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Abstract

Aerosol Optical Depth (AOD) is one of the important parameters to characterize the physical properties of the atmospheric
aerosol, which is used to describe the extinction characteristics of the aerosol, and also to calculate the aerosol content, to
assess the degree of air pollution and to study aerosol climate effect. To study the historical change of aerosol in long-time
series, the advanced very high resolution radiometer (AVHRR) data earliest used for aerosol research was used in this
study. Due to the lack of shortwave infrared (SWIR) (center at 2.13 um) of the sensor, the relationship between the blue
and red bands with SWIR cannot be provided, and the visible band used to calculate the normalized difference vegetation
index (NDVI) contains the wavelength range of red and green, it is very difficult to calculate the accurate land surface
reflectance (LSR). Therefore, based on the Dense Dark Vegetation algorithm (DDV), we propose to introduce mature
MODIS vegetation index products (MYD13) to correct AVHRR NDVI, to support the estimation of AVHRR LSR,
determine the relationship between corrected AVHRR NDVI and visible band LSR, and to carry out aerosol retrieval. The
results show that about 63% of the data are within the error line, and there is a consistent distribution trend in the inter-
comparison validation with MODIS aerosol products (MYDO04).
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Introduction as a crucial parameter of the Earth-Atmosphere system,

aerosols affect the global and local climate change through

Continuous research on the remote sensing method of the
suspended particles in the atmosphere can promote the
detection and exploration of particulate pollution (Pope III
et al. 2002; Hoff and Christopher 2009). As one of the
major components of air pollutants, aerosols partly offset
the warming effect of greenhouse gases and mitigate global
warming (McMurry 2000; Kulkarni et al. 2011). However,
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the direct and indirect radiative forcing: Firstly, when the
radiation is scattered or absorbed by the aerosols, it reduces
the radiation energy between the sun and earth’s surface,
and the absorption effect causes atmospheric circulation
variation by altering the atmospheric heating rate (Sokolik
and Toon 1996; Charlson et al. 1992). Secondly, aerosols
can influence precipitation and visibility as cloud conden-
sation, and the effect of particulate matter on cloud for-
mation is mainly determined by the particle size and
chemical composition of aerosol (Li et al. 2011; Varnai and
Marshak 2018; Liu et al. 2019). In particular, fine aerosols,
including PM10, PM2.5, and PMO.1 (Wei et al. 2019a;
Wei et al. 2021a, b), may reach lung cells through human
respiration, thus affecting human health (McGuinn et al.
2017; Hoff and Christopher 2009). Therefore, the moni-
toring of aerosol optical properties and spatio-temporal
distribution characteristics is an important basis for an
accurate evaluation of aerosol climate effects and effects
on air quality (Al-Saadi et al. 2005).
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Ground-based aerosol can provide detailed information
about the optical and microphysical radiation properties of
aerosol at the regional scale (Wang et al. 2015). From the
characterizes of quick temporal and spatial variation of
aerosol, the ground-based aerosol is much limited in
revealing the spatial distribution and variation of aerosol.
Meanwhile, satellite remote sensing techniques can realize
a wide-scale, real-time, and synchronous aerosol observa-
tion, thereby providing an effective tool for aerosol
research (Midhuna et al. 2017; Tian et al. 2018; Wei et al.
2019b; Tian et al. 2020).

