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Abstract The Visible/Infrared Imager Radiometer Suite (VIIRS) on board the Suomi National Polar-orbiting
Partnership (S-NPP) satellite has been retrieving aerosol optical thickness (AOT), operationally and globally,
over ocean and land since shortly after S-NPP launch in 2011. However, the current operational VIIRS AOT
retrieval algorithm over land has two limitations in its assumptions for land surfaces: (1) it only retrieves AOT
over the dark surfaces and (2) it assumes that the global surface reflectance ratios between VIIRS bands are
constants. In this work, we develop a surface reflectance ratio database over land with a spatial resolution
0.1° × 0.1° using 2 years of VIIRS top of atmosphere reflectances. We enhance the current operational VIIRS
AOT retrieval algorithm by applying the surface reflectance ratio database in the algorithm. The enhanced
algorithm is able to retrieve AOT over both dark and bright surfaces. Over bright surfaces, the VIIRS AOT
retrievals from the enhanced algorithm have a correlation of 0.79, mean bias of �0.008, and standard
deviation (STD) of error of 0.139 when compared against the ground-based observations at the global
AERONET (Aerosol Robotic Network) sites. Over dark surfaces, the VIIRS AOT retrievals using the surface
reflectance ratio database improve the root-mean-square error from 0.150 to 0.123. The use of the surface
reflectance ratio database also increases the data coverage of more than 20% over dark surfaces. The AOT
retrievals over bright surfaces are comparable to MODIS Deep Blue AOT retrievals.

1. Introduction

Over the past decades, satellites have been providing aerosol data over large spatial and temporal domains
[e.g., Kaufman, 1987; Levy et al., 2007b, 2010; Kahn et al., 2005, 2010; Torres et al., 2007; Prados et al., 2007; de
Leeuw et al., 2015; Popp et al., 2016]. These data are used extensively by the research community to evaluate
the impact of aerosols on global and regional climate change [e.g., Kaufman et al., 2002; Bellouin et al., 2005;
Quaas et al., 2008]. They are also used to monitor the air quality as an input to models used to estimate PM2.5
(particulate matter with diameter less than 2.5μm) over broad areas away from surface monitors [e.g., Engel-
Cox et al., 2004; Al-Saadi et al., 2005; Hoff et al., 2009; van Donkelaar et al., 2010, 2016].

The Visible/Infrared Imager Radiometer Suite (VIIRS) on board the Suomi National Polar-orbiting Partnership
satellite, launched in October 2011, supplies multispectral data suitable for quantitative retrieval of aerosol.
VIIRS is a scanning radiometer collecting visible and infrared imagery and radiometric measurements. The
VIIRS sensor covers the whole globe twice per day, once during the day time and once during the night.
However, information on aerosol is retrieved only from daytime observations, obtained at about 1:30 P.M.
local time.

The current VIIRS aerosol retrieval algorithm [Jackson et al., 2013] retrieves aerosol optical thickness (AOT)
over land for dark pixels only. A pixel is determined to be too bright for this dark target algorithm if its top
of atmosphere (TOA) reflectance in the 2.25μm band is greater than 0.3 or the bright pixel index is less than
0.05 [Godin, 2015]. The bright pixel index is defined as the short wave infrared normalized difference vegeta-
tion index (SWIR NDVI) between VIIRS bandM8 (1.24μm) and bandM11 (2.25μm). However, in this paper, we
adopt the definition of a dark pixel from the Moderate Resolution Imaging Spectroradiometer (MODIS) aero-
sol algorithm such that a pixel is dark if the TOA reflectance in the band 2.25μm is less than 0.25 [Levy et al.,
2007b]. The current operational VIIRS aerosol product produces AOT at a 6 km nominal spatial resolution and
also at a 750m nominal spatial resolution [Liu et al., 2014].
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Limiting the retrieval of AOT to only
dark surfaces leaves large gaps where
there are no retrievals, such as the
bright desert areas in North Africa and
the Arabian Peninsula, etc.

The current operational algorithm uses
fixed surface reflectance ratios between
different bands in the visible and SWIR

ranges of the spectrum [Jackson et al., 2013]. The physical reason for this assumption is the simultaneous
change of chlorophyll and water in healthy vegetation, and therefore, absorption of visible light by chloro-
phyll and shortwave infrared radiation by liquid water varies simultaneously [Kaufman et al., 2002]. Over a
bright surface where there is little or no vegetation coverage, this assumption fails and therefore the algo-
rithm is no longer applicable. Even over dark surfaces, this assumption is not equally accurate everywhere,
which can consequently reduce the AOT retrieval accuracies. We will show in the following sections that
these ratios are not constant: they are functions of geography and geometry. They are also functions of
season in the areas with seasonal change of vegetation colors, but we do not take seasonal variation into
consideration in this paper and will investigate seasonality in future research.

In this paper, we enhance the VIIRS aerosol retrieval algorithm over land such that it is able to retrieve AOT
over bright surfaces, as well as dark. The approach is similar to that in the current operational VIIRS AOT retrie-
val algorithm but with some modifications. The enhanced algorithm uses surface reflectance ratios defined
between the same channel pairs as in the current dark pixel algorithm with the exception that these new
ratios include bright surfaces and are functions of region and geometry.

Below we present the development of the global surface reflectance ratio database using 2 years of VIIRS
observations. We apply the database in the VIIRS AOT retrieval algorithm, and we compare the retrieval
results with ground observations from AERONET (Aerosol Robotic Network) and those from the MODIS
Deep Blue algorithm [Hsu et al., 2004, 2006, 2013; Sayer et al., 2013].

2. Data
2.1. VIIRS Data

The VIIRS data used in this work include VIIRS level 1B TOA measurements from 16 different M bands
(moderate resolution bands), geolocation data, and cloud mask data [Cao, 2013a, 2013b; Godin, 2014]. The
level 1B TOA measurements and geolocation data are also called SDR (Sensor Data Records) data. The spatial
resolution of the data is 750m at nadir. The width of a VIIRS swath is about 3040 km in the cross-track direc-
tion. Five bands are used mainly in the AOT retrieval over land, both in the operational algorithm and this
work: M1, M2, M3, M5, and M11. The central wavelengths of these bands are shown in Table 1. Several
SDR data from the other bands and VIIRS cloud mask data are used for screening, such as clouds, snow ice,
etc. We use a 2 year data set (May 2012 to April 2014) in this work.

2.2. AERONET AOT Data

AERONET AOT data are ground measurements of AOT with well-characterized and narrow uncertainty and
are generally considered as ground truth to evaluate the performance of satellite AOT retrievals [Holben
et al., 1998, http://aeronet.gsfc.nasa.gov/]. We use level 1.5 AERONET AOT in this study, since the quality
assured that level 2.0 AERONET data were not available for some sites at the time when we performed
this research.

3. Current Operational VIIRS AOT Retrieval Algorithm Over Dark Surfaces

The new algorithm developed in this work is an enhancement of the current VIIRS AOT retrieval algorithm
over dark surfaces [Jackson et al., 2013]. Therefore, we first provide an overview of the present algorithm,
before presenting our modifications.

