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Abstract— In addition to the daily Black Marble products
(VNP46A1/A2), the recently released temporal composite prod-
ucts (VNP46A3/A4) are generated from daily high-quality,
atmospheric, and lunar-Bidirectional Reflectance Distribution
Function (BRDF) corrected, Visible Infrared Imaging Radiome-
ter Suite (VIIRS) Day/Night Band (DNB) nighttime radiances
(VNP46A2). This letter describes the algorithm of NASA’s Black
Marble monthly and annual (VNP46A3/A4) Nighttime Light
(NTL) composites that are operationally produced for multiple
view angle categories and snow conditions, along with ancillary
metrics and mandatory quality assurance flags. Boxplot metrics
are calculated to systematically remove outliers and minimize
reliance on empirical or regional thresholds. VNP46A3/A4 prod-
ucts represent all nighttime conditions (i.e., moon-lit and moon-
free periods), leading to an increased number of high-quality
observations. To fully make use of the VIIRS DNB’s wide-swath
(3040 km), both VNP46A3/A4 are generated for three view zenith
angle categories (near-nadir, off-nadir, and all-angles) and two
different snow conditions (snow-free and snow-covered). The
introduction of global multidirectional data should be of interest
to the scientific and applications communities. In particular, they
can enable standardized intercomparisons across NTL products
and allow a greater capability to track additional dimensions
of NTL change, including the intrinsic characteristics of human
settlements and their infrastructure. VNP46A3/A4 products are
currently made available retrospectively via NASA’s Level-1 and
Atmosphere Archive and Distribution System (LAADS) from the
start of the Suomi-National Polar-orbiting Partnership (S-NPP)
mission period (c. January 2012).

Index Terms— Monthly and annual composite, multiangle,
NASA’s black marble, nighttime lights (NTLs).

I. INTRODUCTION

THE Visible Infrared Imaging Radiometer Suite (VIIRS)
Day/Night Band (DNB) onboard the Suomi-National
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Polar-orbiting Partnership (S-NPP) and NOAA-20 platforms
currently measures Nighttime Light (NTL) with a 750-m at
nadir spatial resolution [1]. The sensitive DNB in lowlight
conditions detects nighttime phenomena that are correlated
with environmental variables and human activities [2]–[11].

NASA’s Black Marble NTL product suite at 15 arcsec
spatial resolution has been produced from the VIIRS DNB.
The daily [12] top-of-atmosphere (TOA) NTL radiance
(VNP46A1), lunar- Bidirectional Reflectance Distribution
Function (BRDF)- and atmospheric-corrected NTL radiance
(VNP46A2), and recently released monthly (VNP46A3) and
annual (VNP46A4) lunar-BRDF- and atmospheric-corrected
NTL radiance composites have been publicly available from
the beginning of the mission to the present.

The daily NTL product is crucial to monitor short-term
changes like disaster-related power outages and restoration
[7]. Additionally, monthly and annual NTL composites have
been widely used for mid-and long-term dynamics such as
urban development and socioeconomic changes [4], [13] with
reduced data volumes and uncertainties compared to daily time
series. Temporal composite NTL products mitigate the outliers
and gaps related to cloud, aerosol, and data quality.

Traditionally, VIIRS monthly and annual NTL composites
have relied on moon-free TOA observations, correspond-
ing to a subset of the lunar cycle (∼29.5 days) [14]–[16].
Coesfeld et al. [17] indicated that local factors such as view
angle, acquisition time, and atmospheric parameters are the
main sources of variation in these composites. The number
of observations is also limited over regions with consistent
cloud coverage, affecting retrieval quality. The products are
also temporally biased–in fact, “monthly” moon-free compos-
ites are often produced every other ∼15 days. In contrast,
NASA’s Black Marble monthly and annual NTL composites
(VNP46A3/A4) are derived from all (moon-free and moon-
lit) atmospherically- and lunar-BRDF-corrected Black Marble
NTL (VNP46A2) and are thus temporally representative of the
composite periods of interest.

To reduce the uncertainties [18], [19], VNP46A3/A4 com-
posites are produced with multiple view angle categories
and snow status along with ancillary metrics of standard
deviation, the number of observations, and mandatory Quality
Assurance (QA) flags. This letter introduces the VNP46A3/A4
product refinement efforts to date (c. 2021), including evalu-
ation of product performance.

