue lines): (�0.470 × τA� 0.010, �0.0058 × τA+0.090], with 78.24% of sam-
ples falling into this range. Similarly, same as in Figure 10a, Figure 10b shows the EE estimation as a function
of the VIIRS AOT observations: (�0.249 × τV� 0.054, 0.519 × τV+0.010), with EA= 0.135 × τV� 0.022,
EP = 0.384 × τV+ 0.032 and 80.01% of the samples falling within the EE range. Following the same approach
as in Sayer et al. [2013] by including AMF in the EE calculation, the EE of the VIIRS land AOT can be calculated
as (0.54 × τV+ 0.030)/AMF, which seems to be slightly better than the same EE estimation equation for the
MODIS Collection 6 Deep Blue land aerosol product: (0.56 × τM+0.086)/AMF, where τM is the MODIS Deep
Blue AOT. Figure 10d is the same as Figure 10c except that the EE estimation did not take AMF into account:
0.34 × τV+ 0.022. Although AMF was not considered, the correlation of the 68% percentile line stays very sig-
nificant with essentially the same correlation coefficient or p-value, indicating that taking AMF into account
does not seem to impact the EE estimation significantly.

Similarly, Figure 11 showed the EE estimation for the VIIRS Ocean AOT. As a function of AERONET AOT in
Figure 11a, EA =�0.022 × τA+0.029, EP = 0.216 × τA+0.019, and EE = (�0.238 × τA+ 0.010, 0.194 × τA+0.048)
with 75.61% samples inclusive. Although themagnitudes were small, thesematchups, mostly coastal regions,
seem to have positive biases, consistent with the time series in Figure 1d. In agreement to Figures 1d and 3c,
the VIIRS Ocean AOT seems to have small positive biases of approximately 0.02–0.03 at almost every AOT bin
as shown in Figures 3a and 3b, except for the last AERONET AOT bin where the mean AOT is about 0.8.
Although it is difficult to see in the plot, we note that there is a high positive bias of ~0.07 when the
AERONET AOT is as low as 0.01. When the VIIRS minus AERONET AOD differences are plotted as a function
of the VIIRS Ocean AOT in Figure 11b, EA = 0.130 × τV + 0.0028, EP = 0.202 × τV + 0.013, and EE =
(�0.071 × τV� 0.010, 0.332 × τV + 0.016) with 76.99% samples inclusive. With AMF, Figure 11c shows the
68th percentile EE = (0.36 × τV + 0.012)/AMF, and without AMF, Figure 11d shows 0.25 × τV + 0.009 with
essentially the same correlation coefficient as in Figure 11c. Comparing Figure 11 to Figure 10, the data
uncertainty of the VIIRS Ocean AOT are only about half of that for the VIIRS Land AOT, presenting a much
better performance of the VIIRS ocean aerosol algorithm than its land counterpart.
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As seen in the EA and EE estimation lines in Figures 10a and 10b and Figures 11a and 11b, because of the
trending in the EA estimation, the distributions of the biases are not following ideal Gaussian distributions,
which results in the asymmetrical EE ranges.

Following the same procedure to estimate EE for the VIIRS Ocean AE introduces complications. Figure 12a
demonstrates the changing tendency of the VIIRS Ocean AE EDR’s deviation from AERONET as a function
of the AERONET AE. Consistent with Figures 4a and 4b, Figure 12a clearly illustrates strong positive biases in
the VIIRS AE for coarse particles (low AERONET AE) but negative biases for fine particles (high AERONET AE):
EA=�0.536×AEA+0.603 (R=0.962), but EP is equal to a constant of 0.359, not showing any dependence on
AERONET AE. In other words the retrieval uncertainty of the VIIRS Ocean AE EDR shown in Figure 12a does
not seem to be sensitive to aerosol particle size. If the AE differences are plotted against VIIRS AE instead of