Kaufman and Sendra (1988) proposed the DDV (Dense
dark vegetation) algorithm for applying automatic atmo-
spheric corrections to visible and near-infrared (NIR)
satellite imagery. In the DDV algorithm, Kaufman et al.
(1997a) regarded dense dark vegetation as a dark object
and measured the land surface reflectance (LSR) of vege-
tated areas, such as pasture land and forests. In the pasture
land, the range of reflectance is 0.025-0.04, and due to the
shadows of tall vegetation, the reflectance can be
decreased. The reflectance of forests is lower than that of
pasture land, and the range is about 0.01-0.03. Considering
the wide distribution of forests and their optical charac-
teristics are rather stable, the dense dark vegetation was
used to AOD retrieval and atmospheric correction. Future
version of DDV algorithm have been applied to retrieve
aerosol data over the land by using a moderate resolution
imaging spectroradiometer (MODIS) (Zhang et al. 2019;
Kaufman et al. 1997b; Levy et al. 2007). Compared with
visible wavelength, the middle infrared (mid-IR) wave-
length is less affected by aerosol, and the radiative effect
factors of aerosol on the dark surfaces are more single than
the brighter surfaces, dominated by the scattering effect.
Therefore, Kaufman et al. (1997a) proposed the 3.8 pm
and 2.13 um reflectance relationship to reflectance in the
visible bands. However, the reflectance of 3.8 um has to be
corrected for thermal emission and water vapor absorption.
Therefore, these algorithms set the LSR to a fixed value
and are either based on prior experience or the stable linear
relationship between the LSR of blue and red bands with a
shortwave infrared (SWIR) band.

The National Oceanic and Atmospheric Administration
(NOAA) polar-orbiting meteorological series satellites
launched in 1979, and the Advanced Very High Resolution
Radiometer (AVHRR) aboard the NOAA can provide
historical satellite data for nearly 40 years. Therefore,
NOAA AVHRR data are crucial in aerosol research.
AVHRR sensor is one of the earliest sensors used in marine
aerosol research (Stowe et al. 1997, 2002; Husar et al.
1997; King et al. 1999). The sources of aerosol on the
ocean are simple, and the aerosol model is fixed, in addi-
tion to extreme conditions (solar flare, etc.), the LSR on the
ocean is very low in the blue, green, and NIR bands.
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Compared with marine aerosols, the terrestrial aerosols are
affected by many factors, and LSR varies with time.
Aerosol sources over land are complex, and there are
obvious differences in the composition of different regions.
Moreover, the land cover types are complicated and vari-
ous, and the LSR of ground objects is different, and there
are obvious differences in the composition of different
regions. When the LSR is calculated, it is important to
consider the contribution of the reflectance of the top of the
atmosphere to different land cover types in aerosol
retrieval.

Based on the DDV algorithm, Holben et al. (1992)
retrieved AOD over land from AVHRR data with a visible
band and revealed a close relationship between the dark
targets and the normalized difference vegetation index
(NDVI). In the retrieval experiments, the red and NIR
bands in vegetated areas show obvious differences in their
reflectance, the dark targets are determined via the spectral
characteristics of vegetation in the visible and NIR bands,
and the AOD over the Amazon forested region is retrieved
considering the characteristics of the study area and under
the assumption that the dark targets region has the LSR of
0.02. However, this method determines LSR based on
experience, and the LSR does not take a fixed value
because each region has varying surface characteristics.
Therefore, many new algorithms for AOD retrieval have
been proposed.

For instance, Takemata et al. (2006) fitted the LSR
relations between the visible and third bands (3.55 um-—
3.93 um) by using 31 datasets. However, the radiance at
3.8 um is affected both by thermal emission and by the
reflected radiation from the solar. The variation of land
surface temperature will have a great influence on the
radiance, thereby increasing the uncertainty of the reflec-
tance relationship between the two bands (Kerber and
Schutt 1986). Mei et al. (2014) added the MODIS 2.13 pum
band and VI to improve LSR estimation accuracy. Xue
et al. (2017) established a statistical relationship between
the LSRs of the visible and third bands combined with
NDVI. These algorithms are improved by introducing VI,
but the “apparent reflectance” instead of the “LSR” is
used in the computational process. They do not consider
the effects of atmospheric conditions on the VI. If the
atmosphere is clear, then the atmosphere produces minimal
influence on the VI, and such influence may be counter-
acted in the form of a “ratio” (Kaufman et al. 1992).
However, an increase in the number of aerosol particles
and water vapor in the atmosphere will either increase or
decrease the apparent reflectance of the two bands, while
the molecular scattering will increase such reflectance. In
this case, when calculating VI, the “LSR” is not equal to
the “apparent reflectance” (Goward et al. 1991). Hsu et al.
(2017) described a new extension of the Deep Blue (DB)
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algorithm to AVHRR over the land, and developed a
modified NDVI database method to determine the LSR for
AVHRR in the vegetated areas, this database was corrected
with Rayleigh scattering and atmosphere (Sayer et al.
2017). However, this algorithm is greatly influenced by
Aqua MODIS Collection 6 Deep Blue AOD product, to
correct the background AOD for the NDVI database
calculation.

