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Abstract Artificial Light at Night (ALAN) poses risks to public health and ecosystems. While long‐term
remote sensing has tracked global nighttime light, spectrally resolved light at night (spectral light at night
(SLAN)) data from geostationary orbit only became available with NASA's Tropospheric Emissions:
Monitoring of Pollution (TEMPO) mission. Its Level 1 twilight radiance product enables detailed
spatiotemporal analysis of ALAN's spectral characteristics. This study introduces algorithms for processing
TEMPO Level 1 data into Level 2 SLAN data using two methods for solar background removal: scattering‐
angle correction and spectral correction. The first method uses the relationship between scattering angle and
radiance to suppress background, while the second uses the inherent spectral relations in the solar radiation in
290–390 nm range, where artificial light emissions are minimized, to estimate direct twilight contributions.
Combined, these methods yield more stable correction results. The results are validated against two independent
data sets: the Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band (DNB) BlackMarble product
and astronaut photographs taken from the International Space Station (ISS) over Houston. Comparisons include
(a) city light classifications from Black Marble versus both raw and corrected TEMPO data, (b) pixel‐to‐pixel
radiance measurements between TEMPO and VIIRS, and (c) spectral angle analyses between ISS and TEMPO
data. We also compare CONUS nighttime light maps from VIIRS DNB, TEMPO VIS, and TEMPO UV;
TEMPO VIS agrees closely with VIIRS DNB, while both diverge from TEMPO UV in gas‐flaring regions,
highlighting the complementary information these instruments provide.

Plain Language Summary Artificial Light at Night harms ecosystems and human health. Blue light,
in particular, disrupts sleep and circadian rhythms, which is linked to problems like cancer, diabetes, heart
disease, and obesity. Most satellites have only measured how bright city lights are; NASA's TEMPO mission
also measures their color. We created a method to clean TEMPO's raw data by removing solar background,
giving clearer views of both color and brightness. The results match independent light maps from other satellite
product and photos from the ISS, especially in city centers and along major roads, opening new ways to study
light pollution.

1. Introduction
Understanding and characterizing the spectral properties of nighttime artificial lighting is critical, especially given
biological sensitivities to short‐wavelength illumination, including UV wavelengths, among almost all species on
Earth. The increasing prevalence of artificial lighting has raised concerns about its widespread environmental and
physiological effects. With the widespread use of electric‐powered light sources, Artificial Light at Night
(ALAN) originates from various point sources, including municipal, industrial, commercial, and residential
lighting (Davies & Smyth, 2018). There is growing interest in studying the ecological and health impacts of
ALAN due to its widespread global distribution and its numerous environmental and public health consequences
(Davies & Smyth, 2018; Gaston et al., 2017; Gaston & Sánchez de Miguel, 2022; Song et al., 2021). Artificial
Light at Night alters organism physiology, reshapes ecological community structures, and affects numerous
species by disrupting animal communication, reproduction, orientation, habitat selection, predator avoidance,
predation pressure, circadian rhythms, plant phenology, and ecosystem services (Bennie et al., 2016; Bolton
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et al., 2017; Davies & Smyth, 2018; Davies et al., 2015; Dominoni et al., 2013; Frank, 1988; Knop et al., 2017;
Raap et al., 2015; van Geffen et al., 2015; Wakefield et al., 2015). Among various light sources, Light‐emitting
diode (LEDs) have become increasingly dominant due to their energy efficiency (Wang et al., 2020; Zissis
et al., 2021). However, their strong short‐wavelength emissions coincide with the spectral range where the
circadian response to light peaks among most living organisms, including humans (Davies et al., 2013). White
LEDs, in particular, can alter species interactions and trigger attraction or disorientation responses in species such
as seabirds (Davies et al., 2013; Middlemiss et al., 2025). Moreover, higher correlated color temperatures and
increased illuminance levels in the evening from white LEDs have been found to strongly suppress melatonin,
potentially desynchronizing circadian rhythms and negatively affecting sleepiness, cognitive performance, and
visual comfort (Rea et al., 2012; Stefani et al., 2021).

Satellite‐based remote sensing provides a powerful tool for large‐scale monitoring of ALAN. Outdoor ALAN can
be estimated through various methods, including field measurements using illuminometers, satellite‐observed
artificial sky brightness, and self‐reported questionnaires (Wang et al., 2023). However, satellite data remains
the most effective approach, enabling the capture of the global distribution of city lights and the creation of a
comprehensive outdoor ALAN world atlas (Cinzano et al., 2001). The first world atlas of ALAN was generated
using data from the Defense Meteorological Satellite Program (DMSP) Operational Linescan System (Cinzano
et al., 2001). This was later refined using the Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band
(DNB) aboard the Suomi National Polar‐orbiting Partnership (Suomi NPP) satellite (Falchi et al., 2016; Zhou
et al., 2021, 2024). VIIRS DNB is a panchromatic sensor with high sensitivity to low‐light conditions, capturing
emissions in the visible and near‐infrared spectrum (400–900 nm) at ∼750m resolution (Liao et al., 2013; Zhou
et al., 2023). To enhance data quality and produce clear radiance maps, the Black Marble algorithm include
corrections for cloud cover, atmospheric interference, terrain variations, vegetations, snow, lunar illumination and
stray light (Mills et al., 2013; Román et al., 2018a, Román et al., 2018a). These data sets enable researchers to
analyze spatial patterns and temporal trends in ALAN (Xiao, Lyu, et al., 2023; Xiao, Zhou, et al., 2023). Despite
these research advances, lack of spectral resolution in previous satellite data sources has limited the ability to fully
understand the ecological and health effects of ALAN.

To provide the spectral detail (or light color information) missing from Black Marble, this study uses TEMPO
twilight observations to deliver high‐resolution nighttime ALAN spectra. TEMPO, part of NASA's Earth Venture
Instrument program, primarily measures trace gases and aerosols affecting air quality over North America
(Naeger et al., 2021; Zoogman et al., 2017). Since August 2023, it has been collecting spectral data in the
293–494 nm and 538–741 nm ranges, with a spectral resolution of 0.6 nm (spectral interval of 0.2 nm) and a
spatial resolution of ∼4.75 km (E/W) × 2 km (N/S) (Zoogman et al., 2017). Although TEMPO was designed for
daytime atmospheric monitoring, its twilight radiance product provides a unique opportunity for ALAN studies
by capturing nighttime light spectra only when the Sun is >60◦ from its boresight to avoid instrument damage
(Carr et al., 2017; Zoogman et al., 2017). Its fine spectral resolution allows researchers to distinguish different
light sources, including LEDs and fluorescent lights, improving the accuracy of urban light pollution assessments
(Carr et al., 2017, 2025; Wang et al., 2016). In addition, twilight observations can capture stronger artificial light
signals associated with higher human activity during late evening and early morning periods, compared to late‐
night observations such as those from VIIRS‐DNB.

