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ARTICLE INFO ABSTRACT

Keywords: Remotely sensed light imagery provides a unique perspective for high-frequency human activity monitoring.
Nighttime light NASA has developed the Black Marble, a daily nighttime light (NTL) product from the Visible Infrared Imaging
VIIRS DNB

Radiometer Suite (VIIRS) nighttime images by correcting environmental effects (i.e., atmospheric, lunar, and
stray light effects). However, variation and uncertainty remain in the daily lunar-BRDF corrected NTL product
and hinder its quantitative applications. To better understand the uncertainty across multiple spatial and tem-
poral scales, this study proposed a spatial-temporal hierarchical analysis strategy to separate uncertainties from
different sources, and evaluated the effects of multiple factors on daily NTL time series. The experiments con-
ducted on two populous regions show that: (1) The daily NTL in Northern America has variations up to 50% of
the annual average, which is stronger than in East Asia, with variations up to 25%. (2) The variation in sea-
sonality is stronger in Northern America, whereas the variation related to day-to-day changing factors is stronger
in East Asia. (3) Generalized linear models are built to capture the relationship between daily NTL and influential
factors in each grid, revealing that approximately 25%~50% of the daily variations can be explained by envi-
ronmental factors, observational factors, and seasonality. (4) Environmental factors and observational conditions
show spatially varying impacts on NTL. Specifically, aerosol exhibit opposite impacts on rural and urban areas;
significant impacts of moonlight are mainly distributed in rural areas; the impact of satellite viewing angle is less
pronounced and frequent in East Asian cities compared to those in North America. This research revealed the
essential knowledge about variations of satellite-derived NTL and will benefit the processing and utilization of
daily NTL products.

Black Marble
Artificial light radiance
Time-series variation

1. Introduction

Remotely sensed light imagery offers a unique perspective depicting
human activities. Since the 1970s, several satellite sensors have been
launched to detect nighttime lights (NTL), including the Defense Mete-
orological Satellite Program-Operational Linescan System (DMSP-OLS)
(Elvidge et al., 1997), Visible Infrared Imaging Radiometer Suite (VIIRS)
(Miller et al., 2012b) onboard Suomi-NPP satellite and NOAA-20, Luo-
jia-01 (Li et al., 2018; Ou et al., 2019), Jilin1-03B (Zheng et al., 2018),
SDGSAT-1 (Guo et al., 2023) and small satellites such as Yangwang-1
(Zhu et al., 2022). The released NTL datasets have yielded valuable

insights into various fields and applications (Kyba et al., 2017; Levin
et al., 2020; Zhao et al., 2019). Furthermore, continuous global daily
NTL products released by the Earth Observation Group (EOG) (Elvidge
et al,, 2017), NASA’s Black Marble nighttime lights product suite
(VNP46) (Roman et al., 2018), and NOAA-20 VIIRS daily NTL data are
increasingly utilized due to their unique capabilities in capturing rapid
human activities, such as cultural patterns on holidays (Roman and
Stokes, 2015), power outages (Cao et al., 2013; Elvidge et al., 2020b),
and the economy in COVID-19 pandemic (Elvidge et al., 2020a; Xu et al.,
2021; Zhao et al., 2022), as well as dynamics in natural systems
including natural disasters (Zhao et al., 2018), snow cover (Huang et al.,
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2022), nocturnal fire (Polivka et al., 2016; Wang et al., 2020) and air
conditions (Wang et al., 2016; Zhang et al., 2019).

NTL observation from satellites is susceptible to various factors (e.g.,
acquisition conditions, observational geometry, surface environments)
that lead to undesired noise, thus limiting its application, especially for
daily NTL time series (Levin et al., 2020). A great deal of effort has been
put into mitigating artifacts caused by environmental factors for pro-
ducing high-quality NTL data (Cao et al., 2013; Liao et al., 2013; Miller
et al., 2012a; Miller and Turner, 2009; Roman and Stokes, 2015).
Currently, NASA’s Black Marble daily nighttime lights product suite
(VNP46) provides the only public-access daily lunar BRDF (Bidirectional
Reflectance Distribution Function) adjusted NTL dataset (Roman et al.,
2018). Although NASA’s Black Marble algorithm includes corrections
for atmospheric, terrain, lunar BRDF, thermal, and stray light effects, a
recent assessment study pointed out that the daily Black Marble cor-
rected NTL data still has non-negligible uncertainties (Wang et al.,
2021). Besides, another research suggests that the Black Marble cor-
rected NTL data has uncertainties across different spatial and temporal
scales (Zheng et al., 2022).