II. DATA AND STUDY AREA

NASA’s daily, monthly, and annual Black Marble NTL
products are available from the Level-1 and Atmosphere
Archive and Distribution System (LAADS) Distributed Active
Archive Centers (DAACs). We selected eight globally
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TABLE I

LOCATIONS OF CHOSEN NTL COMPOSITE SITES (ONE PIXEL
OF BLACK MARBLE PRODUCT)

distributed sites (Table I) to evaluate product performance.
We used tile h06v05, located in the southwest USA covering
a spatial area of 10◦× 10◦, to demonstrate the overall quality
of the NTL composites.

III. METHOD

NTL uncertainties related to atmospheric and lunar irra-
diance have been addressed by the daily atmospheric- and
lunar-BRDF-corrected NTL (VNP46A2), which serves as the
primary input to VNP46A3/A4. The angular effect is one of
the dominant sources of NTL uncertainty [18], [20]–[23].

The daily VNP46A2 products also correct for the reflected
lunar irradiance from the surface and retain the reflected
artificial light. Surface reflected artificial light is a major
component of the nighttime radiance acquired by the VIIRS
DNB, in addition to direct artificial light. For a given NTL
source, the surface reflected light from the light source during
the snow-covered period is higher than snow-free conditions
due to the higher snow albedo (∼0.8 for fully snow-covered)
than snow-free infrastructure (∼0.15–0.2) [18]. Therefore,
VNP46A3/A4 NTL composites are produced with snow-free
and snow-covered conditions separately.

A. Data Filtering

Clear sky high-quality VNP46A2 data derived from the
main algorithm (QA < 2) are chosen for the generation
of VNP46A3/A4 composites. NTL with QA = 2 represent
potential outliers due to aurora, incorrect snow flag, or cloud
contamination [18], and are thus excluded.

B. Temporal Composite
Further potential outliers or extreme values are excluded

according to boxplot metrics [24]. The NTL observations that
fall out of the range of Q1 −1.5 × IQR and Q3 + 1.5 × IQR
were filtered out from the NTL temporal composites (Fig. 1).
Interquartile range (IQR) is the difference between the 75th
(Q3) and 25th (Q1) percentile. Unlike the Z -score [25], the
boxplot metrics method does not require normal distribution
of the measurements. The composites are calculated from the
mean values of the remaining observations. To remove residual
background noise, the NTL composite values with radiances
less than 0.5 nWcm−2sr−1 are also set to zero. This threshold

Fig. 1. Boxplot of Site 1 (commercial area), Site 2 (residential area), and
Site 3 (rural area) for annual composite in 2018. The observations out of the
upper and lower bars were excluded for the composite.

was obtained through a series of benchmark tests conducted
using a globally stratified sample of 30 VIIRS tiles [26]. For
example, we found that 5.9%, 6.0%, and 1.5% of observations
were excluded for the VNP46A4 composite at the commercial
(Site 1), residential (Site 2), and rural (Site 3) sites across Los
Angeles in 2018, respectively (Fig. 1).

C. Output Metrics
VNP46A3/A4 NTL composites are produced at 15 arcsec

spatial resolution with 28 layers including NTL radiance
composite, the number of observations, QA, and NTL radi-
ance standard deviation for three view zenith angle (VZA)
categories (all-angles, near-nadir, and off-nadir) and snow
conditions (snow-free and snow-covered). The boxplot outlier
removal procedure was conducted for each of the angular
categories and snow conditions. The VNP46 land water mask,
latitude, longitude, and platform are also included as ancillary
layers. The “all-angles” composite radiance is calculated based
on all valid high-quality clear-sky observations. A “near-nadir”
composite is also generated using the high-quality observations
falling in VZA ≤ 20◦. Finally, an “off-nadir” composite is
produced from the high-quality observations with VZA ≥
40◦. Most of the angular information is contained in the near-
nadir and off-nadir angular ranges. The all-angles composite is
derived from all the angular observations, therefore, the angu-
lar composite of 20◦–40◦ was not included in the composite
products. Poor quality is assigned for the composites with a
valid number of observations <4.