Because TEMPO is a new source of ALAN information and its twilight observations can be contaminated by solar
background signals (Carr et al., 2025), we here develop the methods to remove the background signal to generate
spectral light at night (SLAN) data product that can be used in future to study artificial light pollution. Section 2
introduces the data sets used and Section 3 details two background correction methods, documenting step‐by‐step
refinements to produce a corrected TEMPO product. Section 4 evaluates this corrected product against the
reference data sets over the Houston metropolitan area to assess spatial and spectral consistency.

2. Data Sets
To process the TEMPO twilight data set for its application in circadian light studies in clear sky conditions, we use
the geostationary GOES clear sky mask product to filter out TEMPO's cloudy pixels. We then compare the
TEMPO data set with VIIRS Black Marble and ISS astronaut photography. Table S1 in Supporting Informa-
tion S1 summarizes the key characteristics of each data set, including spectral coverage and spatial resolution. The
following subsections provide a detailed description of each data set.
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2.1. TEMPO Twilight Measurements

TEMPO is an imaging spectrometer that captures both UV and visible spectra at a spatial resolution of
2 km × 4.75 km at the center of the field of regard. During its scanning, light reflected off the scan mirror is
directed onto the entrance slit of an Offner‐type spectrometer, where it is spectrally dispersed onto two CCD
(Charged Coupled Device) focal plane arrays (Carr et al., 2017, 2025). One CCD covers wavelengths from 293 to
494 nm in 0.2 nm increments, while the other covers 538–741 nm in the same increments.

The Version 3 TEMPO twilight data (TEMPO_RADT_L1_V03) was used in this study (Chong et al., 2026).
Twilight observations are conducted during early morning and late evening at the spacecraft longitude. Morning
scans capture nighttime conditions in the western portion of the field of regard, while evening scans capture the
eastern portion. Observations are constrained by a solar safety requirement that prohibits aperture opening when
the Sun is within 60◦ of the instrument boresight. As a result, nighttime observation opportunities are longest near
the winter solstice and highly limited between May 20 and July 20. To maximize data quality and minimize solar
contamination, twilight measurements are primarily scheduled between mid‐August and mid‐April. The number
and duration of scans within each twilight window depend on the time available under safety constraints. When
the window is short, fewer or no nighttime scans are performed, and regions may be revisited over multiple days if
necessary.

In this study, we use twilight data collected between February 1 and April 25, as well as September 5 and 31
December 2024. Since TEMPO's twilight observation geolocations vary daily, we re‐grid all data to a uniform
0.05◦ grid over CONUS (25◦N–50◦N, 125◦W–60◦W).

2.2. GOES Clear Sky Mask

The GOES‐16 clear sky mask (ACM) product provides a binary clear‐sky mask every five minutes for the
CONUS region at a 2 km spatial resolution. To ensure consistency with TEMPO, we re‐grid the ACMproduct to a
0.05◦ resolution. During nighttime and twilight, visible channels become less useful, so the ACM algorithm relies
on six IR channels: 3.9 μm, 7.0 μm, 7.4 μm, 8.5 μm, 11.2 μm, and 12.3 μm (Heidinger, 2011). The nighttime cloud
detection accuracy of the ACM is approximately 85.8%when compared with CALIPSO retrievals. This data set is
crucial for filtering out cloud‐contaminated pixels in the TEMPO twilight data set, ensuring that our analysis
focuses on clear‐sky conditions.

2.3. VIIRS DNB Black Marble Data Sets

The Black Marble product includes the daily at‐sensor top of atmosphere (TOA) nighttime lights (NTL) product
(VNP46A1) and daily moonlight‐adjusted nighttime lights product (VNP46A2). Both products are provided at a
spatial resolution of 500 m. The VNP46A2 product offers daily nighttime light observations based on cloud‐free,
atmospheric‐, terrain‐, vegetation‐, snow‐, lunar‐, and stray light‐corrected DNB (Day‐Night Band) radiances
(Román et al., 2018a, Román et al., 2018a). To enhance data accuracy, VNP46A2 applies several correction
techniques: (a) Atmospheric correction accounts for the influence of aerosols, water vapor, and ozone on
nighttime light radiances; (b) Bidirectional Reflectance Distribution Function (BRDF) correction estimates the
contributions of moonlight, aerosols, and surface albedo through an analytical BRDF model inversion; (c)
Seasonal correction compensates for seasonal variations in nighttime lights using canopy radiative transfer
methods. For consistency across data sets, VIIRS DNB data (VNP46A1 & VNP46A2) are re‐gridded to a 0.05◦

resolution, aligning with that of TEMPO and GOES ACM products. By offering high‐quality, cloud‐free
nighttime observations, VIIRS DNB serves as a valuable reference for evaluating TEMPO's twilight products.

Globally, VIIRS nighttime cloud detection achieves approximately 94% accuracy (Wang et al., 2021). However,
quantifying the absolute accuracy of NightTime Lights (NTL) retrievals remains challenging due to the limited
availability of spatially and temporally dense, high‐quality in situ reference data. Several factors contribute to
uncertainties in NTL retrievals, including view‐illumination geometry, surface BRDF effects, snow cover, lunar
irradiance, aerosol loading, cloud masking accuracy, vegetation structure, and transient or ephemeral artifacts.