A comprehensive assessment of uncertainties in daily nighttime light
(NTL) time series is crucial for several reasons. Firstly, gaining a
comprehensive understanding of the overall uncertainties in NTL time
series is crucial for end users, as accurate interpretation of daily NTL
variations is vital in various applications (Levin et al., 2020). Moreover,
it is important to note that the intensity and major influential factors of
uncertainties may vary across different spatial locations, yet these var-
iations remain unclear. However, previous research has primarily con-
ducted evaluations on selected sites or cities (Wang et al., 2021),
resulting in a lack of comprehensive evaluations and comparisons of the
spatiotemporal patterns of uncertainty in larger regions. Secondly, it is
important to highlight that previous studies investigating environmental
impacts in large regions have predominantly relied on monthly
composited NTL datasets (Levin, 2017; Yuan et al., 2022). However,
these temporal composite data ignored daily-changing factors and
thereby could fail to capture high-frequency variations in NTL time se-
ries. Thirdly, it is crucial to acquire knowledge regarding the impact of
environmental factors on daily lunar BRDF-corrected NTL images for
future research and application, as the corrected NTL time series are
more suitable for practical use. Although certain studies have demon-
strated the influence of environmental factors on top-of-atmosphere
(TOA) nighttime radiance (Roman et al., 2018), it is worth noting that
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these impacts may have been attenuated or altered during the correction
process.

To fill the above research gaps, this research investigates the varia-
tions in Black Marble corrected daily NTL and its response to external
factors. Specifically, the following research questions will be addressed:
(1) What patterns of daily NTL variation are at multiple spatial and
temporal scales. (2) What are the differences in intensity and spatial
extent of uncertainty from different sources. (3) What is the contribution
of environmental factors and observation conditions to daily NTL un-
certainty. This research provides new insights into the uncertainty of
satellite-derived NTL radiance and sheds light on the distinction be-
tween NTL variations and actual changes to artificial light.

2. Study material
2.1. Study area

Two regions from Northern America and East Asia were selected as
the research areas (Fig. 1). Numerous cities and towns are located in
these two regions. They are home to hundreds of millions of people,
making them among the most popular study areas in nighttime light-
related research in recent years (Bennett and Smith, 2017). Further-
more, these two regions cover a variety of natural and human envi-
ronments and thus are ideal for examining the spatiotemporal variation
in NTL. For instance, the two study areas cross low to high latitudes
(20°N — 60°N), various landforms (including mountains, hills, plateaus,
and plains), and different climate zones. Settlement areas range from
small villages to large megacities of ten million people, encompassing
different urban structures (Li et al., 2020a) and sociocultural environ-
ments that may affect lighting patterns (Roman and Stokes, 2015).

2.2. Data

2.2.1. NTL radiance data

NTL radiance data used in this research are extracted from NASA’s
daily Black Marble products suite (VNP46, Collection V001). These
products are derived from original images acquired by the Day/Night
Band (DNB) sensor of VIIRS, on board the Suomi-NPP and Joint Polar
Satellite System (JPSS) satellite platforms. The DNB sensor is designed
for observing nocturnal visible and near-infrared light, providing global
daily measurements at a spatial resolution of 500 m (Elvidge et al.,
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Fig. 1. Study areas in Northern America and East Asia. Each site covers 9 Black Marble tiles (yellow square grids). Urban area boundaries are shown in red (80 urban
samples in the Northern America site and 67 in the East Asia site). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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2017). The Black Marble product suite offers daily and temporal
composited NTL products from 2012 onwards. VNP46A1 provides the
daily at-sensor TOA NTL product. VNP46A2 refines this data by applying
corrections for lunar BRDF, cloud, terrain, atmospheric, airglow, stray
light, etc. The corresponding mandatory quality flag band in VNP46A2
can be used to filter out pixels contaminated by clouds, snow, or labeled
as non-valid retrievals. VNP46A3 offers multiple types of monthly
compositions, differs based on their respective zenith angle categories
(near-nadir, off-nadir, and all angles) and snow status (snow-covered
and snow-free). Monthly snow-free composited radiance band from
VNP46A3 was used to explore the seasonality of NTL. According to the
detection limit of NASA’s Black Marble product suite, grid cells with
radiances<0.5 nW/cm?/sr were discarded as background noise (Roman
et al., 2018). To reduce geometric effects due to the spatial mismatch
(Wang et al., 2021), NTL radiance images were resampled to a spatial
resolution of 0.05° by spatial averaging by calculating average spatial.
During this process, only high-quality pixels, as indicated in the quality
flag layer, are utilized. Resampled grid cells are included in subsequent
analyses only when over half of their corresponding original pixels
labeled as high quality.

