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Quantitative Analysis of Aerosol Influence on
Suomi-NPP VIIRS Nighttime Light in China

Xuejun Wang *“, Xihan Mu

Abstract—As a primary nighttime light (NTL) data source, the
day/night band (DNB) sensor of the visible infrared imaging ra-
diometer suite (VIIRS) is used in a wide range of studies. How-
ever, this signal is influenced by the atmosphere and may cause
uncertainty while monitoring ground NTL. Given the lack of the
quantitative analysis of the atmospheric effect on NTL, this study
analyzes the relationship between VIIRS DNB NTL radiance and
aerosol optical depth (AOD) in the urban areas of Beijing and three
other Chinese cities of different urbanization levels. Results suggest
a significantly negative relationship between the NTL radiance and
AOD. The linear and log-linear models generate similar coefficients
of determination (R?) for the AOD and NTL data, which vary
for different urban centers. In Beijing, where the aerosol robotic
network observations are available, R? reached 0.655 between the
monthly NTL radiance and AOD. A slight decrease of R*> occurred
while using the Himawari AOD. The relationship between the
NTL radiance and AOD varies among the cities. The NTL radi-
ance may decrease by approximately 10 nW.cm~2sr~! when daily
AOD increases one unit. For Beijing, this decrease may be above
15 nW.cm~2sr~! which is comparable with the threshold used to
extract urban areas. These findings underscore the importance of
AOD in the application of NTL data that are potentially useful
in the reconstruction of stable time series VIIRS DNB images by
removing the aerosol effects.

Index Terms—Aerosol optical depth (AOD), atmospheric effect,
nighttime light (NTL), national polar-orbiting partnership visible
infrared imaging radiometer suite (NPP-VIIRS), quantitative
analysis.

1. INTRODUCTION

IGHTTIME light (NTL) remote sensing data reflect the

distribution and intensity of the artificial light at night. The
two main sources of NTL data are the defense meteorological
satellite program—operational linescan system (DMSP OLS) and
visible infrared imaging radiometer suite (VIIRS) day/night
band (DNB) sensor, onboard the Suomi national polar-orbiting
partnership (NPP) and joint polar satellite system satellite plat-
forms [1]. The DMSP OLS data were no longer the primary
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data being processed for NTL after 2013 when the VIIRS DNB
data were available. Compared with DMSP OLS, the VIIRS
DNB has significant improvements in sensor resolution and
calibration, which can acquire a global daily nighttime visible
and near-infrared information from cities, towns, industrial sites,
and other human activities [2]. These improvements allow for
better monitoring of both the magnitude and signature of the
nighttime phenomena. The VIIRS DNB NTL images are used
in a wide range of research fields, including demographic and
socioeconomic indicators [3]-[9], short-term features detec-
tion [10]-[13], settlement dynamics [14]-[18], nighttime at-
mospheric properties [19]-[25], short- and long-term change
detection [26]-[28], and other topics, such as light pollution
[29], [30] and CO5 emissions [31], [32].

Numerous factors, including moonlight, atmosphere, snow,
and clouds, affect the quality of the NTL images [33] and
adversely impact the data application and analysis. Atmospheric
scattering [34] and absorption [35] (especially the atmosphere
with high-concentration aerosols) can considerably affect the
signal detected by the satellite sensor. An aerosol optical depth
(AOD) is an important parameter in measuring the degree of
atmospheric extinction that can also be used as an effective
substitute to track the evolution of the aerosol-induced air
pollution [36]. The VIIRS DNB radiance is sensitive to the
changes of aerosols and, thus, can be used as an indicator of
air quality changes [23]. Johnson et al. [19] and McHardy et al.
[20] presented the methods of retrieving nighttime AOD using
the contrast between the adjacent VIIRS DNB pixels. Roman
etal.[37] proposed an atmospheric correction method for VIIRS
DNB daily products. However, most studies and analyses do
not consider aerosols when using NTL data. Limited research
quantitatively explores the relationship between the aerosols and
NTL radiance.

A heavily polluted atmosphere with increased AOD may
produce an even greater impact on the quality of NTL images.
Air pollution is increasingly becoming severe in developing
countries with rapid economic growth and urbanization [38].
Air pollution in China gradually worsened since the year 2000
and has recently drawn public attention [39]. At present, the air
quality in China is improving due to adopted systematic mea-
sures [40], [41]. Therefore, an analysis is important to determine
the atmospheric effect and its extent on the NTL data in China.