The algorithm retrieves AOT at 0.55μm from the TOA reflectances of VIIRS bands M1 (0.412μm), M2
(0.445μm), M3 (0.488 μm), M5 (0.672 μm), andM11 (2.25μm), as shown in Table 1. Although AOT is a function

Table 1. VIIRS Bands Used in AOT Retrieval Over Land

VIIRS Bands Central Wavelength (μm)

M1 0.412
M2 0.445
M3 0.488
M5 0.672
M11 2.25
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of wavelengths, those wavelengths are
linked by selection of the aerosol
model during the retrieval. Once the
AOT at 0.55μm and the aerosol
model are determined, AOT at the other
wavelength are known automatically.
Following the convention of the com-
munity, e.g., MODIS AOT, operational

VIIRS AOT, GOCART model AOT [Levy et al., 2007b; Jackson et al., 2013; Chin et al., 2014], the AOT in this work
is also reported at 0.55μm. The retrieval is based on matching predefined, expected surface spectral reflec-
tance ratios M1/M5, M2/M5, M3/M5, and M11/M5 to ones retrieved from VIIRS-observed TOA reflectances by
varying the AOT for each of five candidate aerosol models (dust, low-absorption smoke, high-absorption
smoke, clean urban, and polluted urban). The aerosol model is selected using different band pairs, and thus,
the spectral dependence is a selection criterion. In the VIIRS operational dark pixel algorithm, the surface
reflectance ratios betweenM1 andM5, M2 andM5, M3 andM5, andM11 andM5 are assumed to be constant.
Table 2 shows the surface reflectance ratios used in the algorithm.

The algorithm uses a look-up table (LUT) to calculate TOA reflectance or perform atmospheric correction for
given conditions. The LUT stores precalculated components in the radiative transfer equation using the 6S
radiative transfer model [Vermote et al., 1997; Kotchenova et al., 2006; Kotchenova and Vermote, 2007] for dif-
ferent aerosol models, different geometries, and different VIIRS bands [Godin, 2015]. The LUT contains calcu-
lations for five aerosol models: dust (spherical), high-absorption smoke, low-absorption smoke, clean urban,
and polluted urban models, as shown in Table 3.

The algorithm only performs AOT retrieval for sunlit pixels without cloud, without snow ice, and without fire
through the use of VIIRS cloud product and internal tests [Godin, 2014, 2015]. If a pixel satisfies these condi-
tions, the algorithm continues to retrieve AOT, shown in Figure 1 with red boxes. The blue boxes represent
the algorithm modifications in this work, which will be described in section 6. For each VIIRS pixel, the algo-
rithm loops over different aerosol models and AOT to find the best match such that the aerosol model and
the AOT pair gives the lowest residual between the retrieved surface reflectances and those calculated from

Table 2. VIIRS Surface Reflectance Ratios Used in the Current
Operational AOT Retrieval Algorithm Over Land

Band Pairs Surface Reflectance Ratios

M1/M5 0.513
M2/M5 0.531
M3/M5 0.645
M11/M5 1.788

Table 3. The Microphysical Properties of the Aerosol Models Used in the Current VIIRS Dark Target Algorithm (Spherical Dust, Low-Absorption Smoke, High-
Absorption Smoke, Clean Urban, Polluted Urban; [Jackson et al., 2013; Godin, 2015]) and the Enhanced Algorithm (Spheroid Dust, Low-Absorption Smoke, High-
Absorption Smoke, Clean Urban, Polluted Urban)a

Dust
(Spherical)

Smoke, Low
Absorption

Smoke, High
Absorption

Urban,
Clean

Urban,
Polluted

Dust
(Spheroid)

Refractive Indices
Real part 1.48 1.47 1.51 1.41–0.03τ0.44 1.47 1.48τ�0.021, 1.48τ�0.021,

1.48 τ�0.021,1.46 τ�0.040 c

Imaginary part -b 0.0093 0.021 0.003 0.014 �0.0025τ0.132,�0.002,
�0.0018τ�0.08,�0.0018τ�0.30 c

Size Parameter Fine Mode
Volume mean radius (μm) 0.12 0.13 + 0.04τ0.44 0.12 + 0.025τ0.44 0.12 + 0.11τ0.44 0.12 + 0.04τ0.44 0.1416τ�0.052

Standard deviation 0.49 + 0.10τ1.02 0.40 0.40 0.38 0.43 0.7561τ0.148

Volume concentration
(μm3/μm2)

0.02 + 0.02 τ1.02 0.12 τ0.44 0.12 τ0.44 0.15 τ0.44 0.12 τ0.44 0.0871τ1.026

Size Parameter Coarse Mode
Volume mean (μm) 1.90 3.27 + 0.58 τ0.44 3.22 + 0.71 τ0.44 3.03 + 0.49 τ0.44 2.72 + 0.60 τ0.44 2.2
Standard deviation 0.63–0.10 τ1.02 0.79 0.73 0.75 0.63 0.554τ�0.052

Volume concentration
(μm3/μm2)

0.9 τ1.02 0.05 τ0.44 0.09 τ0.44 0.01 + 0.04 τ0.44 0.11 τ0.44 0.6786τ1.057

aThe spheroid dust model is obtained from MODIS aerosol algorithm [Levy et al., 2007a]; τ0.44, τ, and τ1.02 are AOTs at wavelengths 0.44, 0.55, and 1.02 μm,
respectively.

bThe imaginary part of the index of refraction for dust (spherical) is defined for the following (wavelength, index of refraction) pairs: (0.350 μm, 0.0025),
(0.400 μm, 0.0025), (0.412 μm, 0.0025), (0.443 μm, 0.0025), (0.470 μm, 0.0023), (0.488 μm, 0.0021), (0.515 μm, 0.0019), (0.550 μm, 0.0016), (0.590 μm, 0.0013),
(0.633 μm, 0.0010), (0.670 μm, 0.0007), (0.694 μm, 0.0007), (0.760 μm, 0.0007), (0.860 μm, 0.0006), (1.240 μm, 0.0006), (1.536 μm, 0.0006), (1.650 μm, 0.0006),
(1.950 μm, 0.0006), (2.250 μm, 0.0006) and (3.750 μm, 0.0006).

cThe four values represent reflective index at four wavelengths: 0.47, 0.55, 0.66, and 2.1 μm, respectively.
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surface reflectance ratios with M5. To do this, for each aerosol model of the five models in the LUT, starting
from the lowest AOT in the LUT, the algorithm computes the corrected reflectance from the measured TOA
reflectance of bands M3 and M5 through atmospheric correction. The algorithm calculates the difference
between atmospherically corrected reflectance predicted fromM5 through the ratio and the atmospherically
corrected reflectance in M3, i.e., Δρ3(τ) = ρ3(τ)� R3ρ5(τ), where R3 is the predefined surface reflectance ratio
between M3 and M5, ρ3(τ) and ρ5(τ) are atmospherically corrected reflectance using AOT value τ. If the value
Δρ3 is greater than 0, the algorithm increases AOT and repeats the process until this value is less than 0. Then,
the algorithm obtains the AOT that gives the difference 0 through interpolation between the two consecutive
AOT values that give positive and negative atmospherically corrected reflectance difference Δρ3. There are
totally five different AOT values for the five aerosol models in the LUT.

The final aerosol model is chosen from the five predefined aerosol models such that it gives the minimum
residual for the surface reflectances of the other channels, i.e., M1, M2, M11, defined as

residual ¼
X
i

ρsfc;i � Riρsfc;5
� �

2; (1)

where i represents band number, ρsfc,i is the surface reflectance at band i obtained by atmospheric correction
using the AOT obtained through M3/M5, and Ri is the surface reflectance ratio between band i (Mi) and M5.