2.2.2. Environmental factors observational conditions data

Environmental factors that may affect the satellite-derived NTL include
vegetation, aerosol, ground-level particulate matter, and moonlight. Daily
AOD at 550 nm was extracted from MODIS Terra and Aqua combined
Multi-angle Implementation of Atmospheric Correction (MAIAC) Land
Aerosol Optical Depth dataset (MCD19A2, version 6). Day/Night Band
(DNB) Lunar Irradiance band in VNP46A2 was used to explore the impact
of moonlight on NTL observations. The viewing zenith angle (VZA) was
extracted from VNP46A1 to examine NTL variation caused by satellite
viewing angles. Satellite overpass time was extracted from the Time UTC
band in VNP46A1 as a control variable in NTL radiance modeling.
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2.2.3. Urban boundary data

This study used satellite images-driven urban boundaries to assist in
the statistics and analysis of city-level NTL variation. Global urban
boundaries in several representative years are provided by the 30 m
Global Artificial Impervious Area (GAIA) dataset (Li et al., 2020b),
available at https://data.starcloud.pcl.ac.cn/. Urban boundaries in 2010
were used to facilitate the extraction of city-level NTL variation. Using
the boundaries in earlier years makes it possible to avoid areas with
large interannual NTL changes due to urban extension. All urban poly-
gons with an area greater than 250 km? were analyzed (Fig. 1). Totally
80 cities and 67 cities were selected from the Northern America and East
Asia sites, respectively.

3. Methodology

This research proposed two modules to answer the three questions
(Fig. 2). The first module is a spatial-temporal hierarchical analysis
proposed to quantify daily NTL variation. Four distinct types of time
series primarily influenced by specific factors were segregated and
scrutinized at four different spatial scales. This module aims to gain a
comprehensive understanding of research questions 1 and 2 (Q1 and Q2
in Fig. 2). In the second module, generalized linear models (GLMs) is
employed to establish the relationship between daily changes in NTL
and environmental factors as well as observational conditions on grid
cell level. The GLM was chosen for its ability to establish relationships
between the response variable and multiple independent variables
through a link function, enabling the capture of underlying non-linear
relationships. Furthermore, GLM allows for gain clear interpretations
of multiple variables’ impacts on the response variable, i.e., marginal
effects. The marginal effects of these factors are calculated based on
these GLMs to answer Q3 in Fig. 2.
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3.1. Quantifying NTL variation across various spatial-temporal scales

This research proposed a spatial-temporal hierarchical analysis
strategy to evaluate the NTL variation across various spatial-temporal
scales. By slicing the NTL time series differently, four types of time series
were generated, in which certain types of factors dominate the variation:

e Daily series: directly extracted from daily NTL, including the
observation of each day in the research period. Daily series is
affected by all factors considered in this research.

Seasonal series: directly extracted from near-nadir monthly
composited NTL radiance products, which eliminates the influence
of satellite viewing angle and daily changing environmental factors
such as atmospheric conditions and moonlight. Seasonal series can
thus capture seasonal variations caused by seasonal environmental
factors such as vegetation (Zheng et al., 2022).

Angle-fixed series: extracted from daily NTL based on the VZA of
each observation. As shown in Fig. 3, VZA was into six bins of 10-de-
gree intervals (0°-10°, 10°-20°, 20°-30°, 30°-40°, 40°-50°, and
50°-60°) to retrieve day-to-day variations under similar viewing
angles. To further exclude seasonal variation, the angle-fixed series
used in this research is only composed of observations in July,
August, September, when the seasonal variation is relatively weak
(see section 4.2). Variations in angle-fixed series are mainly day-to-
day variations caused by actual daily artificial light change and
daily changing environmental factors (e.g., atmospheric conditions
and moonlight).

Daily Series
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Extract observations by VZA

Angle-fixed Series
A

L
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B
B
B

Calculate median
for each angle-fixed series

Angular Effect Series

Fig. 3. Illustrative diagram of extracting angle-fixed and angular effect series
from daily NTL series.
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e Angular effect series: composed of median values of each angle-
fixed series. Since the median value could exclude the observations
under extreme conditions, it can represent the average situation of
NTL observation at a certain angle. The variation in angular effect
series mainly reflects the influence of satellite VZA. This study does
not investigate the satellite azimuth angle separately due to its
limited impact (Tan et al., 2022).

Variations in NTL were investigated on four spatial scales in the
spatial-temporal hierarchical analysis module. First, variations were
calculated from the abovementioned four grid-level temporal series.
Subsequently, the grid-level temporal series or statistics were summa-
rized to urban and regional scales to construct an overall picture of NTL
variation. Finally, these statistics are also aggregated on different NTL
brightness levels to understand NTL variation comprehensively, as the
influence of various influential factors in brighter areas (e.g., urban
centers) and darker areas (e.g., rural areas) may be different or even
opposite.

Several metrics were used in this research to quantify the variation
mentioned above, including standard deviation (SD) and coefficient of
variation (CV):

5D
X

cv @

where X is the mean value, CV is a standardized measure of vari-
ability and can be used to compare the dispersion of datasets of varying
magnitude. A higher CV indicates more temporal changes. Normalized
Difference between Hotspot and Darkspot NTL radiance (NDHDyr;)
(Wang et al., 2021) is used to quantify the angular characteristics of NTL
along with VZA:

N TLhmxpol - N TLdark.&pol

NDHD =
N NTLjutspor + NTLarkspor

(2)

where The NTL radiance records in each grid are binned into seven
categories based on the corresponding VZA values, with intervals of 10
degrees per bin; NTLpgspo refers to the bin with the highest radiance,
while NTL g0 Tepresents the bin with the lowest radiance.