This study aims to quantitatively investigate the relationship
between the NTL radiance and AOD using the daily and monthly
data in China. Four Chinese cities of different sizes and urban-
ization levels are selected as study areas. The urban centers
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Fig. 1.  Study areas.
TABLE I
INFORMATION OF STUDY AREAS

City Land Area (km®) Average PM2.5 Urban Population Urbanization Rate *  Climate

in 2015 (um/m3) (10000 persons) (%)
Beijing 16410.54 81 1876.6 86.45 Temperate semi-humid continental monsoon
Wuhan 8569.15 70 871.87 80.04 Subtropical humid southeast monsoon
Chengdu 14335 64 1152.81 71.85 Subtropical humid southeast and southwest monsoon
Meishan 7134 62 133.18 44.77 Similar to that of Chengdu

4The proportion of the urban population to the total population. Data are obtained from the statistical yearbook for 2017 of four cities.

are extracted and then two regression formulas are applied to
evaluate the relationship between the NTL radiance and AOD.
The VIIRS DNB NTL data are adopted to study the quantitative
impact of aerosols.

The rest of this article is organized as follows. Section II
introduces the study areas and data used. The data preprocess
procedure, extraction of urban centers, statistical analysis, and
linear regression are described in Section III. Results and dis-
cussion are found in Sections IV and V, respectively, and the
conclusion is presented in Section VI.

II. STUDY AREAS AND DATA
A. Study Areas

The four cities under the study include Beijing in northern
China, representing a highly urbanized and developed city.
Chengdu in western China and Wuhan in central China are the
respective capitals of Sichuan and Hubei provinces, represent-
ing large cities and regional economic centers. Meishan is a
middle-sized city in Sichuan Province, representing the cities
undergoing the urbanization (see Fig. 1 and Table I).

Beijing (39.4°—41.6°N, 115.7°-117.4°E) is the capital of
China and is located in the northern part of the North China Plain.

This area is characterized by a monsoon-influenced semihumid
continental climate and features a high-temperature rainy sum-
mer, cold and dry winter, and short spring and autumn. Beijing
is one of the largest cities in the world and has become heavily
polluted due to the rapid urbanization and industrialization over
the past two decades [38]. Systematic measures, such as the
desulfurization treatment in coal-fired power plants [42] and
upgrading fuels for vehicles [43], have been applied. Thus, air
pollution has been alleviated in recent years.

Wuhan (29°58'-31°22'N, 113°41'-115°05'E) is located in the
eastern part of the Jianghan Plain and at the intersection of
the Yangtze and Han rivers. This area is a subtropical humid
southeast monsoon climate zone with abundant rainfall and heat,
cold winter and hot summer, and distinct four seasons. Chengdu
(30°5'-31°26'N, 102°54'-104°53'E) is located in the western
part of Sichuan Basin and the eastern edge of Qinghai—Tibet
Plateau. The overall terrain is high in the northwest and low in
the southeast. Chengdu is a subtropical humid and semihumid
monsoon climate zone with a mild climate, long frost-free pe-
riod, abundant rainfall, and limited sunshine. Meishan (29°24'—
30°16'N, 102°49'-104°30'E) is located in the southwestern part
of the Chengdu Plain in the Sichuan Basin and the climate is
similar to that of Chengdu. The city is a vast plain with the



WANG et al.: QUANTITATIVE ANALY SIS OF AEROSOL INFLUENCE ON SUOMI-NPP VIIRS NIGHTTIME LIGHT IN CHINA

mountainous area in the west and hilly area in the east. The
details are illustrated in Table I.

B. VIIRS Data

The Earth Observation Group in the National Oceanic and
Atmospheric Administration’s National Geophysical Data Cen-
ter (NOAA/NGDC) of the United States released the monthly
global NTL composite data from the VIIRS DNB. Data from Au-
gust 2015 to December 2018 were downloaded' to analyze the
relationship between the NTL radiance and AOD. Each monthly
tarball contained two files, namely, the average DNB radiance
and the average number of cloud-free (NCF) observations. The
“vemefg” version of the data was used at a resolution of 15 arc-
second (approximately 500 m) grids and radiance values with
the units in nW-cm~2-sr~!. These data were produced by the
averaging values of the DNB band after excluding data near the
edges of the swath and data impacted by twilight, stray light,
lightning, lunar illumination, and cloud cover [44].