The predefined surface reflectance ratio of M3/M5 affects the AOT retrieved. In areas where the actual M3/M5
ratio is larger than the one used in the algorithm, the retrieved AOT will be underestimated, and where the
actual ratio is smaller, AOT will be overestimated. Thus, the accuracy of the VIIRS AOT retrieval over land is
strongly dependent on the predefined M3/M5 ratio. This is the reason why the current VIIRS algorithm is
applied only to dark surface targets. Uncertainty in aerosol retrievals is dependent on the uncertainty in esti-
mated surface reflectance. Roughly, an error of 0.01 in estimated surface reflectance translates into an error of
0.10 in retrieved AOT, while an error of 0.02 in surface reflectance translates into an AOT error of 0.20, etc
[Kaufman et al., 1997a, 1997b]. However, the translation of uncertainty from estimated ratio to surface reflec-
tance is dependent on the absolute surface reflectance and, therefore, darker surfaces will have smaller
uncertainties than brighter ones. For example, in Jackson et al. [2013], the global M3/M5 ratio is given as
0.645 ± 0.079, where the uncertainty range is 1 standard deviation. If we apply the uncertainties in the global
M3/M5 ratio (±0.079) to a dark surface of ρsfc = 0.05 in band M5, the range of uncertainty in surface reflec-
tance is approximately ±0.004, which translates into AOT uncertainty of ±0.04. However, if we apply the same
uncertainty in ratio to a bright surface of ρsfc = 0.35 in band M5, the uncertainty in surface reflectance is
±0.027 and the resulting AOT uncertainty is ±0.27. In order to retrieve AOT over brighter surfaces with suffi-
cient mean bias and standard deviation of error, the error bars in the surface reflectance ratios must be
narrowed considerably.

In addition to the screening mentioned above, i.e., cloud, snow ice, and fire, the algorithm also performs the
following screening for quality control: cloud adjacency, cloud shadow, invalid SDR data, cirrus, solar zenith
angle range check, and AOT out of range. AOT retrievals over such pixels are either not produced or of
degraded quality. Details of these screening can be found in the VIIRS Aerosol Algorithm Theoretical Basis
Document [Godin, 2015].

4. Extending the AOT Retrieval Algorithm to Bright Surfaces

The main purpose of this work is to enhance the VIIRS retrieval algorithm over land such that the algorithm
can retrieve AOT for bright surfaces. The algorithm in this work is similar to the VIIRS dark pixel algorithm as
introduced in the previous section [Jackson et al., 2013]. For AOT retrieval over bright surfaces, we can follow
the same approach if the surface reflectances between the bands used in the retrieval algorithm are well cor-
related. However, it is not appropriate to use the same fixed global surface reflectance ratios as those in the
dark surface algorithm. As mentioned in section 1, those ratios for dark vegetated surfaces will not be the
same for bright surfaces of desert or bare soil. Furthermore, errors in surface reflectance estimates over these
brighter surfaces enhance the propagation of error to the AOT, as explained above. The surface reflectance
ratios between different bands are determined by the composition of different surface types, since different
compositions reflect the sunlight differently in different spectral ranges; i.e., they have different colors.
Therefore, they should be different from those over the dark vegetated surfaces.
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In a global algorithm specific band ratios cannot be determined and applied for every individual 750mpixel,
due to the limitation of computational resources. Instead, we will use fixed surface reflectance ratios over
small regions, when the correlations of the surface reflectance between different bands are high, as will be
demonstrated in the following paragraphs using the VIIRS and AERONET data at Solar Village and
Banizoumbou AERONET sites.

To determine the surface reflectance from the TOA measurements at the AERONET sites of Solar Village and
Banizoumbou, we make an atmospheric correction for all VIIRS-AERONET collocations (matchups) using the
measured AOT from AERONET, ancillary data such as surface pressure and LUT. The structure of the LUT is the
same as that used in the operational VIIRS AOT retrieval algorithm as described above [Jackson et al., 2013].
However, we substitute the spheroid dust model used in MODIS [Levy et al., 2007b] in the LUT (the last
column in Table 3), while the operational VIIRS LUT uses a spherical dust model. The other four aerosol
models are the same as the ones used in the operational VIIRS aerosol algorithm over land. We also extend
the maximum AOT to 5.0 by adding one more AOT value in the LUT, while the maximum AOT in the opera-
tional VIIRS algorithm is 2.0.

Atmospheric correction is applied to each VIIRS pixel within 10 km of the AERONET station for each VIIRS
band. Figures 2 and 3 show the scatterplots of bands M1, M2, M3, and M11 versus M5 surface reflectance
on two selected days, which have low AERONET AOT (0.04 and 0.06 as shown in the captions of the figures)
so that the atmospheric correction is the least affected by the choice of the aerosol models. The aerosol
model used in the atmospheric correction is the dust model, since these two sites are located in the deserts
and we assume that dust model is the most often observed aerosol model.

From the scatter plots, we can see that the surface reflectances in bands M1, M2, M3, and M11 all have rela-
tively good correlation with the surface reflectance in band M5. Therefore, we can potentially use these ratios

Figure 1. Flow chart of the current operational AOT retrieval algorithm (in red boxes) and the modifications (in light blue
boxes).
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to retrieve AOT over bright surfaces with a similar algorithm as the dark surface algorithm. Over bright sur-
faces, surface reflectance of both M5 and M11 are close to the critical reflectance (the surface reflectance
at which TOA reflectance does not change with respect to the change of aerosol load) and their TOA reflec-
tance are not affected much by aerosols, because the contribution of the aerosol scattering and absorption
tends to cancel each other [Fraser and Kaufman, 1985]. Since the M5 and M11 bands have limited sensitivity
to aerosol over bright surfaces, the M11/M5 ratio will not add information to the aerosol retrieval. Therefore,
we do not use M11 in the retrieval algorithm over bright surfaces. The surface reflectance ratios at the two
sites differ from each other, and they are also different from those used in the operational dark pixel algo-
rithm, shown in Table 2. For example, the M3/M5 ratio is 0.451 at Solar Village, 0.392 at Banizoumbou, and
0.645 in the operational dark pixel algorithm. Consequently, we cannot expect to achieve a good AOT retrie-
val if we use a fixed value for all locations, globally. Instead, wemust develop a global surface reflectance ratio
database for all retrieval locations.

An alternative way to estimate surface reflectance is by using the average surface reflectance over a small
region. Table 4 shows a comparison of the RMSE of estimated surface reflectance for these VIIRS pixels in the
above examples using two methods: (1) estimate the surface reflectance using average surface reflectance

Figure 2. Scatterplots of atmospheric corrected surface reflectance between different bands and band M5 at Solar Village
AERONET site on 28 December 2012. The matchup AERONET AOT of 0.04 was used for the atmospheric correction. Only
bright pixels are selected, defined as TOA reflectance of M11 greater than 0.25. The regression line is obtained through least
squares fit and is forced to pass through the origin.
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and (2) estimate the surface reflectance using the ratios between bands M1, M2, M3, and M5. The RMSE is
smaller for all the three bands in the two cases if the second method is used. One of the reasons that the
ratios are more stable than the absolute reflectance is because of the variation in scene brightness resulting
from topography. The use of ratios to minimize topographic and scene brightness effect has been used in the
Landsat image processing [e.g., Schowengerdt, 1983].