3.2. Quantifying impacts of environmental factors and observational
conditions on NTL variation

Daily NTL change is a compound result of artificial light variation,
multiple effects caused by environmental factors and observational
conditions, and noises. As these changes are lumped together in the daily
NTL time series, identification of artificial light changes becomes chal-
lenging. Three GLM models were developed to compare the proportions
of these effects contributing to the daily NTL variations (Table 1). This
comparison is facilitated by the coefficient of determination (RZ), a
statistical measure in regression analysis that indicates the proportion of
variance in the dependent variable explained by the independent
variable.

Model 1(Eq. (3)) separates the NTL time series into trend compo-
nents and seasonality components by incorporating a logistic, a linear,
and two harmonic terms. The sigmoid function is utilized to represent
NTL changes resulting from land cover changes, as prior research (Zheng

Table 1

Terms included in each of the three generalized linear models.
Terms Model Model Model

1 2 3
Trend and seasonality v v \/
Linear term of environmental factors and \/ \/
observational conditions

Non-linear term and interactive term of v

environmental factors and observational
conditions
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et al.,, 2021) has demonstrated its effectiveness in quantifying various
urban development and shrinking stages. The linear term captures the
gradual NTL trend during the research period, reflecting the influence of
socio-economic development or decline. The two harmonic terms are
widely employed to capture intra-annual seasonality in NTL time series
(Xie et al., 2019).

¢ 2kt 27kt
In(NTL) = ﬁ +d+ft+ Zt {gksin <T) + hicos <T> } +e€
3

where In(NTL) represents the natural logarithm of the daily NTL
measurements, t denotes the t-th observation of the daily NTL time se-
ries. The logistic term includes three parameters: a for magnitude of
change, b for change rate, and c for timing of change. e is the base of the
natural logarithm, d represents pre-change or post-change value, and f is
the slope of gradual annual change. The harmonic terms (gx and hy)
capture seasonal effects. k is set to 2 to consider both annual and semi-
annual variations. The period T for harmonic terms is set to 365 days.

Model 2 (Eq. (4)) includes linear terms to account for the impact of
environmental factors and observational conditions (Eq. (5)), while
building upon the existing components in Model 1:

4 X - (2nkt 2rkt
In(NTL) = Tro= +d+ft+ 21 {ngIn <T> + hycos <T> } “4)
+pU; + €

PU; = p,AOD; + p,Moon; + p;VZA; + P, time; 5)

Environmental factors involved in the model include AOD, and lunar
irradiance (Moon), while observational conditions are satellite viewing
angle (VZA) and overpass time (time). Parameters 5, ~ f, represents
effects of environmental factors and observational conditions that
potentially linearly affecting log(NTL;).

Model 3 (Eq. (6)) further included quadratic function (Eq. (7)) and
interact terms (Eq. (8)) to capture the potential non-linear impact of
environmental factors and observational conditions.

a
In(NTL) = e +d + frt
. [2nkt 2kt (6)
Zi {gksm <”T) + hycos (”T> } +pU; +yV;+6W; + ¢
yVi = y,AOD? + y,Moon? + y,VZA? + ystime? @
SW; = B, VZA; x AOD; + J3,VZA; x Moon; + f,AOD; x Moon, (8)

The above-mentioned models were constructed and estimated for
each grid cell. The comparison between the three models is facilitated by
the coefficient of determination (Rz), a statistical measure in regression
analysis that indicates the proportion of variance in the dependent
variable explained by the independent variable.

The average marginal effect (AME) of each explanatory variable is
calculated to examine their overall impact on daily NTL, while ac-
counting for the effects of other variables in the model. The spatial
variability of explanatory variable effects can be revealed by establish-
ing a generalized linear model and calculating the marginal effect for
each pixel.

4. Results
4.1. Spatial-temporal patterns of daily NTL variation

The variation in four types of NTL series was visualized using a false-
color composite of variation metrics (Fig. 4). The mean, standard devi-
ation (SD), and coefficient of variation (CV) of the daily series are
assigned to the red, green, and blue channels, respectively. The same
color bar is used in the subplots of Fig. 4 to facilitate comparison.
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Background grid cells with an annual average NTL radiance<0.5 nW/
em?/sr are discarded.

Significant differences between urban and rural areas were observed
in the daily series of the NTL (Fig. 4 (a) and (b)). Cities are predomi-
nantly warm colors, indicating a high level of NTL brightness, a high SD
value, but a low CV value. Rural areas are predominantly blue and dark,
implying a low average NTL brightness with a high degree of variability
(i.e., high CV). Daily NTL series variations exhibit distinct latitudinal
patterns, particularly in urban areas. Above 40°N, urban areas are
typically in a yellow-green tone, indicating high brightness and sub-
stantial fluctuations. Lower latitude cities are generally colored yellow-
orange, indicating minor variation.