To estimate the aerosol effect on daily NTL radiance, the year
2016 was studied and data from the NOAA comprehensive large
array-data stewardship system were downloaded. Four types of
VIIRS data were used in this study, which are as follows:

1) VIIRS/DNB sensor data record data (SVDNB);

2) VIIRS/DNB geographical sensor data record data

(GDNBO);

3) VIIRS cloud-aggregated environment data record ellip-

soid geolocation environment data record data (GCLDO);

4) VIIRS cloud cover layers environment data record data

(VCCLO).

The SVDNB data provided the NTL radiation information.
The GDNBO data provided the corresponding geographic in-
formation for the SVDNB radiance image. The GCLDO and
VCCLO data were used to judge whether the clouds would
appear at night, so as to screen out the cloudless night. Each
SVDNB radiance image had a swath of approximately 3060 km,
which had been processed with a radiometric calibration and
stray light correction from the raw DNB radiance data [45].

C. AERONET Aerosol Data

The AERONET observation instrument provides the long-
term AOD information in different regions of the world with an
uncertainty lower than 0.02 [46]. Every 15 min, the AERONET
measures the AOD of central wavelengths, which are 340, 380,
440, 500, 675, 870, 940, and 1020 nm. The AOD data are
available at three data quality levels (levels 1.0, 1.5, and 2.0)
and three temporal scales (15 min, daily, and monthly). Level
2.0 AOD data are processed with the prefield and postfield
calibration, cloud screening, and quality control. In this study,
Version 3 Level 2.0 AOD data with the enhanced cloud screening
and quality assurance [47] at the Beijing (39.98 N, 116.38 E) and
Beijing CAMS (39.93 N, 116.32 E) sites are used to evaluate
the aerosol effect on NTL, including the daily data of 2016
and monthly data from August 2015 to December 2018. This
study used the mean AOD of the two sites at 500 nm, which

!Online. [Available]: https://eogdata.mines.edu/download_dnb_composites.
html
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was consistent with the Himawari products introduced in the
following section.

D. Himawari Aerosol Products

Himawari-8 is a new-generation meteorological satellite
launched by the Japan Meteorological Agency, Tokyo, Japan,
on October 7, 2014. The advanced Himawari imager has a
wide range of wavelengths, including 16 bands from the visible
to infrared wavelengths and 10 min observation frequency of
the full disk [48]. This satellite also provides 10 min, hourly,
daily, and monthly variability of AOD over Asia and Oceania.
In this study, Level 3, Version 3 daily, and monthly AOD are
downloaded from.? The resolution of the AOD is 0.05° at a
wavelength of 500 nm and the subdatasetnamed AOT_L2_Mean
isused. The detailed information about the products can be found
in the document.’

Beijing, as a highly urbanized capital city, generally attracts
high public attention and its AOD-related data are the most
abundant among the four cities. The quantitative analyses of
NTL radiance and AOD in Beijing are conducted with daily
and monthly data. By contrast, the other three cities have no
AERONET sites as yet and, thus, are analyzed using the monthly
Himawari AOD. Since only the daytime AOD can be obtained
from AERONET and Himawari, the AOD of two successive days
(before and after the VIIRS nighttime overpass) were averaged
for the analysis.

III. METHODS
A. Data Preprocessing

All the spatial data (including remotely sensed and admin-
istrative boundary data) were resampled to the same spatial
resolution as VIIRS DNB monthly composites (0.0041667°).
The daily NTL radiance data that did not contain all of Beijing
were excluded. Unlike the well-processed monthly NTL data
produced by NOAA/NGDC, the daily NTL data were checked
using the following flowchart, as shown in Fig. 2.

1) Step 1: The solar zenith angle (SZA) information from
the GDNBO product was extracted and the NTL radiance
data with SZA < 101° were discarded to remove the
impact of the sunlight [33]. To exclude the NTL images
contaminated by the moonlight, the local moonrise and
moonset time information* were used, and then the data
without the moonlight contamination were selected.

2) Step 2: Cloud cover data were extracted using the VCCLO.
According to these data, the clouds were masked and then
the NTL radiance data without sunlight, clouds, and bad
data were selected.