First, we question how representative these 2 days are at Solar Village and Banizoumbou: How much varia-
bility is there in surface reflectance ratio in an analysis applied over the span of 2 years of matchups between
VIIRS and AERONET? To answer this question, we performed atmospheric correction on the AERONET
matchup data set at these two sites using the AERONET AOT and the dust aerosol model described above,
since the aerosols at the two sites are dominated by dust [Dubovik et al., 2002; Holben et al., 1998]. For each
observation, we derived the surface reflectance ratio between M1 and M5, M2 and M5, and M3 and M5 when
the number of cloud-free pixels was greater than 50 over the 10 km radius around the site. The surface reflec-
tance ratios were then determined through averaging the ratios at each observation of the matchup data set
at each site. The average surface reflectance ratios and the standard deviations are shown in Table 5. The
variability in surface reflectance ratio at Solar Village is only 30% of the variability at Banizoumbou in an abso-
lute sense and even less in a relative sense. Besides the surface surrounding Solar Village beingmore uniform,
we also note that Banizoumbou has a smoke season in addition to the dust that dominates year-round

Figure 3. Same as Figure 2 but for Banizoumbou on 2 September 2013. The matchup AERONET AOT is 0.06, which was
used in the atmospheric correction.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD024859

ZHANG ET AL. ENHANCED VIIRS AOT RETRIEVAL ALGORITHM LAND 10,723



[Cavalieri et al., 2010]. The smoke may introduce inaccuracy into the atmospheric correction, which would
introduce greater variability in the derived surface reflectance ratios and contribute to greater uncertainty
ultimately in the retrieval of AOT.

How accurately can we retrieve AOT at these sites, given the new derived surface reflectance ratios? Next, we
retrieve AOT using one of the three (M1/M5, M2/M5, and M3/M5) surface reflectance ratios with the dust
model. Note that here we are assuming that a single value of surface ratio can be used by all pixels within
10 km of the station to retrieve the AOT. The algorithm is the same as the VIIRS operational AOT retrieval algo-
rithm in that it looks for the AOT value that makes the atmospherically corrected reflectance ratio equal to the
predefined ratio. We compare the AOT retrieval results against AERONET AOT and show the scatterplots in
Figure 4. The scatterplots demonstrate that we can use any of these three surface reflectance ratios for the
AOT retrieval with only slightly different statistics with respect to AERONET AOT.

To evaluate the uncertainty of the AOT retrieval due to the uncertainty of the surface reflectance ratios, we
simulate the AOT retrieval using the surface reflectance, ratios, and standard deviation shown in Tables 4
and 5. We first do forward calculations using an input AOT= 0.6, dust model, and surface reflectances shown
in Table 3 for eight example geometries (as shown in Table 6), following those in Table 3 in Levy et al. [2007b].
The calculated TOA reflectances are then fed to the AOT retrieval algorithm using different band pairs. AOT is
retrieved using different pairs of ratios, i.e., M1/M5, M2/M5, or M3/M5, which are perturbed by the standard
deviation in Table 5. From this simulation, we found that the AOT retrieved have errors of about 0.11 at Solar
Village and 0.19 at Banizoumbou. If we use the ratios in the current operational algorithm for AOT retrieval
instead, we do not retrieve any positive AOT retrievals for any of the cases.

This exercise demonstrates that the AOT can be retrieved over bright surfaces with reasonable accuracy if we
have good estimates of the surface reflectance ratios and that a single value of surface ratio can be used to
represent a region on the order of 10 km. The better the estimate of the ratios, the more accurate the AOT
retrieval, although the benefit of better ratio estimates is not linear. While the estimate of ratio at Solar
Village is at least 4 times better than at Banizoumbou, the resulting AOT retrieval at Solar Village is not even
twice as accurate. It also serves as an estimate of expected performance under “ideal” conditions. Still there is
scatter, likely tied to the influence of seasonality of both surface conditions and aerosol type, and
also geometry.

5. Surface Reflectance Ratio Database

As demonstrated in the previous section, the surface reflectance ratios are different at different locations. In
this section, we describe the method to build a global surface reflectance ratio database for the enhanced
AOT retrieval algorithm. In the previous section we showed that a single value representing the surface reflec-
tance ratio of a 10 km area around the AERONET station could produce reasonable AOT retrievals. Therefore,

Table 4. Comparison of RMSE of the Surface Reflectance Estimates Two Methods for the Two Cases at Solar Village and Banizoumbou in Figures 2 and 3: (1) Using
Average Surface Reflectance Within 10 km; (2) Using Ratios Between the Bands and M5 Band

Bands

Solar Village Banizoumbou

RMSE Using Average
Surface Reflectance

RMSE Using
Ratios With M5

Average Surface
Reflectance

RMSE Using Average
Surface Reflectance

RMSE Using Ratios
With M5

Average Surface
Reflectance

M1 0.007 0.005 0.115 0.010 0.008 0.072
M2 0.008 0.006 0.140 0.011 0.008 0.081
M3 0.010 0.006 0.168 0.012 0.008 0.096

Table 5. Surface Reflectance Ratios at the Two African AERONET Sites

Band Pairs

Solar Village Banizoumbou

Sample Size Mean Standard Deviation Sample Size Mean Standard Deviation

M1/M5 384 0.296 0.028 326 0.207 0.068
M2/M5 0.370 0.019 0.275 0.057
M3/M5 0.456 0.014 0.359 0.047
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we assign the spatial resolution of the surface reflectance ratio database as 0.1° × 0.1°, which is basically the
same scale. To derive surface reflectance ratios, correcting for Rayleigh scattering and gas absorption is insuf-
ficient because of aerosols, even when searching for minimum TOA reflectances in the VIIRS observations
over the duration of the 2 year data set. This became apparent when M1 and M5, M2 and M5, M3 and M5,
and M5 and M11 ratios increased with increasing AOT, because the TOA reflectances in different bands have
different sensitivity to the AOT load. Instead, we assume a background AOT (specified below) to perform
atmospheric correction of the TOA reflectance in different bands and calculate the corrected reflectance
ratios. The lower bounds of these ratios are used as estimates of the corresponding surface reflectance ratios
if we assume that the surface reflectance ratios do not change over seasons. The background AOT is close to 0
over clean areas, as will be shown in section 5.1, and thus does not have much effect on the estimates of the
surface reflectance ratios if we simply assume a zero background AOT. However, the background AOT should
be taken into account for the atmospheric correction in the areas with either heavy dust or heavy pollutions,
such as North Africa, Arabian Peninsula, India, China, etc.

5.1. Background AOT

To estimate the background AOT at each 0.1° × 0.1° box, we start with the global AERONET sites: for each
AERONET site over the 2 year period of the study, i.e., May 2012 to April 2014, we use the lowest 5th percentile

Figure 4. Scatterplots of VIIRS AOT retrievals versus AERONET AOT at (a–c) Solar Village and (d–f) Banizoumbou using different surface reflectance ratios: M1/M5 for
column 1 (Figures 4a and 4d), M2/M5 for column 2 (Figures 4b and 4e), and M3/M5 for column 3 (Figures 4c and 4f).

Table 6. Solar Satellite Geometries for Eight Examples (Units Are in Degrees)a

Reference Solar Zenith View Zenith Relative Azimuth Scattering Angle

A 12.00 6.97 60.00 163.40
B 12.00 52.84 60.00 120.53
C 12.00 6.97 120.00 169.59
D 12.00 52.84 120.00 132.35
E 36.00 6.97 60.00 140.12
F 36.00 52.84 60.00 104.74
G 36.00 6.97 120.00 147.00
H 36.00 52.84 120.00 136.29

aTable 3 in Levy et al. [2007b].
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AOT as the estimate of the background
AOT. Then we use a method similar to
inverse distance weighting [e.g., Isaaks
and Srivastava, 1989] to interpolate the
background AOT across the globe. The
background AOT at a location can be
estimated as

τ int;b lat; lonð Þ ¼
X
i

wiτeb;i=
X
i

wi; (2)

where τint,b(lat,lon) represents the interpolated background AOT at location (lat,lon), τeb,i represents the esti-
mated background AOT at AERONET site i, wi represents the weight of the background AOT at site i on the
location (lat,lon). We can have many choices for the weight, which should gradually decrease with respect
to the distance from the AERONET site. We found that one choice works well, which is defined aswi lat; lonð Þ
¼ e�di lat;lonð Þ=d0, where di(lat, lon) represents the distance between AERONET site i and location (lat,lon), and d0
is a constant. This weight corresponds to an assumption that the representativeness of background AOT from
a nearby AERONET site decreases exponentially with distance.