Figure 10. VIIRS Land AOT versus AERONET L2: (a) distribution of the AOT difference between VIIRS AOT EDR and AERONET
plotted against AERONET AOT (the means, medians, and 1 standard deviation intervals of the VIIRS-AERONET differences
are the red circles, the red center lines, and blue boxes in the vertical, respectively). The black whiskers are the 2 standard
deviation intervals. The red line is the expected accuracy (EA), which is the best linear fit to the mean biases (red circles). The
expected precision (EP) is estimated as the best linear fit to the 1 standard deviation of the biases (the tops or bottoms of the
blue boxes). The two blue lines are the expected error (EE) calculated based on EA and EP. (b) Distribution of the AOT difference
between VIIRS AOT EDR and AERONET plotted against VIIRS AOT. All the symbols and legends are the same as in Figure 10a.
(c) The 38th (squares), 68th (triangles), and 95th (diamonds) sample percentiles of the AOT difference between VIIRS AOT EDR
and AERONET as a function of VIIRS AOT, scaled by geometric air mass factor (AMF). The red line is the best linear fit of the 68th
percentiles, the blue line half this linear fit, and the green line twice this linear fit. (d) Same as Figure 10c but without being scaled
by geometric AMF, with the same symbols and legends as in Figure 10c.
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AERONET AE (Figure 12b), the correlation of EA=�0.024×AEV+0.135 breaks down (R=0.110) and EP becomes
approximately a constant value of 0.541.

On the other hand, however, if the AE difference values are plotted against AOT (or the logarithm of AOT)
instead of AE, dependencies emerge and deepen. In Figure 13a EE is estimated as a function of AERONET
AOT: EA =�0.253 × log(τA)� 0.273, EP =�0.150 × log(τA) + 0.293, and EE = (�0.103 × log(τA)� 0.566,
�0.403 × log(τA) + 0.020). In Figure 13b EE is estimated as a function of VIIRS AOT: EA =�0.164 × log
(τV)� 0.112, EP =�0.221 × log(τV) + 0.234, and EE = (0.057 × log(τV)� 0.346, �0.385 × log(τV) + 0.122).

Figures 13a and 13b show that there are specific AOT ranges where AE can be better defined for quality
assurance. For example, in Figure 13a, as the AERONET AOT gets higher, the VIIRS Ocean AE EDR starts with
a positive bias when AOT is less than 0.15, followed by reduced positive biases when AOT is between 0.15 and
0.20. After that, the mean bias gradually becomes negative as the AOT gets higher while the mean standard
deviation of the bias becomes narrower. The current VIIRS AE algorithm degrades AE retrievals when AOT is
lower than 0.15. Figure 13 further confirms that an AOT threshold value between 0.15 and 0.20 is very
necessary in providing quality assured AE product with much reduced biases.

5. Discussions and Conclusions

To date, the VIIRS sensor has provided four years of high-quality daily global aerosol data. In this work, the
VIIRS high-quality AOT EDR at 550 nm over both land and ocean, and the high-quality AE EDR over ocean,
are validated against the Level 2.0 AERONET ground measurements. The validation period over land is 23
January 2013 to 31 December 2014, and the validation period over ocean is 2 May 2012 to 31 December

Table 2. Expected Errors in Reference to the AERONET Measurements and the VIIRS Observations, Respectivelya

Ref. Target Estimation R P Value

LAND AOT (23 January 2013 to 31 December 2014)
AERONET EA �0.238 × τA + 0.040 �0.986 2.48e-38

EP 0.232 × τA + 0.050 0.984 4.20e-37
EE (EA ± EP) (�0.470 × τA� 0.010, �0.0058 × τA + 0.090) 78.2%*

VIIRS EA 0.135 × τV�0.022 0.782 3.25e-11
EP 0.384 × τV + 0.032 0.943 4.39e-24

EE (EA ± EP) (�0.249 × τV� 0.054, 0.519 × τV + 0.010) 80.0%*

EE (68% method) No AMF 0.34 × τV + 0.023 0.969 9.91e-31
AMF (0.54 × τV + 0.030)/AMF 0.968 1.46e-30