2.4. ISS Astronaut Nighttime Photography

Unlike satellite imagery, which follows an automated and precisely controlled acquisition process, ISS astronaut
photos are captured using handheld cameras, resulting in greater variability in sensor pose (Stoken &
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Fisher, 2023). As a result, astronaut imagery exhibits a high degree of variability compared to its satellite
counterparts. The conditions under which astronauts take these photographs add to the challenge of localization,
whether by human analysis or automated methods (Stoken & Fisher, 2023). Imagery taken from the ISS has a high
spatial resolution of approximately 20 m. However, the spacecraft's orbit imposes certain limitations, as it does
not pass over every point on Earth daily. Although multiple photographs of major U.S. cities such as Houston are
taken each year, there is no consistent pattern in the images astronauts choose to capture, resulting in a low and
irregular temporal resolution (Johnson, 2020). To facilitate comparison with other data sets, astronaut imagery is
manually georeferenced and selected based on its alignment with study regions (Houston region).

3. Methods and Results
3.1. TEMPO Twilight Data Sets Preprocessing

This section introduces two background correction methods. The first method uses the relationship between
radiance and scattering angle to correct individually for each spectral line, treating each wavelength as an in-
dependent channel. The second method estimates twilight spectrum contribution using measurements in
290–390 nm range and through assumption that this estimate is same across entire TEMPO spectral range, use it
for performing the background correction. Both methods yield similar results across most wavelengths, though
their performance differ in certain wavelength ranges. The processing time also varies between the two ap-
proaches and depends on the available computing resources. In general, the spectral correction method is
computationally more intensive than the scattering‐angle correction approach because it includes additional
spectral fitting and background estimation procedures. In practice, combining the two methods often leads to
improved correction accuracy in the final SLAN data product.

3.1.1. Scattering Angle Correction Approach

The TEMPO twilight product often exhibits significant background signal, particularly in the UV channel
(293–494 nm), as shown in Figure 1a. The distribution map from 9 April 2024, reveals elevated values over the
northern Great Plains region, likely due to high background signals near the terminator. This inference is sup-
ported by the spectral characteristics of the background, which closely resemble those of twilight—peaking
around 440 nm and showing strong intensity in the UV range (Kelber et al., 2017). To better understand the
source of this background and improve data set correction, we investigated the relationship between UV (and
visible) radiances and various geometric angles, including solar zenith angle (SZA), view zenith angle (VZA),
and relative azimuth angle (RAZ).

Our analysis revealed a notable correlation between background radiances and both the scattering angle and
exposure time. Exposure time refers to the duration the detector collects light (photons) for each scan line (or

Figure 1. TEMPO raw radiance spectra and scattering geometry. (a) TEMPO radiance spectra at two different locations (red and black lines correspond to locations of
the red and black stars shown on the inset map). The inset map displays the spatial distribution of UV radiance (290–490 nm) over North America on 9 April 2024
(exposure time: 3s), highlighting the potential dependence of background radiance on viewing geometry. The black star marks White Sands National Park, and the red
star marks a location over the ocean. Both high‐ and low‐albedo surfaces exhibit similar high peaks in the UV range. (b) Schematic illustration of the solar‐viewing
geometry, defining the solar zenith angle (θs), view zenith angle (θv), relative azimuth angle (φ), and scattering angle (γ).
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termed as “mirror step” in L1b data), which varies across observations. Typical exposure times for TEMPO
include 44, 12.6, 6.3, and 3 s. As illustrated in Figure 1b (and Figure S1 in Supporting Information S1), the
scattering angle (γ) is defined as the angle between the direction of incoming sunlight and the direction of the
observed radiance (toward the sensor). It is calculated using the following equation:

cos γ = − (cos θs cos θv + sin θs sin θv cos φ)

where θs is SZA, θv is the VZA and φ is the RAZ. Across different exposure times, we observed a relatively stable
linear relationship between radiance and scattering angle, with consistent slopes across multiple days (Figure 2).
For the scatterplot and corresponding analysis of angles versus radiance, we exclude observations with SZA less
than 100◦ (e.g., close to sunrise and sunset time). When the Sun is too close to the horizon, strong sunlight
scattering causes this relationship to break down, leading to a sharp increase in radiance.

The variation of UV radiance with respect to scattering angle in Figure 2 provides insight into the source of
background. For example, during twilight observations before sunrise (when the solar zenith angle, SZA, is
greater than 90◦, i.e., the Sun is below the horizon) in the eastern half of CONUS, the scattering angle increases as
the TEMPO scan progresses from east to west (as shown in Figure S2 in Supporting Information S1).

Figure 2. Linear relationship between TEMPO UV radiance (390–490 nm) and scattering angle at 4 selected days with four
typical exposure times respectively over the continental United States (CONUS). Pixels with a solar zenith angle
(SZA)< 100◦ are excluded, as radiance increases sharply when the Sun is near the horizon, disrupting the linear relationship.
Each panel shows the linear relationship between TEMPOUV radiance and scattering angle (SA). The analysis demonstrates
how the radiance–scattering angle relationship varies with exposure time: (a) 44s on February 6, (b) 12.6s on February 24,
(c) 6.3s on March 16, and (d) 3s on April 8, all in 2024. The results highlight the impact of exposure time on radiance
behavior, with longer exposures showing stronger positive correlations.
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Interestingly, the change in background along the scan direction exhibits opposite trends depending on the
exposure time. For longer exposure times, such as 12.6 s, the apparent motion of the Sun (relative to the Earth's
surface) is faster than that of the sensor. As the sensor scans westward, it increasingly captures sunlight scattered
from the terminator region, leading to a rise in background. This results in a positive correlation between scat-
tering angle and radiance (Figure 2b). In contrast, for shorter exposure times such as 3 s, the sensor scans more
rapidly than the Sun's apparent motion. Consequently, as the scan moves westward, less sunlight from the
terminator leaks into the field of view, and background decreases. In this case, the relationship between scattering
angle and radiance is negative (Figure 2d). This contrast highlights the dynamic interplay among solar geometry,
exposure duration, and the relative motion between the sensor and the shifting solar zenith angle across the scan
path from east to west. It should be noted that the scattering angle used here does not represent a specific physical
scattering event within the scan. Instead, it is used as a geometric parameter describing the relative configuration
between the Sun, atmosphere, and sensor. Consequently, the observed relationship between the background
signal and scattering angle is empirical rather than derived from a physical scattering model.

TEMPO background comes from a combination of straylight from sunlight and residual errors from dark current
correction (Carr et al., 2017, 2025). To mitigate this background and improve data quality, we apply the following
correction procedure:

1. Mask out pixels that are invalid, such as those affected by persistently hot or noisy behavior, dark‐current over‐
subtraction, or other non‐ideal detector effects. Persistently hot pixels are identified using a 10σ threshold
above the nominal level, while anomalously noisy pixels are identified using a 6σ threshold (Carr et al., 2025).
Bright urban pixels are classified by applying a 3σ threshold based onMedian Absolute Difference (MAD) test
(Carr et al., 2025).