3) Step 3: The VIIRS can revisit a place more than once
every night because of the design of the satellite orbit.
Two NTL images acquired in the same area within one
night were combined by average to acquire the daily pro-
cessed data. Similarly, the satellite viewing zenith angle

2Online. [Available]: https://www.eorc.jaxa.jp/ptree/terms.html

3Online. [Available]: https:/www.eorc.jaxa.jp/ptree/documents/Himawari_
Monitor_Aerosol_Product_v5.pdf

4Online. [Available]: https:/sunrisesunsetmap.com
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TABLE II
REGIONAL SCREENING CRITERIA AND RESULTS OF DIFFERENT CITIES

City Beijing Wuhan Chengdu Meishan
Light Threshold (nW-cm™sr™) 14.145 16.88 21.7 10.41
Mean Value of Urban Area (nW-cm™sr") 27.035 26.329 36.793 16.722
Pixel Counts 7044 2271 2134 104
Proportion of Impervious Surface (%) 66.41 75.55 75.50 69.70

NTL radiance data
SZA>101°
nd moonlit2

Exclude data Step 1
YES
Cloud cover data
A
Cloud mask Step 2
Gz
YES
Calculate mean Daily processed Step 3

values data

Fig. 2. Flowchart for checking the daily NTL radiance data.

(VZA) extracted from GDNBO was also processed using
Steps 1 and 2. In addition, Himawari daily AOD at the
urban center of Beijing in 2016 were masked according
to the corresponding NTL images to ensure the regional
consistency in the subsequent analysis. The masked daily
AOD with less than 1000 pixels were excluded.

B. Extraction of Urban Centers

With dense buildings, well-developed transportation, and
more human activities, the urban centers are illuminated ar-
tificially at night, and their corresponding pixels in the NTL
images have the larger radiance values than the surrounding
suburban countryside. Moreover, urban expansion is generally
centered on the old city, which has not changed significantly
over time. The local overpass time of the NPP satellite at night
is approximately 1:30 A.M. when most of the residential indoor
lights have been turned OFF. The main light sources are the street
and infrastructure lights, which may not change much with time
[49], and thus, the light background value of this area can be
assumed to remain the same.

Shi et al. [18] extracted the built-up urban areas with the light
synthesis data of 2012 (April 18-26, 2012 and October 11-23,
2012) and obtained the light thresholds of different cities (see

Table II). This study extracts the urban centers based on these
thresholds. The details of the processes are described as follows.
1) Acquisition of urban pixels: Any pixel in the monthly light
synthesis data of April 2012 with the radiance exceeding
the threshold was identified as a city pixel. After the
threshold screening, areas with fragments were obtained.

2) Region of interest extraction: Small fragments were
deleted and the largest zone was retained. Several small
void pixels (one or several pixels were not selected) were
placed in the zone and the vector boundaries were obtained
for the urban centers of four cities, as shown in Fig. 3.

3) NTL data of urban centers: Using the vector files to extract
all the NTL images, a series of the urban center NTL
data were obtained. Similarly, NCF, Himawari daily AOD,
Himawari monthly AOD data, and 10-m-resolution land
cover data [50] were masked using vector files. Table II
illustrates the NTL data acquired at the four urban centers
(April 2012) and the proportions of the impervious surface
(2017). Fig. 3 shows the extraction results of the urban
centers of four cities, among which the urban center of
Beijing is the largest and that of Meishan is the smallest.
The proportions of the impervious surface of the four cities
are all approximately 70%.

4) The regional average radiance /and logarithm of the ra-
diance In(7)for all the NTL radiance data of the urban
centers were calculated. Furthermore, the regional average
values of NCF data were calculated and the monthly NTL
data with values lower than 3 were discarded.

C. Statistical Analysis of NTL Radiance Distribution

Anomaly is the deviation of a value from the mean of a dataset.
Based on the mean value of the daily AOD of Beijing in 2016, the
AOD anomaly (AOD) was calculated. According to the AOD4
range, the aerosol pollution was divided into five levels (Level
1-5), i.e., relatively clean, lightly polluted, moderately polluted,
heavily polluted, and severely polluted. Then, the box plot, also
known as the box-whisker plot, was applied to measure the NTL
radiance distribution according to the graded AOD. The box plot
describes data using its five statistics: minimum, first quartile,
median, third quartile, and maximum.

D. Modeling the Aerosols Effect

The relationship between the NTL radiance and AOD is
analyzed using two models, namely, linear regression (LR)
and log-linear regression (L-LR). The ordinary least squares
algorithm is widely used to fit the regression models. The LR
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Fig. 4. Monthly series of the NTL radiance and AOD for the four cities.

