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Abstract
Nighttime light emissions are increasing in most countries worldwide, but which types of lighting are responsible for the
increase remains unknown. Also unknown is what fraction of outdoor light emissions and associated energy use are
due to public light sources (i.e. streetlights) or various types of private light sources (e.g. advertising). Here we show
that it is possible to measure the contribution of street lighting to nighttime satellite imagery using “smart city” lighting
infrastructure. The city of Tucson, USA, intentionally altered its streetlight output over 10 days, and we examined the
change in emissions observed by satellite. We find that streetlights operated by the city are responsible for only 13% of
the total radiance (in the 500-900 nm band) observed from Tucson from space after midnight (95% confidence interval
10-16%). If Tucson did not dim their streetlights after midnight, the contribution would be 18% (95% confidence interval
15-23%). When streetlights operated by other actors are included, the best estimates rise to 16% and 21% respectively.
Existing energy and lighting policy related to the sustainability of outdoor light use has mainly focused on street lighting.
These results suggest an urgent need for consideration of other types of light sources in outdoor lighting policy.
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1 Introduction
Nighttime outdoor light emissions are increasing in most countries worldwide.1, 2 As a result, much of the world is now
light polluted,3 with consequences for many species and whole ecosystems.4, 5, 6, 7 Sustainability policy related to outdoor
lighting has focused mainly on energy consumption of street lighting (e.g. the European Ecodesign directives8), but the
observed increases in light emission calls the efficacy of such approaches into question. Efforts to reduce light pollution
through lighting policy at regional or national scale are increasingly common, but are not yet widespread.9, 10, 11, 12 These
efforts would be most effective if targeted at the sources that produce the greatest emissions. Unfortunately, which types
of lighting are responsible for current increases and the contributions of public (e.g. streetlights) relative to private light
sources (e.g. advertising, sports lighting) are both unknown. The aim of this paper is to demonstrate that “smart city” lighting
infrastructure makes it possible to remotely sense the contribution of street lighting to the upward emissions of light observed
from space.13, 14 (Note to readers: for the sake of readability, we sometimes use “light” to refer to electromagnetic radiation in
the ultraviolet, visible, and near-infrared range. In cases where confusion could arise, we are more precise with our wording.)

The relative contribution of different light sources to overall urban illumination has been examined only indirectly in the
past, in only a small number of places, and with variable results. The total upward light emission fraction from roadway
lighting in Flagstaff, Arizona, USA was estimated to be 12%, based on a lighting inventory.15 Aerial photography of Berlin,
Germany, revealed that light from “street areas” was responsible for 32% of the near-zenith-directed light,16 although this
total includes emissions from sources such as illuminated advertisements or facades, and automobile headlights. Other
researchers have estimated the contribution of upward directed light by observing changes in artificial skyglow. During
the Second World War,17 the contribution of streetlights to sky brightness was experimentally measured to be 53% for one
city, and estimated to be 33% for an “average city”. Similar contributions of 50% and 33% were estimated for Reykjavik
in 200618 and for Vienna in 2017,19 but a dramatically different estimate was recently published for Galicia, Spain: 80%
contribution in the early evening, rising to nearly 100% late at night.20 This overall inconsistency, and the fact that nearly all
of the studies predate solid state lighting, motivated us to devise an experiment using “smart city” lighting infrastructure that
would both yield an unambiguous result and provide information for the first time about how the contribution of emissions
due to street lighting varies across a city.

In 2017, the city of Tucson, USA, converted its streetlights from high pressure sodium bulbs to 3000 Kelvin “white”
LEDs. During this conversion, they reduced the total lumen output21 from 445 Mlm to 142 Mlm. The city also installed a
control system to dim their streetlights and provide near-real-time lamp-by-lamp electrical power consumption reporting.
This “smart city” infrastructure makes it possible to measure the relative contribution of street light to total light emissions,
by experimentally varying the light output of the city. In this paper, we report on the results of such an experiment, undertaken
during 29 March to 7 April 2019 and examining electromagnetic emissions in the 500-900 nm range.