2. Granule‐based background estimation using scattering angle–based linear correction: for each spectral line
across the entire granule, the background is estimated by applying a linear correction based on the relationship
between scattering angle (θ) and spectral radiance (as shown in Figure 2). This correction applies a linear fit
between scattering angle and radiance to adjust the values accordingly. For each pixel i, the background can be
estimated by:

Bi(λ) = aλθi + bλ (1)

The corrected radiance Lí (λ) after granule‐based correction is:

Lí (λ) = Li(λ) − Bi(λ) (2)

This step has two main goals: to reduce radiance values to near‐zero for non‐city pixels and to remove the
systematic linear relationship between scattering angle and radiance within each granule.

3. Scanline‐based residual background pattern capture: A 20‐scan‐line‐wide window (Wk), centered on scan line
(k) is applied at each spectral wavelength (λ). This window moves across the scan direction, and residual
background (Rk(θ,λ)) is estimated as the median of the granule‐corrected radiances within each window:

Rk(θ,λ) = medianj∈Wk(Lj́ (θ,λ)) (3)

Because twilight‐related multi‐scattering effects vary by day and viewing geometry, a fixed regression model is
not used. Instead, this flexible, data‐driven approach adapts to daily variations. In cities with broader east–west
extents, masking out city pixels may result in insufficient valid values for estimating background. In such cases,
vertical interpolation using surrounding valid pixels is employed to estimate the background.

4. Scanline‐based residual background removing: the estimated background pattern from the previous step is
used as a reference. For each scan line k, a least‐squares method is applied along the scattering‐angle
dimension to determine the best‐fitting slope and intercept that align the granule‐corrected radiances with
the estimated background pattern.

Lḱ(θ,λ) = αkRk(θ,λ) + βk + ηk(θ) (4)
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The fitted background (αkRk(θ,λ) + βk) is then subtracted from the granule‐corrected radiance to obtain the final
background‐corrected radiance Lk̋ (λ) :

Lk̋ (θ,λ) = Lḱ(θ,λ) − (αkRk(θ,λ) + βk) (5)

City light pixels are also corrected during this step.

5. Mask cloudy pixels using GOES cloud mask data: Cloudy pixels are filtered out by applying the GOES cloud
mask product from the closest observation time, reducing cloud contamination in the corrected data.

6. Re‐grid TEMPO data to a uniform spatial grid: Since TEMPO's observation geolocations vary daily, all
corrected data are re‐gridded to a consistent 0.05◦ spatial resolution over CONUS, ensuring comparability
across different days.

The 20‐scan‐line‐wide window size is chosen based on spatial scale and computational efficiency. With
TEMPO's ∼4.75 km east–west resolution, a 20‐pixel window corresponds to ∼95 km, which exceeds the typical
east–west span of most cities in the study region (e.g., Houston is ∼80 km wide). This window size allows
representative background regions around cities to be captured while maintaining computational efficiency.

Figure 3 illustrates the contribution of each correction step to background removal for a single granule observed
on March 19th (exposure time = 6s). The first row shows the raw data, the second row displays results after
correction Step 2, and the third row presents outputs after applying correction Steps 3 and 4. Figure 3a displays the

Figure 3. Step‐by‐step background correction of TEMPO radiance data fromMarch 19th (exposure time: 6 s, TEMPO_RADT_L1_V03_20240319T103217Z_S001G01.
nc). The first row shows the raw data without any correction. The second row shows the data after applying correction procedures 2, while the third row shows the data
after applying procedure 3 and 4. Please see the text for details. The first column displays the linear correlation between TEMPO UV band radiances (290–490 nm) and
scattering angles (SCA) for the entire granule (consisting of 121 scan lines). The second column presents the results for a single scan line. The third column shows the
spectral radiance for one pixel. Note, the scales are different between panel (a, d, and g). The first and second column shows the UV band intensity of radiance
(nW cm− 2sr− 1) while the third column shows the spectral radiance (nW cm− 2nm− 1sr− 1).
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variation in UV radiance (290–490 nm) with scattering angle across the entire granule. As in Figure 2, this
relationship is linear, with the slope dependent on exposure time. The granule consists of 121 scan lines oriented
in the north–south direction, while the observation moves in the east–west direction. The number of scan lines is
not constant and can vary between different scans. Figure 3b shows the variation in UV radiance with scattering
angle for a single scan line. Discontinuities may occur at the junction between the upper and lower halves of the
scan line due to dark current correction. Figure 3c presents the spectral radiance profile of a single pixel in the
northern half of the scan line, where background signal is particularly strong in the UV range (400–490 nm).

Figures 3d–3f show the results after applying the scattering angle–radiance linear correction (Step 2). In
Figure 3d, radiance values across the entire granule are reduced to near‐zero levels, and the granule‐based angular
dependence is effectively removed. Since a 6‐second exposure time typically exhibits minimal angular depen-
dence (with a slope close to zero), the correction effect is more pronounced for other exposure times (see Figure
S3 in Supporting Information S1). Figure 3e shows that, although most background has been eliminated, some
scan‐line patterns remain visible. Figure 3f demonstrates the successful removal of the pronounced peak in the
400–490 nm range, which is likely caused by straylight effects. Following the subsequent line‐by‐line corrections
(Steps 3 and 4), Figures 3g–3i illustrate the final outcomes. Figure 3g indicates that radiance values within the
granule stabilize around a near‐zero baseline, though some outliers remain, potentially representing city lights.
Although city pixels were initially masked to accurately estimate the background without interference from bright
urban areas, the final correction includes all pixels, restoring the city lights in the data set. In Figure 3h, the
previously observed curved trend in the scan line radiance has been corrected to yield a flatter profile near zero.
This adjustment removes the scanline‐based angular dependence of the radiance. Figure 3i demonstrates further
refinement of the single‐pixel spectral profile, correcting earlier over‐adjustments that resulted in negative values
within the 400–490 nm range. The final corrected spectrum confirms the successful removal of background
twilight residuals, with radiance approaching zero. However, minor positive and negative fluctuations remain due
to random noise, which can be effectively minimized by employing multi‐day averaging.