In this paper, a new method for LSR estimation in AOD
retrieval is proposed. Given the shortcoming of the
AVHRR sensor, the process of LSR estimation in the DDV
algorithm is improved. The MODIS VI product Collection
6 (MYD13 C6) is introduced into the estimation process to
correct AHVRR NDVI, reduce the influence of the atmo-
sphere, and the statistical relationship between NDVI and
LSR is established by using the corrected AVHRR NDVI.
Aerosol retrieval was performed using NOAA-19 AVHRR
L1B data and uses the AOD measured on the ground
(AErosol RObotic NETwork, AERONET) to validate the
accuracy of the retrieved AOD and inter-comparison vali-
dation with MODIS aerosol products.

Materials and Methods
General Principle

The energy received by satellite is computed as follows:

p*(TOU Hgs Hys ¢) = pO(TOH Hgs Hys (,ZS)

sy T kT @) (1)
where p*(t,, i, i, ¢) is the apparent reflectance at the
TOA, po(T4, K, Uy, @) is the path radiance coming from the
Rayleigh scattering reflectance of atmospheric particles
and the Mie scattering reflectance of aerosols, T'(1, i ) and
T(ty,pt,) are the downward and upward atmospheric
transmissivities, and S(t,) is the atmospheric hemispheri-
cal reflectance. u; and y, are the cosine values of 0 (solar
zenith angle) and 0, (satellite zenith angle), ¢ is the rela-
tive azimuth angle between solar azimuth angle and
satellite azimuth angle, and 7, is the AOD.

Equation (1) shows that the difference between the
apparent reflectance and LSR can be attributed to the
contributions of substances (e.g., aerosols, clouds, and
gases) to the apparent reflectance. However, the difficulty
of aerosol retrieval in satellite remote sensing techniques is
the decoupling of the earth-atmosphere system, it is crucial
to separate the atmospheric effect from the surface effect
and estimate the LSR. The spectral difference of vegetation
at different bands (visible, NIR, SWIR bands) and atmo-
spheric influence are the basis of AOD retrieval using the
DDV algorithm (Kaufman and Sendra 1988; Kaufman

et al. 1997a). However, the AVHRR sensor band does not
apply to this algorithm, when the LSR needs to be deter-
mined by SWIR, because of its unique design. For AVHRR
aerosol retrieval, the DDV algorithm mainly uses prior
knowledge to determine the LSR. When the vegetation
density is very dense, the reflectance is affected by shad-
ows. However, the optical characteristics of dense vege-
tation are rather stable. Given that different vegetation
types show minimal variances in their reflectance when the
solar zenith angle is assumed constant (Kimes et al. 1986;
Kaufman 1988). However, the dark targets are selected
based on the empirical threshold of NDVI. Considering the
limitations of the traditional AOD retrieval method, the
AVHRR NDVI for selecting dark targets and calculating
LSR can only be obtained based on the apparent reflectance
after radiometric calibration, but the apparent reflectance
includes atmospheric reflectance and LSR. Therefore,
precisely calculating LSR is crucial in AOD retrieval. In
this paper, AVHRR NDVI is calculated based on apparent
reflectance and is corrected by using MYDI13 NDVIL
MYDI13 is produced based on the MODIS LSR product,
removes the influence of cloud, atmosphere, and nearby
ground features. The AVHRR aerosol retrieval is realized
by using the relationship between LSR in the visible band
and NDVIL