Fig. 4 (c) and (d) show the spatiotemporal pattern of seasonality, i.e.,
variation metrics are calculated using seasonal series derived from NTL
data. The seasonality exhibits a latitudinal pattern similar to the daily
series. Considering that the Collection VOOl of Black Marble daily
products still retains the seasonal effects of vegetation and snow, sea-
sonality could be a significant contributor to the latitudinal patterns
observed in the daily NTL variation. However, the color of cities is more
towards red (i.e., lower SD than daily series), suggesting that seasonality
may explain the variation on the daily scale to some extent. Fig. 4 (e) and
4 (f) exhibit the spatial pattern of angular effect, i.e., variations in
angular effect series derived from the daily NTL dataset. The angular
effect is mainly concentrated in urban areas, and no latitudinal pattern is
observed. The angle-fixed series reflects the day-to-day NTL fluctua-
tions, excluding angular and seasonal effects in the NTL dataset. As
shown in Fig. 4 (g) and 4 (h), the angle-fixed series also shows urban-
—rural variability, i.e., higher SD and lower CV in cities, and higher CVin
the suburbs. There is no clear latitudinal pattern in cities, but differences
on a regional scale were observed in non-urban areas.

4.2. Comparison of different uncertainty sources

Jointly influenced by various factors, the variation in daily NTL time
series is a combination of seasonality, angular effects, and deviation
owing to daily changing factors. To compare and differentiate uncer-
tainty from these sources, the standard deviation in daily (Fig. 5 (a)-(b)),
seasonal (Fig. 5 (c)-(d)), angle-fixed (Fig. 5(e)-(f)), and angular effect
series (Fig. 5 (g)-(h)) is measured on multiple NTL brightness levels. In
daily series, SD is typically between 25% and 50% of the radiance, and
the instability is stronger on darker grid cells. By comparison, the East
Asia site exhibits less variation than the Northern America site.

Based on the standard deviation observed in the seasonal time series
(Fig. 5 (c)-(d)), it can be inferred that seasonality constitutes a crucial
contributor to the fluctuations observed in both study areas, although
there exist notable variations between the two regions. Seasonality
accounted for an SD of approximately 25% of the magnitude of NTL
brightness in the North American site, with variations ranging from 10%
to 50% (Fig. 5 (c)). By contrast, the average SD of NTL seasonality in the
East Asia site is approximately 10% of NTL brightness, with minor dif-
ferences which do not exceed 25% in most grid cells (Fig. 5 (d)). Vari-
ability of seasonality is also more pronounced in the suburbs than in
urban centers. For example, grid cells with NTL radiance < 20 nW/cm?2/
sr in the Northern America site may exhibit a seasonality of SD up to a
comparable magnitude of its annual NTL radiance, while the ratio is
approximately 50% in the East Asia site.

The ratio of monthly NTL radiance to that of June in urban areas is
utilized to investigate the seasonality of each subregion and explore
spatial differences in seasonality (Fig. 6). In Northern American cities
above 40°N, the average NTL radiance in winter is approximately 1.5
times of summer, while the ratio is around 1.2 in cities at 30°N — 40°N.
Vegetation and snow effects are the primary contributors to seasonal
variation, as these effects remain uncorrected in the current version of
the daily NTL product. However, cities in East Asia exhibited weaker
seasonality at the same latitudes. Compared to previous research (Levin
2017) that investigated seasonality wusing monthly NTL
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composites without moonlight and atmospheric correction, this experi-
ment reveals similar latitudinal patterns but with weaker seasonality.
To comprehensively explore the spatial variability of angular effects,
the NDHD is calculated at the grid, urban, and brightness levels of NTL.
As shown in Fig. 7 (a) and (b), at the urban scale, stronger angular effects
are generally observed in Northern American cities compared to those in
East Asian cities. Fig. 7(c) and (d) illustrate the statistics of NDHD at the
grid scale within these cities. The median NDHD in over two-thirds of
Northern American cities exceeds 0.1, while such levels of angular effect
intensity are only observed in a few East Asian cities. The angular effect
originated from varying emitted power and radiance of NTL with angle

due to the urban street layout, location of the light source, and building
height (Li et al., 2022; Tan et al., 2022). Northern American cities are
typically characterized by dense high-rise commercial centers and
extensive homogeneous low-rise buildings, both of which contribute to a
strong angular effect. In contrast, East Asian cities have taller buildings
but with less density, resulting in a weaker angular effect.

Fig. 7(e) and (f) illustrate how the NTL radiance varies with the
viewing angle. For each brightness level, the NTL variation of Northern
American grid cells is more drastic than that of East Asian cities. An
average of 1.25 times brighter NTL radiance than nadir was observed at
VZA of over 60° in Northern America grid cells, while the ratio is 1.02 in
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East Asia grid cells. Specifically, in highly illuminated urban areas of
North America, a decrease in light intensity with observation angle can
be observed, whereas it is not as prominent in East Asian cities.