The methods and results presented here show that it is possible to remotely sense the fraction of emissions that come from
streetlights, and measure the relationship between lamp lumen output and radiance detected from space. Readers should keep
in mind that the relative contribution of streetlights to energy consumption for outdoor light, skyglow, or other environmental
impacts is not the same as the fraction visible from space. For example, the position and emission direction are of particular
importance for environmental impact: the direct illumination of a water body will have much more of an impact on flora
and fauna than the same number of lumens directed at a concrete parking lot. The specrum can also play a role, as short
wavelength light both produces more skyglow22 and has a greater impact on many species.23

Nevertheless, this work does move us closer towards an eventual goal of being able to remotely sense the energy
consumption for all types of outdoor lighting. This ability would greatly assist in evaluating the effectiveness of sustainability
policy related to light use. We hope that improved understanding of the contribution of different sources to night lights data
will also benefit researchers using nighttime lights across diverse fields.24, 13, 14

2 Methods

Dimming experiment
The experiment was carried out in the city of Tucson, Arizona, USA (Fig. 1). The city has a complete inventory of 19,546
streetlights tagged with geographical coordinates (Fig. 2), and can adjust the power of each lamp individually using a lighting
control system. The city also has an inventory of streetlights that are not operated by the city, which was created during an
audit before the conversion to LED. These 2,998 additional streetlights are mainly high pressure sodium (HPS) lights, and
are estimated to consume 356 kW of electrical power (Fig. 2).

In order to save energy and prolong the operational life of their streetlights, nearly all of the streetlights operated by the
city of Tucson are set to only 90% of rated electrical power during the bright phases. Each night at midnight, most streetlights
in the city are dimmed from 90% to 60% (exceptions include streetlights at intersections or pedestrian crosswalks). A small
number of lights are dimmed at 3:00 instead of midnight. The total power consumption of the city’s streetlight network on a
usual night is thus 1.46 MW before midnight, 1.08 MW between midnight and 3:00, and 1.07 MW from 3:00 until the lights
are turned off in the morning.

The altered dimming regime began at midnight (local time, UTC-7) on the morning of March 29, 2019. During this period,
most streetlights that are normally dimmed to 60% were instructed to instead dim to 30%. To allay concerns about safety,
lights at intersections and crosswalks were instructed to remain at 90% as on a standard night. The same dimming schedule
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Figure 1. Tucson city limits. The inset at top right shows where Tucson is located, in the southwestern USA (Background map
GADM version 3.4, 2018). The main image shows the city limits of Tucson and South Tucson (an independent municipality that has
its own streetlights, and did not take part in the experiment). The background image is the DNB image from the night of 3 April 2019
(see “Satellite data and processing” below.) Colour version of this and other figures are available online.

was applied for the five following evenings: 90% before midnight, and 30% after midnight. On the evening of April 3, nearly
all city of Tucson streetlights were set to run at 100% for the entire night, and this configuration applied for the mornings of
April 4-7. On the evening of April 7, the test was ended, and the standard city dimming schedule was applied from April 8
onward (i.e. 90% before midnight and 60% after midnight). The city did not receive any comments from residents regarding
the test, which is not surprising given the late hour and the fact that no lights were turned off (see e.g. Green et al.25).

The original intent was to run 5 nights each in both the bright and dimmed condition, but for an unknown reason, the
dimming system did not issue the brightening command as planned on the evening of April 2. The city’s lighting system
allows the operator to query the streetlights regarding which setting was applied on any night of the past 3 months. This
lamp-by-lamp dataset was recorded during and after the experiment, and is available upon request. We used these tables
to determine the total electrical power consumption of the city lighting system (Tab. 1). For a relatively small fraction of
streetlights, these instructions may not have been properly received, or were not acted on, as their records of setting on the
nights in question show them to have not dimmed to the instructed value. These were examined after the experiment, and
several different failure modes were found to be responsible, ranging from firmwear issues to improper wiring from the
factory. As a result, each night of the experiment did not have identical light output. The revised dimming commands were
re-sent each night, and it appears that the number of streetlights being correctly set increased from night to night (Tab. 1).