I =Ipe /" ©)
where [ is the initial (unattenuated) upwelling radiance from
the surface light source (artificial light) and p is the cosine of
the VZA. Then, a simplified radiation transfer equation (L-LR)
is made.

In(I)=ar +b. 3)

Equation (1) is approximately equivalent to (3) when a is
small.

The effect of VZA on the NTL data is also analyzed using a
more complicated model. Li et al. [51] discovered the relation-
ship between the artificial light radiance and satellite viewing
angles by using the daily NTL images and used a quadratic
model as in (4) to remove this impact. Combining (2) and (4), a

(a) Beijing. (b) Wuhan. (c) Chengdu. (d) Meishan.

model is reconstructed to jointly consider VZA and AOD

Iy = af* + b0 + ¢ )

(&)

where 6 denotes the VZA and a, b, ¢, and d are the coefficients.

I (a02 + b6 + c) edr/c0s(9)

IV. RESULTS
A. Time Series of NTL Radiance and AOD

Fig. 4 shows the monthly series change of the NTL radiance
and AOD of four cities. Beijing’s monthly NTL composites
of May, June, and July are missing due to poor data quality.
The monthly series image shows that the NTL radiance and
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Fig. 5. Statistics of the monthly NTL radiance and Himawari AOD informa-
tion of the four cities. RAD represents the NTL radiance.

AQD generally show an opposite change trend. The minimum
radiance values for Beijing and Wuhan are in November 2015,
while those of Chengdu and Meishan are in December 2018 and
January 2018, respectively.

As is shown in Fig. 5, the relationship among the monthly
mean NTL radiance of four urban centers is Chengdu > Wuhan
> Beijing > Meishan and that among the Himawari AOD is
Chengdu > Meishan > Beijing > Wuhan. The ranges of the NTL
radiance are 19.6-36.3 nW.m 2sr!, 20.3-37.6 nW.m 2sr !,
31.4-48.9 nW.m 2sr !, and 10.8-20.1 nW.m 2sr—! for Bei-
jing, Wuhan, Chengdu, and Meishan, respectively. All variation
ranges of the NTL radiance are higher than 15 nW.m 2sr™!
except for that of Meishan. The ranges of monthly AOD are
0.368-1.67, 0.427-1.06, 0.386-1.62, and 0.334-1.50 for Bei-
jing, Wuhan, Chengdu, and Meishan, respectively. The variation
ranges of AOD are larger than one except for that of Wuhan.

Fig. 6 shows the monthly series change of the NTL radiance
and AOD in Beijing. Both AERONET and Himawari AOD
exhibit negative correlations with the NTL radiance. The lowest
radiance value is in December 2015 and the corresponding
AOQOD is the largest. From the second half of 2015 to the first
half of 2016, the NTL radiance of Beijing shows considerable
fluctuations. The NTL radiance distinctly increases, especially
from November 2015 to February 2016. Fig. 6 shows that the
change trends of the two types of AOD are similar, although Hi-
mawari AOD is generally higher than AERONET AOD. Further
analysis shows that a similar result of the daily comparison of
AERONET and Himawari AOD in Beijing and R? is 0.743, and
the root-mean-squared error (RMSE) is 0.447 (see Fig. 7). R?
and RMSE are both higher than those in [52].

B. Analysis of NTL Radiance and AOD of Beijing

Based on the average value of the daily AOD of Beijing in
2016, the AODy, i.e., the deviation from the average, is adopted
to represent the change of AOD and air cleanliness. The ranges

Fig. 6.  Monthly change of the NTL radiance and AOD in Beijing. The red
and blue lines represent the monthly Himawari AOD and AERONET AOD,
respectively. The NTL radiance is shown with the histogram.
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Fig. 7.  Comparison of the daily Himawari and AERONET AOD (Beijing

CAMS site) in 2016. The red and black lines represent the linear trend line and
the 1:1 line, respectively.

TABLE III
GRADED AOD ANOMALY FOR BEIJING

AODy range Air pollution level Defined pollution level
AODy < -0.4 Relatively clean Level-1
—0.4 <AODy<—-0.1 Lightly polluted Level-2
—0.1 <AODy<0.1 Moderately polluted Level-3
0.1 <AODg<0.4 Heavily polluted Level-4
AODy> 0.4 Severely polluted Level-5

of AOD, are within —0.7-0.7 except for a few larger values.
Therefore, the AODy; is divided into five levels according to the
criteria given in Table III.