Retrieval Model

The LSR of red and NIR bands can reduce the effects of
clouds and atmospheric environments on the NDVI cal-
culations. The analysis of the correlation between channel
1 and NDVI reveals the following linear relationship
among the LSRs of the channel 1 with different vegetation
coverages:

pied =a; X NDVI + b, (2)

where p},; is the LSR of the channel 1, NDVI is the NDVI
of densely vegetated areas, a; and b; are the correlation
coefficients. NDVI is calculated as

NDVI = Pir — P (3)

PNir + PR

where py, and p¥ denote the reflectance of the NIR and
red bands. The AVHRR data are resampled to a 1000 m
resolution. Moreover, the effect of vegetation on AOD
showed large spatial and temporal heterogeneity, the dis-
tribution and density of vegetation in various regions are
different from each other. Thus, the AVHRR NDVI results
need to be corrected (Mishra et al. 2018).

The same NDVI threshold is used to ignore the differ-
ence between the surface types, resulting in an inaccurate
estimation of the LSR on the regional scale. Under a 1 km
spatial resolution, the AVHRR data are divided into
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10 km*10 km blocks, and the AVHRR NDVI is corrected
by contrast stretching (Gillespie 1992; Yang 2006). To
reduce the impact of calculation means and to improve the
accuracy of the results, the AVHRR NDVI is corrected as
follows (AVHRR NDVI,,,):

fid) =2 L)) —a +d (@

where f(i,j) is the AVHRR NDVI, &' and b’ are the min-
imum and maximum MYDI13 NDVI values of vegetated
areas, a and b are the minimum and maximum AVHRR
NDVI values in the same vegetation areas, and g(i,j) is the
AVHRR NDVI.,,. MODIS VI products (MODI13 and
MYD13) are developed based on existing VI and improves
the AVHRR NDVI products (Nagol et al. 2014; Gitelson
and Kaufman 1998). These products are calculated using
the MODIS LSR products, avoid the water vapor absorp-
tion band at around 0.72 um, and take some factors, such
as atmosphere, angles, and leaf canopy background, into
consideration. The 16-day synthesized global MYD13 A2
selects the optimal data through the maximum value
composites and considers the influence of cloud and
observation geometries, the marginal distortion is also
corrected based on MODIS L1B data (Chen et al. 2011;
Didan 2015). The MYD13 A2 with a spatial resolution of
1000 m (close to the resolution of AVHRR) is used to
minimize the errors resulting from the joint usage of
MODIS and AVHRR data. When determining a, b, a’, and
D', using MYD13 A2 to determine a proportion of dense
vegetation pixels in the same area of AVHRR NDVI, the
AVHRR NDVI is sorted via percentage matching to avoid
direct pixel matching (Sun et al. 2010). Correcting
AVHRR NDVI by using MYD13 NDVI avoids mutual
spectral transformation and reduces the influence of the
spectral differences among varying sensors on the accuracy
of NDVI determination.

To accurately estimate the LSR in vegetated areas, the
AERONET measurements, the AVHRR angle data, and the
images after preprocessing are included in Eq. (1). The
relationship between the AVHRR LSR of the visible band
and NDVI,,,,. is then fitted based on the LSR estimations.
The biggest difference between this method and the tradi-
tional algorithm is whether the LSR is a fixed value or not,
and how to reduce the influence of the atmosphere in the
calculation of AVHRR NDVT is considered. Using mature
NDVI products to correct AVHRR NDVI can reduce the
influence of atmospheric effects on NDVI and make NDVI
more reliable. The correlation coefficient (RZ) between
AVHRR NDVI,_,,, and AVHRR LSR of the visible band is
0.5061:

0= — 0.1415 x NDVI,,,, + 0.1548 5)
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Based on the AVHRR LSR determination model
(Eqg. (5) and Fig. 1), and AOD retrieval is performed in
mid-eastern America from June to October 2016.