Figure 4 presents TEMPO radiance maps over the Houston area, corresponding to the same correction process
outlined in Figure 3. Figures 4a–4c show UV radiance (290–490 nm), while Figures 4d–4f display visible
radiance (540–640 nm). The first column (Figures 4a and 4d) shows the original data. In the UV channel
(Figure 4a), strong background is evident, including over ocean areas where illumination is not
expected—radiance values can exceed 240 nW cm− 2 sr− 1. Additionally, a striping pattern aligned with scan lines
indicates scan‐line‐dependent background. In contrast, the visible channel (Figure 4d) is less affected: city lights
stand out distinctly from rural surroundings, and background over the ocean is significantly lower than in the UV
channel. The second column (Figures 4b and 4e) shows results after applying the scattering angle–radiance linear
correction (Step 2). In the UV map (Figure 4b), background is largely reduced to near‐zero levels, although
vertical striping background persists. A similar effect is seen in the visible map (Figure 4e), where overall
background is diminished but some random artifacts remain. After line‐by‐line correction (Steps 3 and 4), the
final column (Figures 4c and 4f) shows that residual vertical striping background is effectively removed. In the
UV map (Figure 4c), city shapes become much clearer. In the visible map (Figure 4f), background is also suc-
cessfully removed, and the city signal appears stronger than in the UV channel, reflecting the fact that most light
emissions are concentrated at visible wavelengths.

3.1.2. Spectral Correction Approach

Our second approach for the background correction is based on the intrinsic variation of spectral intensity
associated with the solar radiation. While the SCA‐based method estimates the background at each wavelength
based on the SCA, the second approach, hereafter the spectral approach, remove the background by using the
fingerprint or spectral signature of twilight as a whole. The basis for the spectral approach is that the spectral
signature (e.g., spectral variation of the intensity) is an inherent propriety of the illumination source, and therefore,
the background from solar sources has different spectral signature as compared to that of artificial lights. For
example, artificial lights have no emission in the UV wavelengths, while for solar spectra, it not only has UV
radiation, but also has the well‐defined relationship between the UV radiation and visible radiation.

Figure 5a illustrates the spectral profiles measured by TEMPO over three locations along the same scan line,
marked on the inset map by orange, black, and red stars (from north to south). The overlaid gray line represents the
solar irradiance spectrum, included for reference. It is clear that at the 300–400 nm, the shape of the scattering
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spectra measured by TEMPO remain very similar to that of spectra of solar radiation (before reaching the at-
mosphere). The shape difference between the two can originate from atmospheric scattering, absorption, and
geometry. For example, twilight spectra are generally blue‐shifted relative to the solar spectrum (Figure 5a); this
can be explained by the strong Rayleigh scattering at blue wavelength. Indeed, along the scan line (2048
pixels ∼ 6144 km), the shape of the twilight spectrum remains relatively consistent over each pixel regardless the

Figure 4. TEMPO band radiance over the Houston area in two spectral ranges: 290–490 nm (first row, (a–c)) and 540–640 nm (second row, (d–f)). The first column (a, d)
shows the original data, the second column (b, e) illustrates the data after applying the scattering angle–radiance linear correction (corresponding to Step 2, as shown in
the second row of Figure 3), and the third column (c, f) displays the results following the line‐by‐line corrections (Steps 3 and 4, corresponding to the third row of
Figure 3).

Figure 5. (a) Spectral profiles of three locations along the same TEMPO scan line, marked by orange, black, and red stars (from north to south) on the inset map in panel
(b). The gray line represents the solar irradiance spectrum for reference. (b) Spectral profile at the black star location, showing the raw data (black line), the fitted line
using the estimated twilight spectrum (yellow line), and the corrected spectrum (blue line).
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observation location (over the ocean or over the land; Figure 5b). The inset map in Figure 5b marks the three
locations, all along a single scan line.

To consider the slight variation of profile (shape and intensity) of twilights along the scan line, a moving window
with a width of 20 pixels along the vertical scan line is used. The window must remain sufficiently localized to
avoid excessive spatial variation in twilight stray light. A 20‐pixel window provides a practical balance between
capturing representative background statistics and limiting the impact of large‐scale background gradients.
Subsequently, the spectral‐based correction is applied on the basis of each scan line as follows:

1. Window selection: The pixel type (city or non‐city) is first identified using a 3σ threshold based on the MAD
(Carr et al., 2025). Subsequently, for each target pixel, a window consisting of the 20 surrounding pixels is
selected if more than 85% are valid and classified as non‐city. 85% is chosen to allow some tolerance for
potential classification errors or mixed pixels within the window. If this condition is not met, the window is
shifted upward or downward to locate the nearest window that satisfies this criterion.

2. For each pixel i with its associated window Ωi:

We evaluated the sensitivity of the background estimation to different statistical estimators and found that the
optimal choice depends on pixel type (details described in—Text S3 in Supporting Information S1).

• If i is a city pixel, estimate the background spectrum as the median across Ωi:

Ti(λ) = median{Sj(λ)| j ∈ Ωi} (6)

Where Sj(λ) represents the measured spectrum at pixel j over wavelength λ, and j ϵ Ωi indicates pixels within the
window surrounding the target pixel i. The resulting median spectrum serves as the estimated twilight background
spectrum for pixel i.

• If i is a non‐city pixel, estimate the background spectrum as the 80th percentile across Ω:

Ti(λ) = quantile0.8 {Sj(λ)| j ∈ Ωi} (7)

3. Linear Regression for Background Modeling:

For each individual pixel:

• Extract the spectral profile at 290–390 nm (SUVi = Si(λ),λ ϵ [290,390] nm), a spectral region where contri-
butions from city lights are minimal and the signal is dominated by twilight.