To illustrate the effect of AOD on the NTL radiance, the
box plot is applied to show the variation of the NTL radiance
distribution among different AOD levels. The results are derived
using AERONET and Himawari AOD, as shown in Fig. 8. The
“box,” including its inner line, solid circle, and whisker, has
a significant change at different AOD, levels. As the AOD
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Fig. 9.
The red lines denote the trend lines.

increases (from Level 1 to Level 5), the mean and median
decrease, which suggests an opposite trend between the NTL
radiance and aerosols. The 75th percentile of Fig. 8(a) and the
25th percentile of Fig. 8(b) also show a similar trend to the mean.
The box sizes for Fig. 8(a) and (b) vary because of the difference
between the two AOD products.

The relationship of the daily NTL radiance and AOD is shown
in scatter plots (see Fig. 9). The radiance decreases with the
increase of AOD for both AERONET and Himawari. The R?
values of 0.381 and 0.493 are obtained using the LR model
for AERONET and Himawari, respectively (P < 0.01). The
R? of 0.421 and 0.576 are obtained using the L-LR model for
AERONET and Himawari, respectively (P < 0.01).

The monthly analysis was carried out for the aerosol effects
on NTL data. Fig. 10 shows the relationship between the NTL
radiance and AOD by fitting with the LR and L-LR models.

The NTL radiance decreases as AOD increases. The R’
values of 0.527 and 0.655 are obtained using the LR model
for Himawari AOD and AERONET AOD, respectively. R’
changes less than 0.05 by using the L-LR model. The results are

In() (n"W-cm?sr)

N=75
20 [Y=-0.280X+3.65 2.0
R?%=0.421
P<0.01

N=75
Y=-0.349X+3.635
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P<0.01
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Relationship of the daily NTL radiance and AOD in Beijing. (a) and (b) using the LR regression model, and (c) and (d) using the L-LR regression model.

statistically significant (P < 0.01) and show that the relationship
between the NTL radiance and AOD is quasilinear.

Table IV lists the Pearson correlation coefficient r and the
corresponding coefficients a and b. The r values are lower than
—0.61 and verified the negative correlation between the NTL
radiance and AOD. The results using the L-LR model are almost
slightly larger than those obtained using the LR model, suggest-
ing that the simplified radiation transfer equation can slightly
better represent the relationship between the NTL radiance and
AOD. For the LR model, the slope a of the linear function for
Himawari AOD is less than that for AERONET AOD, indicating
their difference (see Fig. 7, Himawari AOD overall is larger than
AERONET AOD). The monthly a values are larger than the daily
a values. In general, the b values are almost consistent for each
model.

C. Comparative Analysis of Different Cities

The LR and L-LR models are used to fit the NTL radiance and
AOD of the four urban centers. As shown in Fig. 11, the order
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TABLE IV
RELATIONSHIP BETWEEN THE NTL RADIANCE AND AOD OF BEIING
Model AOD Product Time Scale r R’ a b
LR AERONET Daily —0.702* 0.493 -9.189 37.113
Himawari Daily —0.617* 0.381 -7.576 37.844
AERONET Monthly —0.809* 0.655 -15.299 39.966
Himawari Monthly —0.726* 0.527 -9.204 37.747
L-LR AERONET Daily —0.759* 0.576 -0.349 3.635
Himawari Daily —0.649* 0.421 —0.280 3.657
AERONET Monthly —0.788* 0.621 -0.524 3.734
Himawari Monthly —0.756* 0.571 —0.337 3.673
+denotes that the correlation is significant at 0.01 level.
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Fig. 11.  Scatter plots of the radiance and Himawari AOD using the (a)-(d) LR model and the (e)—(h) L-LR model for the four cities.

of a values is Wuhan (13.530) > Chengdu (9.328) > Beijing
(9.204) > Meishan (6.464) for the LR model and Wuhan (0.437)
> Meishan (0.436) > Beijing (0.337) > Chengdu (0.237) for the
L-LR model. The order of b values in the LR and L-LR models
is Chengdu (48.229, 3.890) > Wuhan (40.053, 3.717) > Beijing
(37.747, 3.673) > Meishan (21.722, 3.135), which is similar to
the order of the threshold used to determine the urban centers
(see Table II). Fig. 12 shows similar R? values for the two models,
whereas the R? value in each urban center varies significantly.

For example, the R” obtained using the L-LR model for Beijing
is 0.571, while that for Wuhan is 0.176.