D. Evaluation
The chosen eight sites display conditions representative of

commercial urban centers, residential, and rural areas with
different snow and vegetation conditions and building heights.
The coefficient of variation (CV) was utilized to evaluate the
level of dispersion of the temporal Black Marble composites

CV = σ

μ
(1)

where σ represents the standard deviation and μ is the
mean value. The CV was calculated based on all the data
available for daily, monthly, and annual NTL composite from
2012 to 2021.

IV. RESULTS

For this assessment, most artificial lights at night are
located between 50◦ and 20◦ latitude in the Northern
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Fig. 2. Annual snow-free all-angles NTL composite in 2018. (Right) SOL
radiance within each 1◦ of latitude. (Bottom) SOL radiance within each 1◦
of longitude.

Fig. 3. Monthly in June 2016 (upper) and annual in 2016 (bottom) all-
angles snow-free composite of tile h06v05 (10◦ × 10◦). (Left) NTL composite.
(Middle) Associated number of observations. (Right) QA.

Fig. 4. Histogram of the number of valid observations for the monthly (June)
(upper left) and annual (upper right) composite of tile h06v05 in 2016. And
the comparison of the all valid and moon-free only number of observations
for monthly composite at Site 5 (bottom).

Hemisphere (Fig. 2). Artificial lights are mainly located in
the Americas, Europe, Middle East, south and East Asia.

All yearly and most areas of monthly NTL composites were
flagged as good quality for tile h06v05 covering the southwest
USA in 2016 (Fig. 3). The west coast around Los Angeles has
relatively fewer valid observations for the temporal composite

TABLE II

CV OF THE EIGHT SITES DURING THE SNOW-FREE
PERIOD FROM 2012 TO 2021

due to cloud coverage (Fig. 3). Most pixels have more than
15 observations for the monthly all-angle composite of this
tile in June. For this case, VNP46A2 had 24% more valid
observations than a “moon-free nights only” method employed
from 2012 to 2020 at Site 5 (Fig. 4).

A. Temporal Comparison
As reported in recent uncertainty assessments [18], NTL

radiance usually increases toward higher VZA, particularly
across rural and residential regions. In contrast, NTL radi-
ance across commercial urban centers follows a reverse trend
(highest near nadir, decreasing with increased VZA). Case in
point, Sites 1, 4, and 5 (corresponding to commercial urban
centers) showed the largest variation compared to residential
and rural areas (Table II, Fig. 5). The annual composite had
the least temporal variation while daily NTL illustrates the
highest temporal variation with the largest CV values.

Knowledge of seasonal variations in NTL is also crucial.
For example, the monthly composite at Quebec City (Site 8)
showed higher temporal variation compared to other residen-
tial sites due to the seasonal phenology effect. Site 8 was
covered by deciduous trees while the vegetation status of other
sites is stable throughout the year. The CV of the annual
composite of Site 6 is larger than other sites particularly at
off-nadir and all-angles since the radiances evidently decreased
from 2016. No significant temporal changes were found over
the three sites around Los Angeles (a mature urban center)
during the last decade (Fig. 5).

B. Angular Categories

Multiangular NTL composites provide orthogonal informa-
tion content corresponding to different urban NTL conditions.
A typical example is when near-nadir composite radiance is
highest with large variation over the three angular categories
of VNP46A3/A4 products, e.g., Site 1 (Fig. 5). In contrast, off-
nadir composites experienced the most stable temporal trends.
The radiance of all-angles composites was slightly higher than
off-nadir composites.

In another case, the off-nadir composite radiance of Site 2
was slightly higher than the all-angles and near-nadir compos-
ites. The near-nadir composite radiance of various commercial
centers (Site 1, Site 4, and Site 5) was also much higher
than the other two angular composites. The radiances of three
sampled angular composites are close over the two residential
sites around Rome (Site 6 and Site 7) (Fig. 6).

Additional temporal trends can be identified from different
angular composites that would otherwise remain missing from
composites that use single “near-nadir” or “all-angle” values.
For example, near-nadir radiance spiked to high values at
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Fig. 5. Black marble daily, monthly, and annual snow-free NTL composite
radiance at commercial (Site 1), residential (Site 2), and rural (Site 3) areas
from 2012 to 2021.