• Perform a linear regression between the extracted spectrum (SUVi ) and the estimated twilight spectrum within
this range (TUVi = Ti(λ),λ ϵ [290,390] nm):

SUVi = ai · TUVi + bi (8)

• Use the fitted regression model to predict the background signal across the remaining spectral ranges:
390–490 nm and 540–740 nm:

Bi(λ) = ai · Ti(λ) + bi, λ ϵ {[390,490]∪ [540,740] nm} (9)

4. Background Subtraction: Subtract the estimated background spectrum from the original pixel spectrum to
generate the corrected pixel spectral profile:

Sci (λ) = Si(λ) − Bi(λ) (10)
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Figure 5b presents spectral data at the location marked by a black star in the inset map, including the raw radiance
spectrum (blue line), the estimated twilight spectrum (red line), and the corrected spectrum (green line). Since this
location is over the ocean and near the coastline, artificial lighting signals are weak, resulting in a corrected
spectrum that is nearly zero across all wavelengths. The estimated twilight spectrum closely matches the raw data
within the fitting range (290–390 nm) but is slightly lower near 450 nm, where twilight radiance peaks. Two
factors may contribute to this discrepancy: inherent uncertainties and fluctuations in the estimated twilight
spectrum, or the presence of faint blue light emissions from ships or other minor sources. This methodology
leverages the assumption that artificial lights have negligible signals within the 290–390 nm range, attributing any
significant excess radiance beyond the estimated twilight spectrum to artificial lighting.

Figure 6 presents the corrected radiance maps over the Houston region on 19 March 2024, for the UV channel
(Figure 6a) and the VIS channel (Figure 6b). As expected, the VIS channel map remains clear, while the UV map
shows reduced background compared to Figure 4c. The improvement becomes more apparent when the value
range is adjusted (see Figure S8 in Supporting Information S1). The window size used for estimating twilight
spectra is critical for this method. Within this narrow window, background is assumed to be slowly varying.
Because moonlight is linked to surface reflectance, we assume surface properties remain stable over such a small
area. As a result, both moonlight and twilight contributions can be incorporated into the background. With the
appropriate window size, this spectral correction effectively removes both twilight and moonlight, producing
more stable results for the UV band.

It is important to note that both maps are generated by integrating radiance over a range of bandwidths—for
example, the UV map represents integrated radiance from 290 to 490 nm. Sensor performance can vary across
different days depending on exposure time. If too many spectral wavelengths are flagged as anomalously noisy
pixels, the resulting integrated radiance will be much lower (Figure S7 and Text S4 in Supporting Informa-
tion S1). This effect is more pronounced in the UV channel, since background tends to be concentrated in this
spectral range.

3.1.3. Combination of Two Correction Approaches as SLAN Algorithm

The differences become more evident when comparing the spectra before and after applying the two correction
methods, as shown in Figure 7. In this comparison, we examine two example pixels: one located over the ocean
(Figure 7a) and the other within the city region (Figure 7b).

For the ocean pixel (Figure 7a), both the VIS and UV channels should approach zero after correction, as no
artificial lights are present at night. The VIS radiances are similar for both correction methods. However, in the
UV, particularly at blue wavelengths (400–490 nm), the spectral approach‐corrected spectra show lower values
compared to those corrected using the scattering‐angle method. This reflects the higher UV background in the
scattering‐angle correction and indicates that the spectral approach performs better at reducing blue‐channel
background in this case. For the city pixel (Figure 7b), both methods generally perform similarly across most
city‐light pixels, showing nearly identical spectral profiles and radiance intensities. Minor differences occur

Figure 6. Spectrum–corrected radiance map over the Houston area on 19 March 2024, corresponding to the same granule
shown in Figures 3 and 4. (a) UV channel (290–490 nm); (b) Visible (VIS) channel (540–640 nm).
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primarily at shorter wavelengths, but the overall agreement indicates that both approaches effectively correct the
radiance signal.

To leverage the strengths of each method and having a more stable solution across a wide rage of observing
conditions (Text S5 in Supporting Information S1), we average the two corrections in both channels to obtain the
final correction. This method improves overall accuracy and more effectively suppresses background in the blue
band.

3.2. Georeferenced Uncertainties and Correction

Figure 8 displays city light maps over the Houston area for selected clear days, with freeway locations overlaid for
geographic reference. A red circle highlights a major north–south freeway in northern Houston, which serves as a
convenient geolocation reference. The maps shown here use the original TEMPO spatial grids and have not yet
been re‐gridded. Ideally, the city light patterns should align with the freeway. However, across the three selected
days, the observed city lights shift approximately three pixels from east to west. This positional instability may
introduce challenges in subsequent processing steps, such as multi‐day averaging and pixel‐level comparisons
with Black Marble products. Therefore, a geolocation correction is applied following the method described in the
(Text S7 in Supporting Information S1).

4. Evaluation and Discussion
This section evaluates TEMPO observations against two established references (Black Marble and ISS nighttime
photography) over the Houston metropolitan area. Houston was selected as a test site because of its extensive
artificial light emissions, which generate strong, widespread signals that provide a robust basis for assessing

Figure 7. Comparison of corrected spectral profiles using scattering angle correction and spectral correction, and their
combined results over (a) the ocean and (b) city‐light pixels.

Figure 8. TEMPO city light maps over Houston after background correction for selected days. (a) Feb 2nd (b) March 19th (c) April 23rd. The freeways and roads are
overlaid as a spatial reference, highlighting the noticeable shifts in geometry across different days. These spatial variations suggest potential instability or
inconsistencies in the georeferencing of the TEMPO data set over time.
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TEMPO's performance. The city was also chosen because of the availability of high‐quality ISS images collected
over this region in recent years. Given the relatively coarse spatial resolution of the newly released TEMPO
twilight data set, the higher‐resolution Black Marble and ISS imagery serve as reliable benchmarks for validation.

Figure 9. (a) Nighttime radiance from NASA's Black Marble on 19 March 2024. (b) City‐light mask derived from (a) via
thresholding (yellow indicate city pixels) (c, d) City‐light masks from raw TEMPO data on 19 March 2024 based on UV
(290–490 nm) and VIS (540–740 nm) spectra, respectively (e, f) City‐light masks from corrected TEMPO data for the same
date based on UV (290–490 nm) and VIS (540–740 nm) spectra, respectively.
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4.1. Assessment of City Light Detection and Brightness in SLAN Data

Figure 9a shows the Black Marble radiance map resampled to 0.05◦ over Houston on 19 March 2024, while
Figure 9b presents the corresponding city light classification using a 10 nW cm− 2 sr− 1 threshold. Figures 9c and
9d display UV‐ and VIS‐band radiance from raw TEMPO data over the same region. The UV band exhibits clear
scanline background, whereas the VIS band more closely aligns with the Black Marble city outlines. Using the
Black Marble classification as ground truth, raw TEMPO data in the UV band correctly identifies only 30.6% of
city lights, compared with 61.9% in the VIS band, highlighting the UV band's higher sensitivity to background.
Although differences in wavelength coverage, spectral response, and observation time between the sensors affect
absolute radiance values, city light classifications remain broadly comparable.