On most nights, about 5% of the city streetlights consistently report no power consumption (Fig. 2, Tab. 2). We believe
that in most cases, the lights were on during these nights and operating at 100% illumination, but did not report their
consumption due to communication issues. However, since we cannot know whether any individual lamp reported correctly
or not, all streetlights reporting zero power are ignored in the analysis (i.e. assumed to be off). In addition to the full city
analysis, individual hexagonal regions with 10 km2 area were established and examined. Within these hexagons, the fraction
of lamps reporting no power consumption varied slightly, however from night to night the fraction of streetlights reporting
no power consumption within each individual hexagon stayed the same to within 4% over the six nights of the analysis. The
one exception is that for two of these regions, there was a larger downward fluctuation on the morning of March 29 (Tab. 2).
For this reason, the data from that morning was not included in the fits in those two regions (unfilled markers in Fig. 11).

In response to a reviewer’s request, after performing the experiment we examined the linearity of a selection of 13
streetlights on a major street during several nights of June 2020. Each night, the lights were set to dim to different levels, and
the next day the reported Wattage was checked. The following night, the illuminance was measured the next night at a point
on the curb closest to the pole, using a calibrated Minolta CL 200A. Stray light from lamps across the street was blocked
with a clipboard. On the night of 24-25 June, the measurement was done with the lights in the standard setting before (90%)
and after (60%) midnight. One lamp did not change illuminance throughout, and was discarded from the test. The results for
the other lamps are summarized in Table 3.

The illuminance at the curb varied by a surprising amount, from 1.5-9.3 lux on the 100% night (these differences were
visible by eye). Comparing the illuminance for each lamp to its value on the 100% night showed that the visible band light
output of the group of 12 streetlights is nearly proportional to the set power (and the reported electrical power consumption).
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Tucson city streetlights Streetlights reporting 0 W Additional streetlights

Figure 2. Map of location of the 19,546 streetlights operated by the city of Tucson, and 2,998 known streetlights operated by other
entities (background image from Sentinel 2, produced from ESA remote sensing data). In the online version, the lights are colour
coded according to their reporting status on 28 March 2019. 18,172 streetlights (red, 93%) correctly reported their settings, while
1,374 streetlights (blue) incorrectly reported zero power consumption. The streetlights that are not operated by the city are shown in
green. The background hexagons show the analysis regions described later in the methods.

We additionally examined a separate set of 23 streetlights in a residential area on the night of 23-24 June (before and after
midnight). These results were similar to the test area (median for the 60% setting was 61% of the inferred 100% value). We
are therefore confident that the fractional change in luminous flux from the streetlights is proportional to the electrical power
the lights reported consuming.

Satellite data and processing

Data on emissions of electromagnetic radiation in the 500-900 nm range were obtained from the Suomi NPP Visible Infrared
Imaging Radiometer Suite Day/Night Band (DNB). These data have a spatial resolution of approximately 750 meters across
the entire swath, with a geolocation uncertainty of 266 m (nadir) to 1151 m (edge of scan).26 The satellite orbits the Earth
14 times per day in a polar orbit with a 16 day repeat window. At Tucson’s latitude, there are one or two passes each night
which include Tucson in the swath. The overpasses used in the analysis took place between 1:41 to 2:56 local time (Tab. 4).
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Table 1. Total electrical power consumption for LED streetlights in Tucson. The first row shows the nominal settings (i.e. what the
lights are instructed to do on a regular night). The remaining lines show the power draw reported back from the streetlights on the
specified nights. “Power early” refers to power before midnight (the evening one calendar day earlier), “power late” refers to power
after midnight. Analysis was only undertaken during the 6 clear nights. Note that there were two satellite overpasses on 7 April
2019, and only the second was cloud-free (indicated by *).
Date (UTC) Condition Power early (kW) Power late (kW) Weather
nominal standard 1457 1065
28 March 2019 standard 1337 974 cloudy
29 March 2019 dim 1340 702 clear
30 March 2019 dim 1350 690 cloudy
31 March 2019 dim 1355 683 clear
1 April 2019 dim 1360 674 cloudy
2 April 2019 dim 1360 671 cloudy
3 April 2019 dim 1410 672 clear
4 April 2019 bright 1492 1286 cloudy
5 April 2019 bright 1494 1414 cloudy
6 April 2019 bright 1496 1431 cloudy
7 April 2019* bright 1500 1384 clear
8 April 2019 standard 1413 1066 clear
9 April 2019 standard 1374 1025 cloudy
10 April 2019 standard 1375 1014 cloudy
11 April 2019 standard 1363 1010 clear