D. Influence of Anisotropic Effect

The daily NTL radiance is obtained at a specific viewing
angle, which changes every day. Equation (5) is used to describe
the joint effects of VZA and AOD on the NTL radiance with
the daily data acquired in Beijing, as shown in Fig. 13. As the
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AQOD increases, the NTL radiance decreases. In addition, the
NTL radiance is relatively high when VZA is large. The R?
values are 0.497 and 0.635 for Himawari AOD and AERONET
AOD, respectively, and are slightly larger than those using the
L-LR model (0.421 and 0.576 in Table IV), suggesting that the
consideration of VZA slightly improves the correlation between
the daily NTL radiance and AOD. The coefficient d of the two
equations in (5) and Fig. 13 is almost the same as b values
in the LR model (about 37 in Table IV) and can also express
the unattenuated upwelling radiance from the surface light
source /.

V. DISCUSSION
A. Potential Impact of AOD on the Application of NTL Data

The VIIRS DNB data can be used in feature detection, fire
monitoring, urban expansion research, and population estima-
tion, which all need the thresholds to recognize and discriminate
NTL of different areas. These thresholds are easily affected
by aerosols in the atmosphere and may show a blooming ef-
fect strengthened by the scattering of the aerosol particles in
VIIRS DNB data [53]. In this study, the quantitative analyses
are carried out on the relationships of the NTL radiance and
AOD in Beijing and three other cities of different development
stages. The relationship between the NTL radiance and AOD
suggests that the radiance may decrease by over 15 nW.cm~2sr~!
when AERONET AOD increases one unit (for Beijing in
Table IV). This amount is higher than the threshold of urban
areas (14.145 nW.cm~2sr~!) obtained using the published meth-
ods [18], indicating the considerable atmospheric effect on NTL
data. Equations (1) and (3) indicate that the coefficient b in
the LR model and e’ in the L-LR model are in essence the
initial upwelling radiance from the surface light source /; and
a represents the sensitivity of the NTL radiance to AOD. The
upwelling radiance from the surface light source highly varies
among the cities (the NTL radiance of Meishan is half as those
of others in Fig. 4). By contrast, the slope a is the second-largest
for Meishan among the four cities using the L-LR model (see
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Fig. 11), showing that the sensitivity of the NTL radiance to AOD
is relatively independent of the initial upwelling NTL radiance.
Therefore, the regression coefficients constructed with AOD are
potentially valuable in the correction of the atmospheric effects
in NTL data.

B. Other Related Factors

The relationship between the NTL radiance and AOD is also
affected by several factors, including the temporal and spatial
characteristics of data, types of AOD, and regression models.

1) Time Scale of Data: The R* of the monthly results are
higher than those of the daily results in Table IV. Although the
VIIRS DNB data released by NOAA have undergone geometric
correction, radiometric calibration, and stray light removal [45],
numerous factors influence the uncertainty of the daily NTL data
compared with the monthly NTL data. Li et al. [51] analyzed the
relationship between the radiance and satellite viewing angles
using the daily NTL images. Both I and I are the functions of
VZA. Given the periodicity of the satellite orbit, the monthly
NTL data tend to mitigate the angle effect. Another reason is the
existence of statistical deviations. The data of the low polluted
atmosphere have a high data quality and are prone to be selected,
causing the daily datasets to mainly concentrate on the low
AOD values (see Fig. 9). The monthly aggregation increases
the uniform distribution of the AOD data, which may enhance
the correlation between the NTL radiance and AOD.

2) Difference of Cities: The NTL radiance values of Beijing,
Wuhan, and Chengdu are similar but that of Meishan is much
lower. Given the rainy weather in Chengdu and Meishan, less
NTL composite data are available than those for Beijing and
Wuhan. The R? value of Wuhan is less than the other three cities
and the largest is for Beijing (see Fig. 12). The AOD level for
Wauhan is the lowest among the four cities (see Fig. 5), resulting
in a weak correlation between the NTL radiance and AOD.
Beijing is located in a basin, promoting the accumulation of
air pollutants and limiting their dispersion. Similarly, Chengdu
and Meishan are located in the Sichuan Basin, which is also not
conducive to the diffusion of pollutants. Thus, the NTL radiance
change caused by AOD is more prominent and the correlation is
higher. In fact, the DNB band (500-900 nm) contains the effect
of the water vapor absorption that thereby affects the a values.
Compared with the other three cities, Beijing is relatively dry and
the influence of the water vapor is smaller. The a values of the
three large cities are higher than those of Meishan, as shown in
Fig. 11(a)—(d), suggesting that AOD may have a greater impact
on the NTL radiance of the cities with high urbanization levels.
The results imply that the relationship between the NTL radiance
and AOD varies among the cities of different urbanization levels
and climate types.