Mid-eastern America (24°30/ to 46°49'N, 98°80’ to
72°20'W) is chosen as the study area, which is dominated
by farmlands, forests, and grasslands, with high vegetation
coverage (Fig. 2).

NOAA AVHRR Data

The NOAA satellite is equipped with the AVHRR, which
is one of the earliest sensors applied in aerosol research.
This radiometer has six spectral bands: 0.58-0.68 pm
(channel 1), 0.72-1.0 um (channel 2), 1.58-1.64 um
(channel 3A), 3.55-3.93 um (channel 3B),
10.30-11.30 pm (channel 4), and 11.50-12.50 pm (chan-
nel 5), the spatial resolution in High Resolution Pic-
ture Transmission (HRPT) mode is 1.1 km by 1.1 km. The
AVHRR has a wide swath of spatial coverage (2400 km),
and observe the same position twice a day at 14:00 and
02:00 (ascending and descending). Because of the influ-
ence of the solar reflected signal, we can only use the
daytime node here.

The NOAA-19 AVHRR LIB data are processed via
radiometric calibration, geometric correction, and cloud
detection. Details on the radiometric calibration method
can be found in the NOAA KLM User Guide with NOAA-
N, -N’ Supplement (Goodrum et al. 2009). The calibration
coefficients and observation geometries (e.g., solar zenith
angle, view zenith angle, and relative azimuth angle) are
obtained from the NOAA-19 AVHRR LI1B data. The
apparent reflectance of the visible and NIR bands as well as
the brightness temperature of channel 4 and channel 5 are
also obtained. Cloud detection is performed based on
clouds in the AVHRR (CLAVR) algorithm, which is used
to detect differences in the surface radiation characteristics
(e.g., radiation emission and reflection, radiation wave-
length, and spatial variation) and physical attributes of
clouds and underlying surfaces (Stowe et al. 1991, 1999;
Bulgin et al. 2018).

MODIS Product

The MODIS 16-days 1000 m VI product (MYDI13A2 C6)
supplies both NDVI and the Enhanced Vegetation Index
(EVI), it is produced based on MODIS land surface
reflectance product and corrected for atmospheric gasses
and aerosols. The MODIS NDVI product was used in this
study, after screening of data based on quality control and
ancillary information, the two largest NDVI values for each
pixel every 16 days were determined, finally, the NDVI
value with the nearest to nadir view was selected (Gallo
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Fig. 2 The land cover type of study area and AERONET sites

et al. 2005). The MODIS NDVI product from June to
October 2016 (summer and autumn) was selected to correct
AVHRR NDVI, with a total of 10 images, Fig. 3 shows
four NDVI images of the study area where the oceans and
lakes are represented by the color blue and the NDVI is
represented by the colors red and green with a range of
—0.2-1. A positive NDVI indicates that the study area is
covered with vegetation, while a negative or zero NDVI
indicates that the study area is covered with clouds, water,
snow, rocks, or bare soil. Most of the study area is covered
with vegetation, and the coverage initially increases and
then decreases.

The MODIS aerosol product (MOD04/MYDO04) is cur-
rently available in three versions, namely, collection 6
(C6), collection 5.1 (C5.1), and collection 5 (C5). In C5,
only the DDV algorithm is used for the land aerosol
retrieval. Meanwhile, C6 and C5.1 are the improved ver-
sions of C5. The effects of cloud, scattering angle, and VI
on AQD retrieval are taken into account in the DDV
algorithm (Levy et al. 2007). For the bright areas (e.g.,
desert area, urban area, etc.) that cannot be retrieved by the
DDV algorithm, the DB algorithm is introduced to extend
the range of AOD retrieval (Hsu et al. 2019). Besides, two
aerosol products (with 3 km and 10 km spatial resolutions)
are available in C6. The MYDO04 C6 (3 km) product was