To evaluate the error of this method, we calculate the bias and RMSE asBias ¼ 1
N

X
i

τ int;b;i � τeb;i
� �

and RMSE

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X
i

τ int;b;i � τeb;i
� �

2
r

, where N represents the total number of the AERONET sites, τint,b,i is the interpo-

lated background AOT at site i using the data from all the sites except site i. The results with different choices
of the parameter d0 are shown in Table 7. The results show that the change of d0 does not have significant
influence on the derived background AOT: the biases are close to 0 and the RMSEs are around 0.04, with
the global mean background AOT at the AERONET sites is 0.054. In this work, we choose d0 = 500 km.

Figure 5 shows the background AOT derived from the AERONET AOT using the above method. The 5th per-
centiles of AERONET AOT at each AERONET site are also plotted. We can see that the areas with high back-
ground AOT are mostly located in India, Arabian Peninsula, North Africa, and China, where heavy pollution
or dust are expected. The background AOT can be as high as 0.15 in these regions. The other regions have
low background AOT, mostly below 0.05. Seasonally varying background AOT will introduce uncertainty in
this method. The difference between the AERONET 5th percentile AOT and the interpolated background
AOT indicates the magnitude of the uncertainty in background AOT using this method. With higher uncer-
tainty in background AOT, the uncertainty of the estimated surface reflectance ratio is also higher and there-
fore influences the retrieved AOT. In general, background AOT uncertainty propagates to the uncertainty of
the retrieved AOT with the same magnitude. For example, if we have an uncertainty of 0.1 in background
AOT, we expect an uncertainty of 0.1 in retrieved AOT. The background AOT over ocean may be less trust-
worthy since we have very sparse AERONET sites there. However, it is not used in this work since the AOT
retrieval algorithm is designed for and will only be implemented in areas over land.

5.2. Geometry Dependency of Surface Reflectance Ratios

Surface reflectance is usually not Lambertian. Its value is a function of solar zenith angle, satellite zenith angle,
and corresponding azimuth angles. The geometry dependence of the surface reflectance is described by the
bidirectional reflectance distribution function (BRDF). For example, the MODIS surface albedo product
MCD43 represents surface BRDF using a kernel-driven semiempirical BRDF model [Lucht et al., 2000].

Unless BRDFs from different bands have the same shape, the surface reflectance ratios should also be func-
tions of geometries between the satellite and the Sun. For example, in the MODIS AOT retrieval algorithm, the
surface reflectance relationship between visible bands and the SWIR band at 2.12μm is found to be a func-
tion of geometry [Levy et al., 2007b; Remer et al., 2001], and it is represented as a function of scattering angle
[Levy et al., 2007b].

Although we do not find significant dependence of the surface reflectance ratio on the geometry at the
above two AERONET sites, i.e., Solar Village and Banizoumbou, we notice such dependence at some sites
in other locations. One example is the Sevilleta site in the western U.S. To demonstrate the dependence of
surface reflectance ratios on the scattering angle, we made atmospheric correction on TOA reflectance at

Table 7. Bias and RMSE of the Estimated Background AOT With Various
Parameter of d0 in the Weight of the Spatial Kriging Interpolationa

d0 (km) Bias (Estimated-Measured) RMSE

100 0.002 0.046
200 0.0007 0.040
500 0.0006 0.039
1000 0.0003 0.041

aThe global mean background AOT at the AERONET sites is 0.054.
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the Sevilleta site. The TOA reflectance
was corrected for the pixels within
10 km of the site with background AOT
obtained as above, which is about 0.05.
We use the five aerosol models in the
LUT to do the atmospheric correction
and average the corrected reflectance.
For each observation time, the atmo-
spherically corrected reflectance ratios,
e.g., M1/M5, M2/M5, etc, were derived
for these pixels through linear regres-
sion and the regression lines were
forced to pass through the origin. In
Figure 6, the derived ratios of M1/M5
and M3/M5 were plotted as a function
of scattering angle. The ratios were also
separated into groups of forward and
backward reflection geometry. Forward
and backward geometries are defined
as follows: if the relative azimuth angle

is greater than or equal to 90°, it is called forward reflection geometry; otherwise, it is called backward reflec-
tion geometry. The lower bounds of the dots are expected to be close to the corresponding surface reflec-
tance ratios.

To derive the lower bound of the atmospherically corrected ratios, we separated these ratios into bins with a
scattering angle width of 10°. In each bin, we look for the lowest 10th percentile of the ratios. This method is
similar to averaging the ratios between the minimum and the lowest 20th percentile. However, if there are
outliers, the averaging method tends be influenced significantly by them. The choice of the lowest 10th
percentile can eliminate the influence of the outliers as long as the outlying points make up less than 10%
of the sample. The lower bound lines are derived through a linear regression of these lowest 10th percentile
ratios, as shown in the blue (forward) and red (backward) lines in Figure 6. The blue lines and the red lines
are not horizontal, indicating dependence of the ratios on the scattering angle. If we used geometry-
independent ratios such as the 10th percentile of all the background atmospherically corrected ratios
(orange line in Figure 6), we would introduce large errors in some geometries.

We analyze the AOT retrieval errors due to using constant surface reflectance ratios when in reality the ratios
could be varying as a function of viewing geometry. We first perform a forward calculation using a surface
reflectance at M5 of 0.2 and surface reflectance ratios of M1/M5=0.344 and M3/M5=0.514, which are the
values obtained at the Sevilleta site. The surface reflectance ratios are then perturbed by the variations

Figure 5. Background AOT derived from 2 year AERONET AOT and inter-
polated to the other locations.

Figure 6. Atmospherically corrected reflectance ratios of (left) M1/M5 and (right) M3/M5 as a function of scattering angle at
Sevilleta. Red dots represent ratios in backward geometries, while blue dots represent ratios in forward geometries. The
lower bounds are plotted as red and blue lines. The horizontal orange lines represent the 10th percentile of all the points.
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due to the differences in different geometries, which are 0.051 and 0.023, respectively. We use these per-
turbed surface reflectance ratios to retrieve AOT using the same aerosol model that was used in the forward
calculation. The procedure is repeated for the different geometries defined in Table 6, and for five different
aerosol models and for three different input AOT values (0.1, 0.4, and 1.0). The results are shown in Table 8.
We can see that the average uncertainty is in the range of 0.1–0.2, while in some extreme cases it can
be as high as 0.6.

5.3. Global Surface Reflectance Ratio Database Derivation

The flowchart in Figure 7 summarizes the procedure to derive global surface reflectance ratios. We divide the
globe into 0.1° × 0.1° grid boxes and derive surface reflectance ratios in each grid box using the procedure
similar to the one shown above for the Sevilleta AERONET site. We assume that the surface reflectance ratios
are different for dark and bright pixels. Therefore, we derive the surface reflectance ratios separately for the
two types of pixels. A pixel is defined as a bright pixel if the TOA reflectance of band M11 (2.2μm) is greater
than or equal to 0.25. Otherwise, it is defined as a dark pixel. Since both dark and bright pixels can exist in
some grid boxes, we may have two sets of surface reflectance ratios there, i.e., one for the dark pixels and
the other for the bright pixels. Because we do not plan to use M11 over bright surfaces, we do not derive sur-
face reflectance ratios of M5/M11 for bright pixels. We use the 2 year VIIRS data set (May 2012 to April 2014) to
derive the surface reflectance ratio database. The aerosol models used are based on the geographical
regions: dust model over North Africa and the Arabian Peninsula and all five aerosol models in the LUT over
the other regions. In the areas that use all the models, the final corrected reflectance ratios are obtained by
averaging the five individual ones. The selection of the dust model over North Africa and Arabian Peninsula is

because it is the dominant model there
[Dubovik et al., 2002].