4.3. Contribution of environmental factors and observational conditions

The results obtained from an urban and a rural grid cell are illus-
trated in Fig. 8 as examples of good-of-fitness of the three models,
revealing that Model 3 exhibits superior performance. It is under-
standable that due to human activities being a major contributor to NTL
change, the proposed models cannot achieve a perfect fit. Nevertheless,
the goodness-of-fit of the models facilitates the identification of the
portion of NTL change attributable to environmental factors and
observational conditions.

The statistics of R-squared for the three models across the two re-
gions are presented in Fig. 9. In general, seasonal effects only account for
a limited portion of variation in daily NTL time series, with the 25th and
75th percentiles across all grids in the two research regions being 3.42%
and 13.63%, respectively. Thses values indicating that seasonality is
overshadowed by day-to-day changes when modeling daily NTL varia-
tions. However, by considering environmental factors and observational
conditions, a larger portion of daily variations can be explained, ranging
from 17.17% to 35.25% for the 25th and 75th percentiles. Furthermore,
the inclusion of non-linear and interactive effects in the model con-
tributes to even more explained variations, with percentages ranging
from 25.41% to 44.89% for the 25th and 75th percentiles.

Based on the comparison, Model 3 was utilized to assess the impact
of environmental factors and observational conditions. To ensure the
credibility of the results, only models and marginal effects that passed
the T-test (p-value < 0.05) were considered in subsequent analyses.
Fig. 10 shows the R? values of the models established for each grid. The
models were significant for 98.60% of the Northern American grid cells
and 94.88% of the East Asian grid cells, including 97.39% of the
Northern American urban grid cells and 91.15% of the East Asian urban

grid cells. Sub-regions A-J demonstrate the spatial variations of model
fitting in urban and suburban areas. As the coefficient of determination
in cities is generally lower than in rural areas, it can be inferred that
environmental and observational condition factors account for a larger
proportion of daily NTL change in rural areas than in cities, while NTL
change in cities is more influenced by human activities. This observation
is likely due to the fact that daily NTL changes in urban areas are more
susceptible to influences from human activities, such as traffic patterns,
social events, and temporal lightings (Liu et al., 2022). In contrast,
suburban areas are less impacted by such human-related factors (Gao
et al., 2023), allowing the environmental and observational condition
variables to exert a more significant influence on the daily NTL
variations.

Fig. 11 (a) and (b) present the marginal effects of AOD based on NTL
radiance levels. The results indicate that 39.19% of North American
pixels and 30.49% of East Asian pixels are significantly affected by AOD
(p-value < 0.05 in Model 3). The impact of AOD exhibits a distinct
rural-urban spatial pattern, as shown in the magnified subregion in
Fig. 11 (c). The marginal effects inside and outside the urban boundary
show opposite tendencies. In urban areas, the NTL radiance is typically
weakened by aerosols, whereas in suburban areas, the weakening effect
is less prominent, and often, an increase in AOD leads to an augmen-
tation in observed light intensity. Specifically, for the low-light grid cells
(i.e., with NTL radiance<10 nW/cm?/sr), an increase of 0.1 AOD can
cause an average increase of daily NTL radiance by 2.25% in Northern
America. On the contrary, for the grid with light radiance greater than
10 nW/cm?/sr, the effect of aerosols is mostly negative, and an increase
of 0.1 AOD can cause an average decrease of NTL observations by 4.32%
and 1.33% in Northern America and East Asia, respectively. Despite the
difference in the magnitude of AOD impact between the two regions, the
spatial pattern of rural-urban difference is similar.

Fig. 12 (a) and (b) present statistical results of the marginal effects of
moonlight based on NTL radiance levels. In general, significant marginal
effects (p-value < 0.05) of moonlight were detected in 55.78% of grid
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cells in North American sites and 41.28% of grid cells in East Asian sites,
with most of these grid cells located in low-light areas outside urban
boundaries (as shown in Fig. 12(c)). In grid cells with annual NTL
radiance below 10 nW/cm?/sr, moonlight showed significant effects (p-
value < 0.05) on 60.00% of North American pixels and 44.80% of East
Asian pixels, while the proportion of significant moonlight effects (p-
value < 0.05) rapidly declined in areas with higher ground light
radiance.

According to previous research (Wang et al., 2021), moonlight would
boost satellite-observed radiance with a magnitude comparable to arti-
ficial light radiance in rural and suburban areas. The statistical results of
this experiment indicate that the impact of moonlight has been greatly
attenuated in terms of the strength of marginal effects during the Black
Marble correction. However, it is worth noting that negative marginal
effects of moonlight were detected, indicating that in some areas
(mainly concentrated in suburbs (Fig. 12(c)), the effect of moonlight
may have been overestimated in the correction process. Take the 25%
and 75% quantile of all significant (p-value < 0.05) grid cells as
example, whoes margial effect of them are 0.056% and —0.116%,
respectively. This implies that a full moon, with approximately 140 nW/
cm? lunar irradiance, would lead to an 8.15% increase and a 14.99%
decrease in NTL observations, respectively.