Correction procedures or SLAN algorithm were applied to mitigate background using a combination of
scattering‐angle and spectral corrections. To address day‐to‐day geolocation shifts, TEMPO data were further
aligned to the Black Marble reference through pixel‐level adjustments. Figures 9e and 9f shows the resulting
improvements: the corrected UV band delineates city boundaries with accuracy comparable to both the VIS band
and the Black Marble map. Following these corrections, overall city light detection accuracies for both bands
increased to more than 90% (Table 1), representing gains of 65% for the UV band and 32% for the VIS band.

Consistency with DNB is further quantified in Figure 10, which compares DNB radiance with TEMPO VIS‐band
radiance (540–740 nm) under three conditions. In the raw case (Figure 10a), the relationship is moderately strong
(R = 0.65) but exhibits a positive intercept of ∼37 (nWcm− 2sr− 1), indicating a bias consistent with background
and overestimation at low signal. After background correction (Figure 10b), the correlation improves slightly
(R = 0.79) while the RMSE drops sharply from ∼42.1 to 8.6, showing that the correction effectively removes
much of the background offset and compresses residual spread about the 1:1 line. A subsequent geolocation shift
(Figure 10c) further improves the comparison, raising the correlation to 0.9 and lowering RMSE further to 6.4
(≈85% reduction from raw), consistent with reduced spatial mismatches between sensors. Together, these results
suggest that the dominant error in the raw TEMPO radiance is background signals and that spatial misregistration

Table 1
Confusion Matrix Showing the Performance of City Light Detection From Raw TEMPO Data and Different Correction Approaches

Raw UV True positive (%) True negative (%) Raw VIS True positive (%) True negative (%)

Predicted positive (%) 30.6 3.4 Predicted positive (%) 61.9 1.6

Predicted negative (%) 69.4 96.6 Predicted negative (%) 38 98.4

SLAN corrected UV True positive (%) True negative (%) SLAN corrected VIS True positive (%) True negative (%)

Predicted positive (%) 96.3 5.6 Predicted positive (%) 94.3 4.6

Predicted negative (%) 3.7 94.4 Predicted negative (%) 5.7 95.4

Figure 10. Scatterplot comparisons of Black Marble (DNB) radiance with TEMPO VIS‐band radiance (540–740 nm). (a) DNB versus raw TEMPO radiance, (b) DNB
versus post‐correction TEMPO radiance by spectral light at night algorithm, and (c) DNB versus geolocation‐shifted post‐correction TEMPO radiance. The corrections
progressively improve agreement with the Black Marble reference.
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contributes appreciably to the remaining variance; addressing both brings TEMPO into close agreement with
DNB for these scenes.

4.2. Assessment of Spectral Brightness in SLAN Data

The ISS RGB night photograph on 17 January 2024 (Figure 11a) captures Houston's urban lighting pattern with
strong spatial structure and clear color variation. Brightness peaks at the city center and along the southwestern
side (red circled area), where dense, high‐intensity white lighting outlines a compact urban core and major
roadways. On the east side (red‐circled), large contiguous blocks emit yellow lights, suggesting extensive fa-
cilities or districts illuminated by similar warm‐toned lamps. In contrast, the southwest circled region displays
chains of white to bluish lights aligned with major roads. These whiter, cooler tones and linear geometries are
indicative of newer, higher–color‐temperature sources (e.g., LEDs) concentrated along key transportation cor-
ridors. Toward the city edges, brightness gradually declines, giving way to patchy dark zones likely corre-
sponding to water bodies or parks.

The corresponding TEMPO nighttime observations from 19 March 2024 (Figure 11b) reveal similar large‐scale
patterns as that from ISS night photograph but at a much coarser spatial resolution. A larger spatial coverage view
from TEMPO is shown in Figure S11 in Supporting Information S1 to better illustrate the city outlines. The
eastern circled area remains predominantly yellow, while the southwest retains its white/blue signature. The RGB
vectors for the ISS and TEMPO data were obtained following the method described in the (Text S8 in Supporting
Information S1).

To enable pixel‐wise comparison, we resampled the ISS image to the TEMPO grid and normalized both data sets
to (0, 1) per channel (Figures 11d–11i). Because Nikon digital counts are not directly comparable to TEMPO
radiances, normalization supports relative rather than absolute comparisons. Broad spatial patterns are consistent
across sensors: low values dominate the periphery, while high values cluster along the urban core and major roads.
The ISS panels exhibit sharper contrasts and finer spatial heterogeneity, whereas TEMPO shows blockier textures
and smoother gradients, reflecting its coarser footprint. Channel by channel, the green and red band show strong

Figure 11. (a) RGB image from International Space Station (ISS) photography acquired on 17 January 2024; (b) RGB image from TEMPO nighttime observations on 19
March 2024; (c) Spectral Angle Mapper (SAM) values computed among normalized red, green, and blue channels from the ISS and TEMPO data. Higher SAM values
indicate lower spectral similarity, while lower values indicate greater spectral similarity (d–i) Normalized red, green, and blue channel values for ISS photography and
TEMPO data: (d) ISS red, (e) ISS green, (f) ISS blue, (g) TEMPO red, (h) TEMPO green, (i) TEMPO blue.
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correspondence (Rgreen = 0.82, Rred = 0.82) with co‐located mid/high values along central roads and downtown;
blue shows the weakest agreement (Rblue = 0.73). All three correlations are statistically significant (p < 0.0001),
indicating a strong agreement between data sets. The lower blue correlation likely reflects the temporal mismatch
(January vs. March) and the intervening shift toward LED lighting, which increases blue–green emission relative
to red. Additional contributors may include seasonal lighting (e.g., Christmas lighting and Lunar New Year
displays), differences in sensor spectral response, viewing geometry, and atmospheric conditions. Overall,
TEMPO recovers the main spatial structure seen by the ISS but with coarser spatial detail and band‐dependent
fidelity—most notably in the blue channel.