@ Springer
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selected as data in inter-comparison validation because it
used traditional methods to reverse aerosols and was
closest to the surface type in this study (Remer et al. 2013),
and Fig. 4 shows the spectral response functions of the two
sensors in the visible and NIR bands.
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AERONET Ground-Measured Data

AERONET is a global network of ground-based sun/sky
radiometers that mainly measures surface AOD, which is
mainly used for evaluating the AOD retrieval results. This
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tool provides long-term, continuous, and free aerosol
datasets through network sharing. Aerosol data are
acquired from the observation sites every 15 min. By
providing ground monitoring data, AERONET reduces the
influence of uncertain factors, such as atmosphere and
cloud, and obtains a precision of about 0.01-0.02, which is
three to five times larger than the precision achieved via
satellite retrieval (Holben et al. 2001; Chin and Kahn
2009). AERONET also provides AOD values from three
different levels (1.0, 1.5, and 2.0) and eight channels (340,
380, 440, 670, 870, 940, 1020, and 1640 nm). The levels
1.5 and 2.0 data are processed via cloud filtering and
quality control (Giles et al. 2019; Wang et al. 2015). In this
paper, levels 2.0 data are applied to 14 sites that are mainly
distributed in vegetated areas (Fig. 2 and Table 1).

Results

Validation with the MODIS Aerosol Product

The MODIS aerosol product from the same region and
with the same imaging time is used to compare with the
AVHRR AOD. The same AERONET sites (levels 2.0)
(Table 1) are used to verify daily AVHRR AOD and
MYDO04 AOD, and the results are shown in Fig. 5 (repre-
sented by three solid lines). It is found that the change of
MYD04 AOD and AVHRR AOD is larger than that of
AERONET AOD, the AOD varies from 0 to 0.4, and the
consistency between MYD04 AOD and AERONET AOD
is better than that of AVHRR AOD and AERONET AOD.
However, the difference between the three data sets is
almost less than 0.1. The reason may be that different
observation modes between remote sensing and ground
monitoring method, they are affected by different degrees

of the atmosphere. Comparing the daily AVHRR AOD
with MYD04 AOD (represented by a dotted line), the
change of the difference between the two data is mainly
related to the change of AVHRR AOD. One possible rea-
son for this result is that this aerosol retrieval method of
AVHRR is related to NDVI, and the change of NDVI will
lead to different aerosol retrieval results. Another reason
could be the limitation of AVHRR, such as the calibration
method, cloud detection method. Because of the small
number of spectral bands and a wide range of wavelengths
in AVHRR, the result of cloud detection is not as good as
that from MODIS.

In Fig. 6, the left panel represents the monthly AVHRR
AOD, and the Right panel represents the collocated dif-
ferences between the AVHRR AOD and MYD04 AOD
over the same area from June to October. The difference
maps (AVHRR AOD—MYDO04 AOD) show that the
AVHRR AOD is similar to the MYD04 AOD. By com-
paring the difference between the two data, the biases are
generally between —0.1 and 0.1, and the influence of the
cloud edge on AVHRR is reduced. These findings are
similar to those obtained by previous studies (Xue et al.
2017; Sullivan et al. 2015). The result at 0.64 pm over
many areas is lesser than 0.5. Besides, AVHRR AOD and
MYDO04 AOD apply different cloud detection algorithms,
while the AVHRR data lack mature algorithms and prod-
ucts. MYDO04 AOD has a higher retrieval accuracy and a
more continuous spatial distribution than AVHRR AOD.

Validation with AERONET

To further evaluate the retrieval algorithm, 14 AERONET
sites are selected for verification. Two types of data need to
be matched to ensure the spectral, temporal, and spatial
consistency of the verification data and AVHRR AOD.