The choice of aerosol model can affect
the derived surface reflectance ratios.
To evaluate the uncertainty caused by
aerosol model assumption, we perform
an analysis using the same geometry
settings in Table 6 and the surface
reflectance derived in the case study at
Solar Village in section 4. As shown in
Figure 5, the maximum background
AOT is about 0.15. Therefore, in the for-
ward simulation, we use AOT of 0.15
and one of the aerosol models in the
LUT to calculate TOA reflectance. In the
atmospheric correction, we use the
two methods to derive surface reflec-
tance ratios: (1) the ratios from the dust
model and 0.15 AOT; (2) average of the
ratios derived from each of the five
models and 0.15 AOT. The derived
results are compared against the input
values. The results show that the
M3/M5 ratio has bias of �0.008–0.005
and RMSE of 0.001–0.008 due to the

Table 8. AOT Retrieval Errors Due To the Different Surface Reflectance Ratios in Different Geometries

Input AOT

M1/M5 = 0.293 Retrieved AOT M3/M5 = 0.491 Retrieved AOT M1/M5 = 0.391 Retrieved AOT M3/M5 = 0.537 Retrieved AOT

Range Mean Range Mean Range Mean Range Mean

0.1 0.14–0.41 0.22 0.13–0.36 0.19 �0.1–0.04 �0.01 �0.07–0.05 0.007
0.4 0.44–0.82 0.54 0.43–0.73 0.50 0.05–0.35 0.25 0.08–0.36 0.29
1.0 1.05–1.33 1.16 1.03–1.20 1.08 0.32–0.94 0.78 0.46–0.96 0.85

Figure 7. Flowchart for deriving the surface reflectance ratio database.
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wrong aerosol models used. The M1/M5
ratio has bias of �0.011–0.012 and
RMSE of 0.002–0.013. The uncertainties
are small compared to the standard
deviation of the ratios at this site
(Table 5). They are much less than the
differences between the ratios in
Table 5 and those used in the opera-
tional algorithm at Solar Village, which
are 0.204 for M1/M5 and 0.185 for
M3/M5.

The derived database contains the
linear regression coefficients of the
lower bounds of the atmospherically
corrected reflectance ratios for the
forward and the backward reflection
geometries. The ratios include M1/M5,
M2/M5, and M3/M5 for both types
of pixels, and M5/M11 for the dark
pixels only.

Figure 8 shows the global map of the
derived surface reflectance ratios at a
selected geometry for M1/M5, M2/M5,
and M3/M5 for the bright pixels. The
geometry is backward reflection with
a scattering angle of 140° for each
0.1° × 0.1° grid box. As shown in
Figure 8, the bright pixels are mostly dis-
tributed over the regions of Africa, wes-
tern Asia, northwest China, Australia,
and western continental U.S. The
regions of bright pixels are larger in
the backward reflection geometries
than those in the forward reflection
geometries (not shown here). This is
because the surface reflectances are
generally higher in the backward reflec-
tion geometries than those in the for-
ward reflection geometries. The bright
pixels with the M11 TOA reflectances
close to 0.25 in the backward reflection
geometries may have M11 TOA reflec-
tance lower than 0.25 in the forward
reflection geometries. Consequently,
the number of bright pixels is less in
the forward geometries.

Figure 8 also demonstrates that the
surface reflectance ratios change from
region to region. For example, the
M3/M5 ratio has a range between 0.3

and 0.7: the area with the lowest M3/M5 ratio is in Australia; that with the highest is in the northwest
China andMexico. Even within the same region, the ratios also vary from one grid box to another. Such obser-
vation further confirms our statement that we need a surface reflectance ratio database for an improved AOT

Figure 8. Surface reflectance ratios for bright pixels (backward reflectan-
tion geometry with scattering angle 140°).
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retrieval algorithm. Many bright surfaces have significantly lower ratios than the ones used in the operational
dark pixel AOT retrieval algorithm shown in Table 2.

Similarly, Figure 9 plots the surface reflectance ratios for dark pixels with the same geometries as Figure 8.
Again, the surface reflectance ratios vary from region to region. The smallest ratios for M3/M5 are found in
Australia with values around 0.3, while the current operational model uses a single value of 0.645 over the
entire globe and therefore tends to significantly underestimate or retrieve negative AOT in those areas.

6. AOT Retrieval AlgorithmOver Land Using the Surface Reflectance Ratio Database

The AOT retrieval algorithm over land using the derived surface ratio database is an enhancement of the
algorithm of the current operational AOT retrieval algorithm [Jackson et al., 2013], described in section 3.

The enhanced algorithm is modified from the algorithm described in section 3 in the following ways: The
enhanced algorithm not only works over dark surfaces but also works over bright surfaces. Within the algo-
rithm, instead of fixed ratios, the surface reflectance ratio Rn between band Mn and band M5 for a pixel is
obtained from the global 0.1° × 0.1° surface reflectance ratio database through spatial interpolation using
the four closest boxes. The use of spatial interpolation is to allow the surface reflectance ratios to change
smoothly from one 0.1° × 0.1° box to the adjacent one. Otherwise, the boundaries between the grid boxes will
show up in the final retrieved AOT map. The surface reflectance ratios of a particular VIIRS pixel are obtained
from the database of either dark surface or bright surface depending on the classification of the pixel, i.e., a
pixel is dark if its M11 TOA reflectance is less than 0.25 and vise versa.

Besides the surface reflectance ratios, the retrieval algorithm over dark pixels does not have any additional
change from the current operational algorithm. For bright pixels, however, we change the selection of the
aerosol models and the bands to retrieve AOT. Although we make the aerosol model selection in the algo-
rithm, we found that the algorithm's ability to choose the correct aerosol model is of dubious benefit,

Figure 9. Surface reflectance ratios for dark pixels (backward reflection geometry with scattering angle 140°).
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especially when dust occurs over high surface reflectance regions. Therefore, for North Africa and the Arabian
Peninsula region (latitude in [0°,36°N] and longitude in [20°W,60°E]), instead of choosing the aerosol model in
the algorithm, we forcibly set the aerosol model to dust; i.e., the loop over aerosol models is not executed in
the algorithm for this region. As discussed in section 4, we do not use M11 in calculation of the residuals for
aerosol model selection over bright surfaces.

We still use the M3 and M5 pair to retrieve AOT on the bright surfaces over North Africa and Arabian
Peninsula region. But we use the M1 and M5 pair to retrieve AOT for the other bright surface regions. The
band pair for AOT retrieval over bright surface is based on the evaluation of the AOT retrieval accuracy with
different pairs at AERONET. The use of M3 andM5 pair over North Africa and Arabian Peninsula and the use of
M1 andM5 pair over the other regions provide better AOT retrievals than those using the other band pairs, as
demonstrated in Table 9.

Most of the quality control criteria are the same as those in the VIIRS operational AOT retrieval algorithm.
There are some differences in the quality controls of the pixels between this work and the ones in Godin
[2015]. These modifications are shown in Table 10.