Figure 11c maps the Spectral Angle Mapper (SAM, θ) between ISS RGB vectors (y = [yR,yG,yB]) and TEMPO
RGB vectors (x = [xR,xG,xB]), computed after normalization to the TEMPO grid:

θ = cos − 1 (
x · y

‖x‖ · ‖y‖
)

Because SAM measures the angle between two spectra, lower values indicate greater spectral similarity and
higher values indicate larger spectral differences. SAM minima cluster in downtown Houston and along major
transportation corridors, indicating that the relative RGB composition in these bright areas is closely matched
between sensors. SAM values rise toward the city's edges. The region‐wide mean SAM is 16◦, but restricting to
pixels with normalized TEMPO red‐channel radiance >0.5 yields a mean of 6.7◦. Together, these patterns show
that TEMPO reproduces the ISS spectral “signature” most closely in the bright urban core and along major
corridors, while discrepancies grow where lighting is heterogeneous, dim, or has changed in composition
(e.g., LED adoption or seasonal lighting) between January and March 2024.

4.3. Nighttime Light Map Comparison Over CONUS

Figure 12 compares nighttime light distributions across the contiguous United States (CONUS) using: VIIRS
DNB, TEMPO VIS, and TEMPO UV. The VIIRS DNB (500–900 nm) Black Marble map (Figure 12a) reveals a
high level of spatial detail, capturing both bright urban centers and faint emissions extending into surrounding
suburban and rural areas. The TEMPO VIS band (540–740 nm) map (Figure 12b) displays a coarser spatial
pattern with blockier structures and reduced sensitivity to low‐radiance features. Although the major cities remain
prominent, the surrounding dimmer regions are less well defined, likely due to differences in spatial resolution,
spectral coverage and instrument sensitivity between VIIRS and TEMPO. The TEMPO UV band (290–490 nm)
map (Figure 12c) displays a much weaker and cleaner signal than the VIS channel, with visible emissions largely
confined to the largest urban centers. Notably, the bright regions observed in the VIS map over the Permian Basin
and North Dakota largely disappear in the UV band, consistent with the spectral characteristics of gas flaring
emissions: stronger at visible wavelengths and much weaker in the UV. Additionally, point‐like signals aligned
with major highways, such as Interstate 70, are discernible in the central U.S., indicating the influence of
transportation lighting on the nocturnal radiance patterns. Overall, this comparison highlights the complementary
capabilities of VIIRS and TEMPO instruments for monitoring nighttime light, revealing how spectral and spatial
resolution differences shape the observed radiance patterns across CONUS.

5. Summary and Conclusions
In this study, we developed two background removal methods for TEMPO twilight data sets to generate spectral‐
resolved light at night (SLAN): a scattering‐angle correction and a spectral correction. In the first method, we use
the relationship between scattering angle and radiance to remove background at both the granule and scanline
levels (two steps). This approach effectively suppressed background in both the UV and visible bands, though
some residual signal remained, potentially from scattered moonlight. To address this, we introduced a second
method, the spectral correction. Because most artificial light sources are designed to minimize UV emissions,
spectra below 390 nm can be used to estimate direct twilight contributions, enabling isolation and quantification
of city‐light signals. Operationally, we estimate the background within a narrow spatial window so that back-
ground terms vary slowly across the window; since moonlight is tied to surface reflectance, it is also measured as
part of the twilight, provided surface properties are stable within this small area. Combining the two methods
formulate the SLAN algorithm to yield more stable corrections. We also observed a geolocation mismatch
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between different days in the current version of the data, which may be improved or corrected in future releases by
collocating with VIIRS DNB observations.

We then evaluated the SLAN data product from TEMPO observations against two established references: VIIRS
Black Marble and ISS nighttime photography over the Houston metropolitan area. The results show that post‐
corrected TEMPO data by the SLAN algorithm reliably reproduce urban light patterns despite differences in
spectral characteristics and observation timing relative to BlackMarble. Comparisons with ISS imagery show that
TEMPO most closely matches the ISS spectral “signature” in bright urban cores and along major roads, with
differences increasing in dimly lit areas or where lighting composition changed between January andMarch 2024.
Finally, we compared nighttime light maps over the CONUS region using three bands: VIIRS DNB, TEMPO
VIS, and TEMPO UV. The TEMPO VIS band aligns more closely with VIIRS DNB, while in regions with gas
flaring emissions, both VIIRS DNB and TEMPO VIS differ markedly from the TEMPO UV band. These con-
trasts illustrate how VIIRS and TEMPO together enhance our ability to characterize and monitor diverse
nighttime lighting sources.

Overall, this study advances the use of TEMPO twilight observations for ALAN research by introducing algo-
rithmic approaches specifically designed to stabilize background removal and enable retrieval of spectrally

Figure 12. Nighttime light maps over the CONUS region derived from (a) the VIIRS Black Marble product, (b) the TEMPO
visible (VIS) band (540–740 nm), and (c) the TEMPO ultraviolet (UV) band (290–490 nm).

Earth and Space Science 10.1029/2025EA004901

XUE ET AL. 17 of 19

 23335084, 2026, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025E

A
004901 by U

niversity O
f Iow

a L
ibraries, W

iley O
nline L

ibrary on [10/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



resolved nighttime lighting signals. In contrast to previous work that primarily focused on demonstrating
nighttime light detection capability in visible wavelengths, the SLAN framework developed here allows
consistent separation of background contributions and enables the use of short‐wavelength (including UV) in-
formation for light‐source characterization and ecological exposure studies. These developments complement
existing TEMPO nighttime analyses and highlight the potential of combining TEMPO spectral observations with
broadband sensors such as VIIRS DNB to improve monitoring of artificial lighting and its environmental impacts.

A key long‐term objective of the TEMPO SLAN product is to enable research into the differential environmental
and biological impacts of artificial light sources, particularly their spectral characteristics. By providing spectrally
resolved nighttime observations, TEMPO offers new opportunities to investigate how wavelength composition
influences ecological systems, human and animal biology, and the evolution of lighting technologies. These
observations can also help track regional and temporal changes in light‐source composition associated with urban
development and other anthropogenic activities. Ultimately, this capability supports efforts to balance the societal
benefits of nighttime illumination with the need to reduce ecological disruption from artificial light at night
(ALAN).
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