3) Different AOD Products: We can see from Table IV that
the slope value a derived from the NTL radiance and Himawari
AOD is generally smaller than that derived from the NTL
radiance and AERONET AOD. This is caused by the overes-
timation of Himawari AOD, as shown in Figs. 6 and 7, also
in agreement with Zhang et al. [52]. The AOD of AERONET
is more reliable than Himawari AOD, therefore, the regression
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relationship obtained by AERONET is relatively more accurate.
Future updates on the aerosol retrieval methods with satellite
data can help promote the fitting accuracy of NTL data and
AOD.

4) Difference of Regression Models: Fig. 12 and Table IV
illustrate that the R*> values obtained using the L-LR model
are slightly larger than those obtained using the LR model (the
improvement is less than 0.05), suggesting that the simplified
radiation transfer equation (2) can slightly better represent the
relationship between the NTL radiance and AOD. In essence,
this relationship is logarithmic and is also used to retrieve AOD
[19], [20], [23], [54]. However, a description with the linear
fitting is simpler and can largely reflect the relationship.

C. Limitations

In this study, the LR model is used to analyze the relationship
between the NTL radiance and AOD. The Pearson correlation
coefficient of Beijing is approximately 0.8, yet this value is not
very high overall and even smaller for other cities, suggesting
that aerosols cannot account for all the radiance changes in urban
centers. The possible reasons are as follows.

1) The daytime AOD used in this study may have a certain

difference with the nighttime AOD [55].

2) The NTL background values of the urban centers are
assumed to be unchanged with time because the NTL data
were obtained at midnight when the human activities are
reduced. Uncertainties also exist, such as socio-economic
development or extreme short-term events [28].

3) The changes in the land cover can result in the seasonal
changes of the NTL radiance in the long term [56]. Al-
though the urban centers extracted are mostly covered by
the impervious surface (see Table II), vegetation changes
influence the NTL radiance, especially in Beijing that has
deciduous forests with four distinct seasons.

4) The VIIRS DNB data contain information in a wide range
of the wavelength from 500-900 nm, where the oxygen
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A-band and other absorbing bands, such as water vapor
[19].

5) The uncertainty caused by an unscreened cirrus cloud is
ignored. Passive radiometric satellite products are contam-
inated by the cirrus cloud about 25% of the time [57]. The
unscreened cirrus cloud may cause a radiance attenuation
in the NTL data.

D. Suggestions for Future Work

In view of the factors mentioned above, several improvements
can be used in future research. First, the nighttime atmospheric
data observed from CALIPSO [58] and the new sun-sky-lunar
Cimel CE318-T multiband photometer [59] can be used to
analyze the relationship between the nighttime aerosols and NTL
radiance. Second, the impact of short-term events and long-term
seasonal changes of both AOD and NTL data need consideration.
Third, although the AERONET AOD represents the ground
truth and the accuracy is high, the spatial representation of sites
remains to be discussed. Finally, more cities are needed to reveal
the aerosol effect on the NTL radiance and the feasibility of using
the AOD data to remove the atmospheric effect on NTL data.

VI. CONCLUSION

The change of the NTL radiance contains the signals of air
pollution, which influence the quantitative application of NTL
data. The atmospheric effect requires consideration and the cor-
responding correction is necessary before the application of NTL
data. Two regression models are applied to detect the relationship
between the NPP-VIIRS NTL radiance and AOD of AERONET
and Himawari. The results suggest that changes in the NTL
radiance are negatively correlated with the changes of AOD for
the urban centers of four different cities in China. The corre-
lation is strongest in Beijing, where a high Pearson correlation
coefficient (approximately —0.8) was obtained in the monthly
analysis. The NTL radiance may decrease by 10nW.cm~2sr~! as
the daily AERONET AOD increases by one unit. This decrease
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may reach above 15 nW.cm~2sr~! for the monthly AERONET
AOD. The comparison shows the influence of AOD in cities
with different sizes, climate types, and development stages. This
influence is prominent for cities with a high urbanization level
and dry climate.
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