OCEAN AOT (02 May 2012 to 31 December 2014, excluding 15 October 2012 to 27 November 2012)
AERONET EA �0.022 × τA + 0.029 �0.394 0.0046

EP 0.216 × τA + 0.019 0.951 4.62e-26
EE (EA ± EP) [�0.238 × τA + 0.010, 0.194 × τA + 0.048] 75.6%*

VIIRS EA 0.130 × τV + 0.0028 0.962 9.96e-29
EP 0.202 × τV + 0.013 0.988 2.06e-40

EE (EA ± EP) (�0.071 × τV� 0.010, 0.332 × τV + 0.016) 77.0%*

EE (68% method) No AMF 0.25 × τV + 0.009 0.992 8.27e-45
AMF (0.36 × τV + 0.012)/AMF 0.991 5.20e-44

OCEAN AE (02 May 2012 to 31 December 2014, excluding 15 October 2012 to 27 November 2012)
AERONET EA �0.536 × AEA + 0.603 �0.962 7.51e-29

�0.253 × log(τA)-0.273 �0.872 2.93e-15
EP 0. 359 N/A N/A

�0.150 × log(τA) + 0.293 �0.846 1.39e-13
EE (EA ± EP) (�0.536 × AEA + 0.244, �0.536 × AEA + 0.962) 69.1%*

(�0.103 × log(τA)� 0.566, �0.403 × log(τA) + 0.020) 69.8%*

VIIRS EA �0.024 × AEV + 0.135 0.110 0.448
�0.164 × log(τV) �0.112 �0.626 1.15e-06

EP 0. 541 N/A N/A
�0.221 × log(τV) + 0.234 �0.872 1.59e-16

EE (EA ± EP) (�0.024 × AEV�0.406, �0.024 × AEV + 0.676) 71.3%*

(0.057 × log(τV) �0.346, �0.385 × log(τV) + 0.122) 70.2%*

aEA: expected accuracy, EP: expected precision, EE: expected error, AMF: air mass fraction, τA: AERONET AOT, τV: VIIRS AOT. The values in asterisks are the sample
percentiles falling in the corresponding EE ranges.
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2014 (excluding the processing error period of 15 October 2012 to 27 November 2012). In comparison to
AERONET over land, the VIIRS AOT EDR exhibits an almost negligible global bias of �0.0008 with a global
AOT mean of 0.17 and an uncertainty of 0.12. Without assuming a Gaussian distribution of absolute errors,
the EE range can be estimated as a function of AERONET AOT (�0.470 × τA� 0.010, �0.0058 × τA+ 0.090)
or as a function of VIIRS AOT (�0.249 × τV� 0.054, 0.519 × τV+ 0.010). The mean bias changes from positive
to negative with the increase of AERONET AOT (EA =�0.238 × τA+0.040). Over ocean, globally, the mean dif-
ference between the VIIRS AOT EDR and AERONET is 0.0252 with a global AOT mean of 0.15 and an
uncertainty of 0.065. Without assuming a Gaussian distribution of absolute errors, the EE range can be esti-
mated as a function of AERONET AOT (�0.238 × τA+ 0.010, 0.194 × τA+ 0.048) or as a function of VIIRS AOT
(�0.071 × τV� 0.010, 0.332 × τV+ 0.016). The mean bias stays positive as the AERONET AOT increase until
the AOT gets much higher (EA =�0.022 × τA+0.029). These expected error estimations are comparable to
the expected errors of the heritage satellite aerosol products. The expected errors of the MODIS Dark
Target aerosol optical thickness (AOT) at 550nm is ±0.03±0.05AOT over ocean and ±0.05±0.15AOT over land
[Levy et al., 2013]. The expected error of the MODIS Deep Blue AOT over land is estimated to be better than
±0.05±20% AOT [Hsu et al., 2013], and the same expected error is attributed to MISR AOT [Kahn et al., 2010].