As shown in Fig. 13 (a)-(b), the influence of VZA is widely present in
the corrected daily NTL, with 96.26% of Northern American grid cells
and 87.43% of East Asia grid cells being affected. The marginal effect of
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VZA shows a clear urban-rural gradient. For example, for grid cells with
annual NTL radiance<10 nW/cm?/sr, a 1-degree increase in VZA can
cause an average increase of 0.52% in daily NTL radiance for Northern
American grid cells and 0.46% for East Asian grid cells. In brighter grid
cells, such as those in the group of 50-60 nW/cm?/sr, the average
marginal effect of VZA decreases to 0.33% and 0.06% for Northern
America and East Asia, respectively. In the brightest areas of urban re-
gions, negative marginal effects of VZA were observed. Furthermore,
there are notable differences in the impact of VZA between the two study
sites in Northern America and East Asia. First, the angular effect is more
prevalent within urban areas of the Northern America site, where there
are more urban grid cells with significant marginal effects of VZA (p-
value < 0.05). The disparities between them are more pronounced,
particularly in densely populated areas with brighter illumination.
Secondly, the occurrence of negative effects of VZA in the brightest areas
of urban lights is more prevalent in the Northern America grid cells,
whereas in the East Asia pixels, such negative effects are comparatively
less widespread.

5. Discussion
5.1. Possible reasons for the remaining variations in Black Marble product

This study aims to examine the influence of environmental and
observational factors on the corrected daily NTL, given that some factors
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may have their impact weakened or modified post the lunar BRDF
correction. For example, the impact of AOD exhibited spatial patterns
(Fig. 11), which differ from conclusions drawn on TOA radiance data in
a previous study (Wang et al., 2021). It is because the environmental
impacts concluded in this research are based on the corrected daily NTL
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series, thus the results reflect impacts that persist after correction. A
potential reason for the positive impact of AOD in low-light areas is that
aerosols scatter light downward, thus contributing to the blooming ef-
fect in the outskirts (Cao et al., 2019).

The impact of moonlight on satellite-observed NTL has been
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substantially corrected in the Black Marble product suite, but significant
marginal effects of moonlight (p-value < 0.05) were found in both
research regions. Potential sources of the impact include: First, reflected
lunar radiance is corrected with surface BRDF/albedo, and lunar irra-
diance is calculated based on the radiometry-based lunar irradiance
model (MT2009), containing uncertainty on the order of 7-12% (Miller
and Turner, 2009). Second, reflected lunar radiance also rises with
higher albedo. However, albedo data from MCD43/VNP43 products
have been retrieved with relatively lower quality in some regions, such
as Southern China and high northern latitudes (Liu et al., 2017). The -
spatial pattern of lunar effect in Fig. 12 may be explained by these
uncertainties and other higher-order effects omitted in the NTL radiance
correction procedure.

5.2. Innovations and insights

This research proposed a novel framework that effectively separates
the influences of multiple factors on daily NTL time series, leading to a
comprehensive understanding of corresponding uncertainties. By
employing different slicing and composition techniques, four distinct
types of NTL series were generated, with each series being dominated by
specific factors that contribute to the variations in NTL. This approach
enables the separation and comparison of uncertainties within daily NTL
time series. In contrast to previous studies that focused on selected sites
and specific time periods to evaluate the impact of individual factors,
our proposed strategy allows for comprehensive evaluations and com-
parisons of spatiotemporal patterns of uncertainty in larger regions.
Furthermore, future studies can adopt this framework to explore vari-
ations and driving factors at different spatial and temporal scales, as well
as consider other sources of daily NTL data.

This research has made significant contributions by evaluating un-
certainties in daily NTL time series across various spatial and temporal
scales, leading to essential insights for the future utilization of such data.
First, this research enhanced understanding of the impact of environ-
mental and observational factors on daily nighttime light data,
contributing valuable insights for studying ground artificial light dy-
namics. In general, seasonal effects contribute only to a limited portion
of NTL variation. With the consideration of environmental factors and
observational conditions, approximately 25%~50% of the daily varia-
tions can be explained. The remaining half or more of the variation is
primarily influenced by real artificial light changes and other noises.

Secondly, this research offers valuable insights into future works on
removing the daily NTL uncertainty. By understanding the impacts of
different types of variations, users can make informed decisions
regarding the most efficient approach to preprocess the daily NTL time
series. For instance, in Northern America, where seasonal variation is
more pronounced, it is crucial to decompose seasonality before con-
ducting further analysis. Conversely, in East Asia, where seasonality is
less pronounced, greater attention should be directed towards day-to-
day changing factors, as they have a more significant influence on
daily NTL variations. Eliminating impact of angualr effect (Jia et al.,
2023) can ensure more accurate and reliable comparisons of NTL be-
tween individual days.