7. Results
7.1. Comparison Against AERONET AOT

To validate the AOT retrieval algorithm using the surface reflectance ratio database, we compare the
enhanced VIIRS AOT retrieval results against AERONET AOT observations. VIIRS AOT is retrieved for each
VIIRS pixel, and therefore, it has a spatial resolution of 750m at nadir. We perform the AOT retrieval using
the 2 year (May 2012 to April 2014) data set of matchups between VIIRS and AERONET. The matchup criteria
are (1) at least two AERONET AOT measurements within ±30min of the satellite overpass and (2) at least
800 pixels of high-quality VIIRS AOT retrievals within the 27.5 km area surrounding the AERONET site, which
is about 20% of all the pixels in this area at nadir.

Figure 10 shows the scatterplots of the comparison of high-quality VIIRS AOT retrievals against AERONET
AOT. The results for bright surfaces and for dark surfaces are evaluated separately in Figures 10a and 10b,
respectively. To demonstrate the improvement over AOT from the currently operational algorithm, we also
show the scatterplot of VIIRS AOT using the original surface reflectance ratios versus AERONET AOT in
Figure 10c. To make fair comparison, VIIRS AOT retrievals in Figure 10c are the reprocessed results using
the updated code and LUT, except for using the original surface reflectance ratios.

The total number of matchups over bright surfaces of the VIIRS AOT and AERONET AOT is 6937. These are
retrievals that would not be possible using the operational dark target algorithm. The AOT retrievals over

Table 9. Statistics of VIIRS AOT Retrieval Over Bright Surfaces Using Different Surface Reflectance Ratios Compared Against AERONET AOT

Surface Reflectance
Ratio Used for AOT Retrieval R Mean Bias STD of Error RMSE Slope Intercept N

North Africa and Arabian Peninsula M1/M5 0.67 �0.113 0.175 0.208 0.42 0.06 4518
M2/M5 0.77 �0.077 0.149 0.168 0.59 0.05 4503
M3/M5 0.80 �0.031 0.141 0.145 0.71 0.06 4482

Regions other than North Africa and Arabian Peninsula M1/M5 0.60 0.044 0.125 0.132 0.49 0.10 2655
M2/M5 0.60 0.060 0.122 0.136 0.56 0.11 2604
M3/M5 0.55 0.097 0.136 0.167 0.59 0.14 2522

Table 10. Quality Control Criteria Revisions in This Work, Where the Central Wavelengths for Bands M7, M8, and M15 are
0.865 μm, 1.24 μm, and 10.763 μm

Test Names Details

AOT range [�0.05, 5.0]
Bright surface If TOA reflectance of M11> 0.25, then use retrieval algorithm over bright surface.
Ephemeral water Removed
Snow ice test (M7�M8)/(M7 +M8)> 0.01 and brightness temperature of M15< 285
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the bright surfaces have a correlation coefficient of 0.79 against AERONET AOT, a mean bias of�0.008, a stan-
dard deviation of error of 0.139, and an RMSE of 0.139. The sites with bright pixels are mostly located in North
Africa, the Arabian Peninsula, and the western United States regions.

Over dark surfaces, the VIIRS AOT retrievals using the revised surface reflectance ratios have improved the
standard deviation of error, RMSE, and total number of the matchups: The RMSE improves from 0.150 to
0.123. The total number of matchups increasedmore than 26%. However, themean bias is worse than before,
as is the regression slope. Since the only difference in the retrieval algorithms used to produce the data in
Figures 10b and 10c is the surface reflectance ratios, we can conclude that the changes in the AOT retrieval
over the dark surfaces is due to the use of different surface reflectance ratios.

To further compare the AOT retrieval from this work and those from the current operational algorithm, we
show scatter plots of VIIRS AOT versus AERONET AOT that have one-to-one correspondence between the
two algorithms in Figure 11. Those additional retrievals in Figure 10b are removed. These plots also show that
the algorithm using the surface reflectance ratio database has improved standard deviation of error and
RMSE over the current operational algorithm. However, the mean bias is higher in the AOT retrievals using
the updated ratios.

To compare the enhanced VIIRS AOT retrieval with the MODIS Deep Blue AOT over the bright surfaces, we
plot in Figure 12 the scatter plots of VIIRS AOT versus AERONET AOT and MODIS Deep Blue AOT versus
AERONET AOT for AERONET stations in the North Africa and Arabian Peninsula region. The MODIS Deep
Blue algorithm retrieves AOT from MODIS visible bands over bright surfaces using a 0.1° × 0.1° spatial resolu-
tion surface reflectance database at a spatial resolution of 10 km at nadir [Sayer et al., 2013]. Similar to the

Figure 10. Scatterplots of the AERONET AOT and VIIRS AOT over global AERONET sites: (a) bright pixels; (b) dark pixels using the new surface reflectance ratios;
(c) dark pixels using the original surface reflectance ratios.

Figure 11. Scatterplots of VIIRS AOT versus AERONET AOT with one-to-one correspondence between (a) this work and
(b) the current operational algorithm over the dark surfaces.
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matchup criteria between VIIRS AOT and AERONET AOT, we require that MODIS Deep Blue AOT have at least
five high-quality retrievals within the 27.5 km circle surrounding the AERONET site in order to be counted, i.e.,
more than 20% of possible 10 km retrievals. Since MODIS Deep Blue AOT does not differentiate bright pixels
from dark pixels, to make the comparison fair, in the scatterplots of Figure 12, we include AOT retrievals at
both VIIRS dark and bright pixels for the matchup. We can see from the scatterplots that the VIIRS AOT shows
a slight advantage in terms of standard deviation of error, but overall, the retrievals have similar performance
in terms of validation statistics. However, the total number of the matchup between MODIS and AERONET
AOT is much less than that between VIIRS and AERONET AOT: the VIIRS swath is 30% wider than MODIS's
swath, but the total number of the matchup is 78% more. The MODIS Deep Blue AOT retrieval algorithm
therefore likely enforces stricter quality controls and removes more AOT retrievals.

7.2. Examples of Regional Aerosol Events

We demonstrate the performance of the regional AOT retrieval by running the AOT retrieval algorithm for
two examples: one is over North Africa and the Arabian Peninsula, the other is over the western United States.

The North Africa and Arabian Peninsula region is mostly covered by desert, and therefore, the surface reflec-
tances in the region are high. For example, as shown in Figure 2, the surface reflectances of VIIRS pixels close
to the Solar Village site are between 0.3 and 0.4 in the M5 channel and are between 0.3 and 0.5 in the M11
channel. Since the current operational VIIRS AOT retrieval algorithm only retrieves AOT over dark surfaces, it
does not retrieve AOT in this region. Figure 13 shows the VIIRS RGB and AOT retrieval plots for 23 August
2013. The MODIS Deep Blue AOT retrieval is also plotted for comparison. A visual inspection of the RGB image
indicates several big dust storms at different places over this region. Both VIIRS and MODIS Deep Blue algo-
rithm retrieve high AOT in south Algeria, north Mali, Mauritania, and the middle Niger. The areas of low AOT
regions are mostly similar. Therefore, the AOT retrieval patterns over this region are qualitatively the same
between the enhanced VIIRS AOT retrieval and the MODIS Deep Blue AOT retrievals. However, we also
noticed three differences between the VIIRS and the MODIS Deep Blue AOT retrievals: (1) high AOT retrievals
in the VIIRS retrieval over Sudan are not observed in the MODIS Deep Blue AOT retrievals; (2) the MODIS deep
blue retrieval hints at high AOT over southern Algeria but is missing the highest values where VIIRS reports
AOT greater than 2.0; and (3) VIIRS AOT retrieval has more extensive coverage over some regions such as
the Arabian Peninsula and regions along the north coast of Africa. These differences may be caused by the
difference in the screening algorithms between the enhanced VIIRS and the MODIS Deep Blue algorithm,
which we also noticed in the AERONET AOT matchup in the last subsection. However, without ground obser-
vation in these areas, it is hard to tell whether VIIRS is being foolhardy in its expansive coverage or whether
MODIS deep blue is too conservative.