Figure 11. VIIRS Ocean AOT versus AERONET L2: (a) distribution of AOT difference between VIIRS AOT EDR and AERONET with
dependence on AERONET AOT. (b) Distribution of the AOT difference between VIIRS AOT EDR and AERONET with dependence
on VIIRS AOT. (c) The 38th (squares), 68th (triangles), and 95th (diamonds) sample percentiles of the AOT difference between
VIIRS AOT EDR and AERONET as a function of VIIRS AOT, scaled by geometric AMF. (d) Same as Figure 11c but without being
scaled by geometric AMF. Explanations of all the symbols and legends in Figures 11a–11d are the same in Figures 10a–10d.
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In comparison to the preliminary evalua-
tion results reported in Liu et al. [2014],
this work showed that the VIIRS land
AOT has lower bias (�0.0008 versus
�0.009), lower precision (0.116 versus
0.130) and lower uncertainty (0.116
versus 0.130) than the earlier work. For
ocean AOT, however, this study reported
an almost doubled positive bias (0.025
versus 0.013) but comparable precision
(0.060 versus 0.061) and uncertainty
(0.065 versus 0.062). The almost doubled
positive bias of ocean AOT was also
confirmed from the VIIRS versus
Maritime Aerosol Network (MAN) com-
parison for the same validation period
(0.025 versus 0.013, results not shown).
The differences in the statistics between
the preliminary evaluation and this
validation are attributable mainly to the
following differences. First, Liu et al.
[2014] used the more readily available
AERONET L1.5 data sets while this work
used the quality assured AERONET L2
data set. Second, this work extended
the validation period 16months longer
than Liu et al. [2014] and thus more sea-
sonal and interannual aerosol variabil-
ities were accounted for in the statistics.

The VIIRS AE EDR agreed with the AERONET AE well with more positive bias at the lower bound (coarse particles)
but negative bias at the higher bound (fine particles) (EA =�0.536 ×AEA + 0.603). The expected error range
for the VIIRS AE EDR over ocean was estimated as a function of logarithmic scale of AOT, (�0.103 × log
(τA)� 0.566, �0.403 × log(τA) + 0.020) as a function of AERONET AOT or (0.057 × log(τV)� 0.346,
�0.385 × log(τV) + 0.122) as a function of VIIRS AOT, with larger dependence on AOT rather than AE itself.
Globally, the mean and standard deviation of the biases are 0.115 and 0.570, respectively, but they are
reduced if only high AOT samples (i.e., AOT at 550 nm greater than 0.15) are used in the matchups.

Over land, the mean bias and retrieval uncertainty decrease when wavelengths increase, but correlation deterio-
rates significantly as the wavelength gets longer. Over ocean, however, the mean bias and retrieval uncertainty
also decrease with the wavelengths increase, but its correlation remains high for longer wavelengths up to
865nm. Thus, Ocean AE with spectral AOT at different pairs of wavelengths can be calculated as alternative par-
ticle size parameter to the operational AE that is calculated for only the wavelength pair 865nm and 1610nm.

The VIIRS AOT IP over land has higher positive bias and larger uncertainty than the VIIRS AOT EDR, but the
VIIRS AOT IP and AE IP over ocean perform competitively with the VIIRS AOT and AE EDR.

VIIRS land AOT retrieval generally underestimates AOT over India and central Africa during agricultural
burning seasons but overestimates AOT over Eastern U.S., the maritime continent and elsewhere. The link
of the AOT biases to the biomass burning seasons over India and central Africa also warrants more in-depth
data analysis in the land aerosol model characterization and the model selection process. The VIIRS biases
also showed some association with the SWIR band-based Brightness Index and the NIR based NDVI1240 nm.
The darker the surface or the higher the NDVI values, the more potential positive biases in the VIIRS AOT retrie-
vals, although with reduced noise. The VIIRS Land AOT biases increase from negative to positive as vegetation
cover and surface darkness increase, suggesting amore dynamic relationship exists between the spectral surface
reflectance ratios and the land surface parameters than that which is currently employed in the algorithm.