Table 1 Information on the

AERONET stations Sites

Latitude (°N) Longitude (°W) Altitude (m)

Billerica
BONDVILLE

Cart Site

Dayton

Georgia_Tech
IMPROVE-MammothCave
NEON Harvard
SEARCH-OLF
SEARCH-Yorkville
Sigma Space Corp
Sioux Falls
Tallahassee

U of Wisconsin SSEC
UAHuntsville

42.528 71.269 773
40.053 88.372 922
36.607 97.486 1020
39.776 84.110 948
33.780 84.400 986
37.132 86.148 940
42.537 72.173 1060
30.550 87.375 752
33.928 85.046 1100
38.593 76.836 744
43.736 96.626 1190
30.446 84.299 741
43.072 89.411 973
34.725 86.645 906
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Fig. 6 Monthly AOD from AVHRR AOD and the differences
between the AVHRR AOD and MYD04 AOD: 1) AVHRR AOD and
2) AVHRR AOD—MYDO04 AOD. a Monthly average of 06/2016,

Given that aerosols are retrieved over the land at the visible
band, the AERONET measurements at 675 nm are used for
the verification. On the temporal scale, the AERONET
measurements within = 30 min of the satellite overpass
time are used for the linear interpolation, and the satellite
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overpass time is set as the acquisition time (Sun et al.
2016). On the spatial scale, according to the cloud mask
obtained by the CLAVR algorithm, the cloud cover within
10 km around the site is estimated and the clear pixels are
selected for the verification.



Journal of the Indian Society of Remote Sensing

EE = £(0.05 + 0.257) (6)

The retrieval results are evaluated according to the error
criteria of AVHRR (Eq. (6)). Two types of data are com-
pared based on the correlation coefficient (R) and root
mean square error (RMSE). Figure 7 compares the
regression analysis results for AVHRR AOD with the
AERONET measurements at 14 sites, where the black
dashed lines represent the error lines of AVHRR (Hsu et al.
2017; Sayer et al. 2017). Considering that the pixels
involved in retrieval over the vegetation areas are clear sky
pixels, AVHRR AOD and in situ AOD measurements are
relatively small. There are 436 sets of data, and the cor-
relation coefficient R is 0.2178. About 63% of the data are
within the error line, with an RMSE of 0.13. Compared
with the in situ AOD measurements, when the AVHRR
AOD is greater than 0.2, there is an overestimation. The
cause of overestimation may be cloud contamination, or
inappropriate aerosol properties in the LUT because aero-
sols in mid-eastern America is dominated by fine mode
aerosol with weak absorption (Li et al. 2013).

Discussion and Conclusion

Considering that the NDVI calculated by the apparent
reflectance is used for the LSR estimation, which may
cause larger errors in the AOD retrieval, therefore, the
mature NDVI product was used to correct NDVI calculated
by apparent reflectance in this study. The MYDI13A2
NDVI product was selected, which the effects on the
atmospheric gases, aerosol, thin cirrus clouds, water vapor,
and ozone were considered more comprehensively, and the
results after the atmosphere correction were more reliable.
The AVHRR NDVI used in this paper was produced based
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Fig. 7 Retrieval results of AERONET measurements and AVHRR
AOD

on apparent reflectance, without atmosphere correction,
aerosol particles usually cause an increase in the radiance
in channel 1, and cause the mixed effect in channel 2, and
water vapor reduces the apparent reflectance measured in
channel 2, both effects reduce the vegetation index
(Kaufman et al. 1992). This is also reflected in Table 2, the
mean values of corrected AVHRR NDVI were greater than
the mean values of uncorrected AVHRR NDVI. Therefore,
it is very necessary to correct the NDVI without atmo-
sphere correction.