Site 4 and Site 5 after the year 2015 which could be caused
by more beam lights pointing directly at the zenith (Fig. 6).
The high radiance of near-nadir composite at Dubai (Site 4)
dropped to close to the other angular composites since 2020,
which could be due to containment measurements associated
with the COVID pandemic [27] or construction. The radiance
of the two Rome residential sites (Site 6 and Site 7) decreased
significantly after 2017. This particular NTL change can be
attributed to the transition of yellow/orange street lights to
LED by the public lighting system conventional lamps replace-
ment project of the Municipality of Rome [28]. Fig. 6(c)
illustrates this through color photographs of Rome, Italy, taken
by the astronauts on the ISS in 2015 and 2021. A similar
change was also found in Milan, Italy, due to the lack of
light sensitivity of DNB in the range of 400–500 nm [29].
The standard deviation (the magnitude of the shaded areas in
Fig. 6) is smaller after 2017 for both sites, likely due to the
change of lighting types.

C. Snow
The effect of snow flag accuracy used for Collection V001

Black Marble product was discussed in Wang et al. [18]. The
radiance of VNP46A3 during the snow-covered period is about
twice as high as snow-free values at Quebec City (Fig. 7).
Black Marble daily BRDF-corrected radiance (VNP46A2)
only corrects the reflected lunar illumination. VNP46A2
includes surface reflected artificial light (e.g., road reflected
streetlights) and the direct light from lamps (e.g., building
façade lighting). The surface reflected artificial light over snow
surface is much higher than snow-free condition resulting from
the higher snow albedo given the same downward artificial
light radiance. The change of NTL radiance depends on snow

Fig. 6. Black marble temporal monthly composites at Site 4, Site 5,
Site 6, and Site 7 from 2012 to 2021. The shaded areas represent the
standard deviation. The International Space Station (ISS) nighttime images
(https://eol.jsc.nasa.gov/) were captured in 2015 (ISS043-E-121713) and 2021
(ISS065-E-53465).

Fig. 7. Snow-free and snow-covered monthly composite radiance at Quebec
City residential area (Site 8).

albedo, the proportion of surface reflected artificial light, and
vegetation phenology. Vegetation occlusion is further reduced
for deciduous trees during wintertime compared to the growing
season since more light could penetrate the trees and be
observed [30].

V. CONCLUSION

Black Marble monthly and annual NTL composites
(VNP46A3/A4) were generated from daily lunar-BRDF-
corrected NTL radiance for three view angle categories and
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two snow conditions to reduce the uncertainties, along with
ancillary layers providing explicit quality control. The tem-
poral composite products have been released to the public
from 2012 to the present through NASA’s LAADS DAAC.
Outliers were removed based on boxplot metrics and daily
NTL retrieval quality. Given the use of Lunar-BRDF corrected
NTLs, more high-quality observations are added into the NTL
composites, helping to improve the representation of the flow
of human activities over the whole period of interest, compared
to approaches based on TOA moon-free nights values.

NTL composites with view angle categories significantly
enhance and allow improved quantification of the detection
of artificial light changes. In various instances, e.g., Dubai
(Site 4) and Rome (Site 5), we show how near-nadir composite
radiance increased significantly. The same response was not
visible from all-angle and off-nadir NTL composites. The
replacement of conventional lamps by LED street lights could
also be clearly identified by multiangular composites.

As expected, the CV of monthly and annual composites
is much lower than the CV of daily NTL. Our results also
underpin the importance of considering the seasonal variation
due to vegetation phenology and snow conditions for NTL
change detection, particularly at daily and monthly scales.

We should stress that VNP46A3/A4 NTL composites
labeled with “gap-filled” quality flags are populated with his-
torical values and should not be used for quantitative analyses
or change detection. Users should also be aware of the inherent
flaws (background noise) when using Sum of Lights (SOLs)
techniques for temporal NTL comparisons [31]. SOL is usually
calculated for large areas of natural regions without artificial
light. The accumulated background noise, though very low
at a per-pixel level, should not be ignored when the spatial
boundaries for SOL are large, especially when summarizing
city- and country-scale SOL statistics.

NASA’s Black Marble current product suite (Collection
V001) is conservative against cloud and aurora contaminated
observations; some of which may be considered as valid
observations, but are nonetheless excluded by the outlier
removal process. These higher-order artifacts will be mitigated
further in the upcoming VIIRS Collection V002 reprocessing,
which will include improved cloud masks and a newly-added
Aurora QA flag using machine-learning-based detection.
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