(a)

(b)

Figure 12. VIIRS Ocean AE versus AERONET L2: (a) distribution of AE differ-
ence between VIIRS AE EDR and AERONET with dependence on AERONET
AEand (b) distribution of the AE difference between VIIRS AE EDR and
AERONET with dependence on VIIRS AE.
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No significant dependence of the AOT
biases to solar and sensor viewing
geometries was observed in the global
statistics. Different land aerosol mod-
els exhibited different performance.
The Dust and the Urban Clean mod-
els are the models in the VIIRS versus
AERONET matchup selected most
often, and the Urban Clean and the
Smoke Low Absorption models have
the largest positive biases and data
uncertainty overall. The AOT bias
seems to be more positive when
the AERONET AE gets higher (more
fine particles) while the land model
selection seems to meet expectation
when it is related to the AERONET
AE: dust model is indeed more
frequently selected when the
AERONET AE is lower with higher
coarse mode fraction.

For the validation of the VIIRS EDR pro-
ducts, the requirements on accuracy
and precision from the NOAA JPSS
Level 1 Requirements Document
[NOAA, 2014] are listed in Table 3.
There are no maturity evaluation
requirements for the IP products.
According to these requirements and

the criteria for JPSS maturity level definitions (http://www.jpss.noaa.gov/science-maturity-level.html, accessed
on 11 May 2016), the assessment results (see Table 3) show that the VIIRS AOT EDR over land reached
Validated Stage II beginning 23 January 2013; the AOT EDR and AE EDR over ocean reached Validated Stages
II and I, respectively, beginning 2 May 2012, excluding the processing error period 15 October to 27

(a)

(b)

Figure 13. VIIRS Ocean AE versus AERONET L2: (a) distribution of AE differ-
ence between VIIRS AE EDR and AERONET with dependence on AERONET
AOT and (b) distribution of the AE difference between VIIRS AE EDR and
AERONET with dependence on VIIRS AOT.

Table 3. Evaluation of the Accuracy and Precision of the VIIRS AOT and AE EDR Against the JPSS L1RD
Specification Thresholdsa

Evaluation Condition Accuracy or Precision JPSS 1 Specification VIIRS Aerosol EDR Meet JPSS1 Specification

LAND AOT (23 January 2013 to 31 December 2014)
AOT< 0.1 Accuracy 0.06 0.02 Yes

Precision 0.15 0.06 Yes
0.1 ≤ AOT ≤ 0.8 Accuracy 0.05 �0.02 Yes

Precision 0.25 0.11 Yes
0.8< AOT ≤ 2.0 Accuracy 0.20 �0.20 Yes

Precision 0.45 0.34 Yes
OCEAN AOT (02 May 2012 to 31 December 2014, excluding 15 October 2012 to 27 November 2012)

AOT< 0.3 Accuracy 0.08 0.03 Yes
Precision 0.15 0.04 Yes

0.3 ≤ AOT ≤ 2.0 Accuracy 0.15 0.02 Yes
Precision 0.35 0.13 Yes

OCEAN AE (02 May 2012 to 31 December 2014, excluding 15 October 2012 to 27 November 2012)
865 nm/1610 nm Accuracy 0.30 0.12 Yes

Precision 0.60 0.56 Yes

aThe VIIRS Land AOT reached Validated Stage II maturity level on 23 January 2013. The VIIRS Ocean AOT and Ocean AE
reached Validated Stage II and Validated Stage I maturity levels on 02 May 2012, respectively, but excluding the proces-
sing error period of 15 October 2012 to 27 November 2012.
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November 2012. Validation of the VIIRS AOT and AE products with the quality assured AERONET Level 2.0
measurements with a much more extended data period demonstrates that VIIRS can provide a quantitative
measure of aerosol optical thickness and particle size information representative of the real atmosphere, as
measured by AERONET. The validated VIIRS AOT and AE data sets are ready for use by user communities and
can be used for quantitative studies and applications in scientific publications. The findings from the validation
and expected error estimation of the S-NPP VIIRS aerosol products will aid in the improvement of the VIIRS
aerosol products as we transition from S-NPP to JPSS-1.
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