Thirdly, this research places emphasis on the spatial heterogeneity of
uncertainties in daily satellite nighttime light time series, which can
guild the future studies in different regions. In contrast to previous
studies that primarily focused on the influence of specific environmental
or observational factors in selected cities, our research conducted a
comprehensive exploration of the spatial variability of these impacts
across larger regions. This provides essential background knowledge
when analyzing NTL changes detected from NTL time series. For
example, the angular effect is usually more pronounced in cities in
Northern America than in cities in East Asia, due to differences in urban
structure and building characteristics. Impact of aerosols may vary be-
tween cities and rural areas. Hence, it is appropriate to consider the
effects of different environmental factors accordingly when interpreting
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daily NTL data across various locations.

Finally, this research employed lunar-BRDF corrected daily NTL
data, which represents the most advanced and promising product with
broad applications. While previous studies have demonstrated the in-
fluence of environmental factors on TOA nighttime radiance or monthly
composited datasets (Levin, 2017; Yuan et al., 2022), it is crucial to
recognize that these impacts may attenuated or altered after the
correction process. For instance, our findings indicate that significant
lunar effects persist in some rural areas, while the impacts of aerosol and
VZA exhibit variations correlated with surface NTL brightness.

5.3. Implications and future studies

This study is beneficial for future daily NTL studies. Uncertainty of
NTL data on various temporal and spatial scales is essential for further
processing or utilizing the variation of daily NTL datasets. Daily NTL
time series are highly variable, so users should exercise caution when
identifying changes or trends in artificial light from it. The variation of
daily NTL varied greatly across locations. Thus, regional criteria for
evaluating light changes should be established according to specific
objectives in the applications. Black Marble corrected NTL dataset is
recommended in applications to minimize the impact of environmental
factors. However, in many cases, environmental factors still have a
significant impact and should not be ignored. We hope that this research
can provide insights for improving the correction strategies of daily NTL
products.

In future research, the evaluation of daily NTL can be improved in
the following aspects. First, the indicators used in this study cannot
accurately characterize all environmental conditions. For example,
some environmental factors are not considered because of data avail-
ability, such as tropospheric water vapor (Small, 2019) and near-surface
pollutant concentrations. Daytime AOD is utilized in establishing the
models as no nighttime AOD product is currently available. Although
the difference between daytime and nighttime AOD is mostly<0.1
(Wang et al., 2021), in some locations, particularly in big cities, higher
AOD differences are observed, leading to increased uncertainties in the
modeling process. Second, misclassification errors in nighttime cloud
masks may affect the assessment results. Third, this evaluation is con-
ducted based on NASA’s Black Marble product. The spatiotemporal
patterns of NTL variation derived from other nighttime datasets may be
different due to the inconsistency in data processing and correction
procedures. In addition to the abovementioned environmental factors,
the mechanism of daily NTL variation may involve more aspects, espe-
cially anthropogenic factors (Elvidge et al., 2022, 2020a; Roman and
Stokes, 2015). Thus further studies are needed to explore the mechanism
of daily NTL fluctuation in cities.

6. Conclusion

This research explored the variation of the lunar BRDF-corrected
daily NTL time series across various spatial-temporal scales and the
impact of environmental factors. This research proposed a spa-
tial-temporal hierarchical analysis strategy to separate the effects of
multiple factors on daily NTL time series and evaluated variations from
different sources. Generally, the standard deviation of the daily NTL
time series is mostly around 25%-50% of the NTL radiance value. The
daily NTL in Northern America has variations up to 50% of the annual
average, which is stronger than in East Asia, with variations up to 25%.
By separating uncertainties caused by different sources, we found that
the intensity of uncertainties differs in the two regions. The variation in
seasonality is stronger in Northern America, whereas the variation
related to day-to-day changing factors is stronger in East Asia.

Furthermore, generalized linear models are built to capture the
relationship between daily NTL and influential factors in each grid. The
results show that approximately 25%~50% of the daily variations can
be explained by environmental factors, observational factors and
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seasonality. The remaining half or more of the daily variation is pri-
marily influenced by real artificial light changes and noise. The influ-
ence of environmental and observational factors that vary on a daily
basis should not be disregarded in the daily corrected NTL dataset as
they form spatially heterogeneous changes in NTL radiance. For
instance, an increase in AOD typically results in an augmentation of NTL
in low-light rural regions, whereas a tendency towards a decline in NTL
is observed in urban areas; The impact of moonlight is mainly concen-
trated in rural and low-light areas, whereas the lunar effect on daily NTL
radiance in urban areas is minimal. Therefore, users are recommended
to consider the influence of environmental factors accordingly when
interpreting daily NTL at various scale levels and regions. This research
revealed essential knowledge about variation of NTL and spatial pattern
of environmental impact on the daily lunar-BRDF corrected NTL radi-
ance, thus benefiting further utilizing and interpreting daily NTL
datasets.
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