To study the influence of uncorrected and corrected
AVHRR NDVI on the accuracy of AOD retrieval, we also
fitted the linear relationship between uncorrected AVHRR
NDVIs and the LSRs of the channel 1 and used it for AOD
retrieval, the correlation coefficient (R?) between AVHRR
NDVI and AVHRR LSR of the visible band was 0.3875,
which was about 0.1 lower than the R? that corrected
AVHRR NDVI. The monthly variations of the AOD
retrieved using the uncorrected and corrected AVHRR
NDVI, respectively, were calculated, Table 2 shows that
the AOD retrieved using uncorrected AVHRR NDVIs were
significantly overestimated, and the RMSEs were about
0.2, but the overestimated proportions of AOD retrieved
using corrected AVHRR NDVIs were significantly
reduced. It can be seen from Table 3 that the uncorrected
AVHRR NDVIs were low, which lead to low LSRs and
overestimation of AOD. The mature NDVI products were
used to correct AVHRR NDVI, which can effectively
improve the accuracy of AOD retrieval, but there was still
an overestimation of 20%—40% and needs to be studied in
the future.

In this paper, a method for LSR estimation of AVHRR
sensors is proposed and applied to aerosol retrieval. This
method mainly uses mature NDVI products, improves the
AVHRR NDVI in LSR estimation, and applies it to mid-
eastern America from June to October 2016. Based on the
preprocessing and cloud detection of NOAA-19 AVHRR
L1B data, aerosol retrieval is carried out. The key step is to
use MYD13 NDVI, to improve AVHRR NDVI (NDVI,,,),
and establish a statistical model between AVHRR LSR and
NDVI,,. The retrieval results obtained by the improved
algorithm are validated. The results show that there is a
good correlation with in situ AOD measurements and is
consistent with the spatial distribution of MYD04 AOD
products after monthly synthesis. Although this algorithm
minimizes the disadvantages of using the DDV algorithm
for AOD retrieval, future studies need to consider the
following:

(1)  When constructing the LSR dataset, the relationship
between AVHRR NDVI and LSR is mainly consid-
ered. And this algorithm is mainly dependent on
NDVI. Although NDVT has little change in a short
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Table 2 The NDVI mean and

Time AVHRR NDVI AVHRR NDVI.,, N
stdev of uncorrected and
corrected AVHRR NDVI NDVI mean NDVI stdev NDVI mean NDVI stdev
201,606 0.484 0.133 0.651 0.171 78
201,607 0.557 0.132 0.75 0.144 52
201,608 0.528 0.116 0.775 0.115 63
201,609 0.420 0.117 0.668 0.148 108
201,610 0.399 0.115 0.613 0.118 135
Table 3 The evaluation statistics of uncorrected and corrected AVHRR NDVI
Time AVHRR NDVI AVHRR NDVI,,, N
RMSE Above EE (%) Below EE (%) Within EE (%) RMSE Above EE (%) Below EE (%) Within EE (%)
201606  0.202 88.462 0.000 11.538 0.090 34.615 6.410 58.974 78
201607  0.208 84.615 1.923 13.462 0.095 23.077 5.769 71.154 52
201608  0.233 87.302 1.587 11.111 0.152 22.222 11.111 66.667 63
201609  0.183 87.037 0.000 12.963 0.097 41.667 0.000 58.333 108
201610 0.173 82.963 0.000 17.037 0.089 37.037 0.000 62.963 135

time on a regional scale, it is sensitive to the
response of environmental changes over different
regions. It has obvious temporal variation and spatial
heterogeneity, leading to greater changes in AOD.
Moreover, the AVHRR sensor has a large scanning
angle and wide scene coverage. Therefore, the
observation angle and other factors can bring some
differences to the retrieval results.

(2) The requirements for effective cloud detection play a
significant role in AOD retrieval. The observation
cannot be effectively retrieved if contaminated by
cloud or snow/ice. Besides, the reflection character-
istics of typical surface types are analyzed, and the
influence of LSR on aerosol retrieval is considered.
The influence of other factors (e.g., aerosol type,
seasonal conditions, etc.) needs to be studied further.

Retrieving long-term AOD over land from NOAA
AVHRR data is of great significance in follow-up research.
Future experiments need to consider more holistic data,
such as aerosol properties and analyze the uncertainty of
different aerosol and land cover types to improve the
flexibility and precision of the algorithm.
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