Figure 14 shows a comparison between 16 day average VIIRS AOT andMultiangle Imaging Spectroradiometer
(MISR) AOT over North Africa and Arabian Peninsula. Since MISR only has a swath width of 360 km, it cannot
cover the whole area in 1 day. Therefore, we average AOT over a 16 day period so that it covers the whole

Figure 12. Scatterplots of AOT over North Africa and Arabian Peninsula region: (a) VIIRS AOT versus AERONET AOT;
(b) MODIS Deep Blue AOT versus AERONET AOT.
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area. The VIIRS AOT is regridded into a
0.25° × 0.25° grid and MISR AOT is into
a 0.5° × 0.5° grid. We only use the VIIRS
AOT in the grids that MISR also have
values so that both of them cover the
same area. However, because the two
sensors have different overpass times,
we do not expect them to compare well
pixel by pixel. The mean AOT patterns
from the two sensors agree well in most
of the region, which indicates that both
sensors catch the same events during
this period. Some of the high AOT
regions found in both images are in
Southern Algeria, Northern Mali, in the
middle of Niger, Western Chad, and
Northern Sudan.

Figure 15 shows a smoke case study
over the western United States on 9
September 2014, where we compare
the AOT retrievals from the algorithm
in this work (Figure 15b) and the repro-
cessed high-quality AOT using the cur-
rent operational algorithm (Figure 15c).
The difference between AOT retrieval
algorithms are the surface reflectance
ratios used and the quality controls
from the surface types. In Figure 15b,
we retrieve over all types of surfaces. In
Figure 15c, we retrieve only dark target
pixels. The surfaces over the western
United States are complicated: they
contain both dark pixels and bright
pixels. Some areas are dark even though
they are dominated by soil. Those
soil-dominated regions usually have
surface reflectance ratios M3/M5 less
than the one used in the current opera-
tional VIIRS AOT retrieval algorithm.
The use of an M3/M5 ratio higher
than the real ratio can reduce the
retrieved AOT values. Therefore, the
current operational algorithm marked
soil-dominated pixels as “degraded”
quality. In Figure 15c, most cloud-free
areas without AOT retrievals are soil-
dominated regions, which are marked
as degraded in the current operational

algorithm. Especially, the smoke plumes in northwestern Nevada are not shown in the AOT retrievals from
the current operational VIIRS algorithm. The enhanced algorithm using the surface reflectance ratio database
solved this problem. As shown in Figure 15b, most of the AOT retrieval gaps are filled with AOT retrievals. We
also observe differences in the retrieved AOT values between the two algorithms. For example, the retrievals
from the enhanced algorithm have an AOT streak close to 1.0, which is down the center of the plume that

Figure 13. Regional retrieval over bright surfaces: North Africa and
Arabian Peninsula region on 23 August 2013. (a) VIIRS RGB true-color
image; (b) VIIRS AOT retrieval using the surface reflectance ratio database;
(c) MODIS Deep Blue high quality AOT.
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crosses California to the ocean. The AOT retrievals of the operational algorithm have much lower values for
this plume. This is also caused by the differences in the surface reflectance ratios used in the algorithm.

The two examples in this section demonstrate that the use of the surface reflectance ratio database for AOT
retrieval can improve data coverage of the VIIRS AOT retrievals. The additional data coverage regions are
mostly located either in the bright surface regions or the soil-dominated surface regions.

8. Discussions and Conclusions

In this paper, we developed a global surface reflectance ratio database with a spatial resolution of 0.1° × 0.1°
based on the 2 years of VIIRS observations (May 2012 to April 2014). The database contains the surface reflec-
tance ratios of M1/M5, M2/M5, and M3/M5 for both dark and bright surfaces and M5/M11 for dark surfaces.
Using the global surface reflectance ratio database, we enhanced the VIIRS AOT retrieval algorithm over land
such that it is able to retrieve AOT over both dark and bright surfaces. Compared to AERONET AOT, the VIIRS
AOT retrievals from the enhanced algorithm have improved RMSE over the dark surfaces over those from the
current operational AOT retrieval algorithm. The enhanced AOT retrieval algorithm also extends the AOT
retrieval data coverage to bright surfaces and dark surfaces dominated by soil, where the current operational
AOT retrieval algorithm does not work or does not work well. The enhanced VIIRS AOT retrievals compare
well with AERONET AOT and MODIS Deep Blue AOT. The enhanced VIIRS AOT also greatly improved the
AOT retrieval data coverage over both dark and bright surfaces.

The surface reflectance ratio database is created from the atmospheric correction of measured VIIRS TOA
reflectances across the 0.1° × 0.1° grid. The atmospheric correction takes into account Rayleigh scattering,
gaseous absorption, and a background aerosol loading. Background aerosol loading is determined from find-
ing the lowest envelope AOT value at AERONET stations and then interpolating this value across the global
grid. Mostly, background AOT is negligible and assumptions concerning interpolation between AEROSOL sta-
tions or aerosol type for the atmospheric correction calculation matter little. However, in some regions, back-
ground AOT can be as high as 0.15, and then interpolation and aerosol assumptions introduce uncertainty
into the final product. There is some concern in regions with nonnegligible background aerosol loading that
comparison with AERONET will overestimate the validity of the method because the retrievals will always be
best at the AERONET station locations where the formulation data are obtained, in contrast with points
requiring interpolation from stations that may be hundreds or thousands of kilometers distant.

The algorithm is based on two assumptions. The first is that two sets of surface reflectance ratios are applic-
able across the 0.1° × 0.1° grid square, one for bright pixels and the other for dark pixels, and the second is
that there is no seasonality in surface conditions or in aerosol type when significant background AOT exists.
The first assumption was tested at two AERONET sites: Solar Village and Banizoumbou. At these two sites, the
variability in surface reflectance ratio within a 10 km area ranges from 5% to 30% of the mean, depending on
site and the choice of bands used in the ratio. This uncertainty in ratio introduces an uncertainty in AOT retrie-
val of 18% to 32%, depending on site. The effects of the second assumption of no significant seasonality have
not yet been tested.

Figure 14. Sixteen day average AOT over North Africa and the Arabian Peninsula: (a) VIIRS AOT; (b) MISR AOT.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD024859

ZHANG ET AL. ENHANCED VIIRS AOT RETRIEVAL ALGORITHM LAND 10,735



Figure 15. Smoke over thewesternUnited States on 9 September 2014. (a) VIIRS RGB image; (b) VIIRS AOT retrieval using the
surface reflectance ratios database; (c) VIIRS high quality IP AOT retrievals from current operational dark target algorithm.
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In the future, we will further improve the accuracy in the estimated surface reflectance ratios by introducing
seasonality to the database. This will be of greater importance over dark surfaces than bright surfaces
because of the seasonal change in the color of vegetation over an annual cycle. Therefore, even at the same
location, we have to use different surface reflectance ratios in different seasons. One potential solution is to
investigate the dependence of the ratios on NDVI for the dark surfaces and develop empirical equations to
model such seasonal variations, similar to what is used in the MODIS dark target algorithm [Levy et al.,
2007b]. Another solution is to build different surface reflectance ratio databases for different seasons when
we have many years of VIIRS data available.

For now, especially over truly bright barren surfaces, the algorithm presented above does indeed retrieve
AOT that meets validation criteria on an annual and global basis. In addition, the algorithm offers quantitative
aerosol loading information for case studies of important aerosol events.
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