Table 2. Number of streetlights reporting power consumption by date for the six hexagons included in Fig. 11. “C” stands for
“central” and “CTB” stands for “central & tall buildings”. The four suburban hexagons are listed in order from northeast to southwest.
The top row shows the total number of streetlights located within the hexagon, the following lines show how many reported power
consumption on each of the nights
Date (UTC) C CTB Suburban 1 Suburban 2 Suburban 3 Suburban 4
nominal 1108 1127 140 265 113 405
29 March 2019 851 1046 126 229 99 395
31 March 2019 943 1081 127 234 99 395
3 April 2019 977 1082 127 234 99 394
7 April 2019 992 1084 126 234 99 393
8 April 2019 977 1084 126 232 99 393
11 April 2019 941 1092 127 236 99 394

Table 3. Test of the dimming linearity. For each lamp, the fractional illuminance was calculated (relative to the night the lamp was
set to 100%), and the group median, mean, and sample standard deviation are shown.
Setting Median Mean ± standard deviation
100% 6.8 lux 5.9 ±3.2 lux
90% 92% 92±4%
60% 63% 63.3±2%
30% 31% 32±3%

Table 4. Satellite acquisition and correction parameters. The zero offset (S0;i) and multiplicative offset correction factor (gi) are
defined in the text.
Date (UTC) Local time Nadir angle Zero offset Multiplicative offset
29 March 2019 2:25 21.9 1.75 0.961
31 March 2019 1:47 32.2 2.40 0.990
3 April 2019 2:31 29.5 2.59 0.993
7 April 2019 2:56 48.8 4.30 1.087
8 April 2019 2:37 35.9 3.02 0.989
11 April 2019 1:41 38.4 1.64 1.024

Data were downloaded from the NOAA CLASS server (www.class.noaa.gov). Environmental Data Records were used to
select the overpasses used in the analysis. Specifically, images of the “Cloud Cover Layers” product were inspected for cloud
cover in the Tucson region, and overpasses with cloud cover were rejected. Six overpasses were determined to have clear
skies in the study region (Tab. 1). For these six nights, DNB data from the Sensor Data Records were analyzed further. The
positions and orientations of the individual pixels are not identical each night (Fig. 3B,C). The data for the Tucson region
were clipped and then reprojected onto a 50 meter equal area grid (EPSG:32612) using nearest neighbor sampling, to allow
us to work with raster data. Despite the altered orientation and position of the individual pixels, the dimming in the region
contained within the solid blue rectangle in Fig. 3B,C is clearly visible. The area enclosed by the dashed rectangle contains
few streetlights, and looks quite similar between the two images.

The two blue rectangles in Fig. 3 demonstrate the potential danger that spatial aliasing could pose to an analysis, due to the
grid layout of Tucson (large streets occur at 1 mile intervals). The dashed rectangle contains only 39 streetlights. However, if
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Figure 3. Zoomed in view of DNB data. The left hand frame shows a zoom in of the astronaut photograph of Tucson from 2012
shown in Fig. 12, with a focus on the eastern suburbs of Tucson. The image has been converted to grayscale, in order to make it
easier to see the locations of streetlights overlaid (red and green dots). The center frame shows the same area observed by DNB
on the morning of the brightest night (7 April 2019), and the right frame shows the area on one of the dim nights (31 March 2019).
The orientation of the pixels changes between the two nights. The rectangular and hexagonal areas highlight certain features
discussed in the main text.

the person doing an analysis chose a similarly shaped area that was shifted 200 meters westward, then 147 streetlights would
be included in the rectangle. Similarly, the nightly changes in the orientation and positioning of the DNB pixels can impact
which pixels contain bright private light sources, such as the area near the top left of the solid rectangle (a shopping mall
parking lot). In order to reduce the impact of spatial aliasing, we created a hexagonal grid of individual analysis regions,
each with 10 km2 area. One of these hexagons is shown in Fig. 3, and the full study area is shown in Fig. 4.

To further reduce the potential for spatial aliasing, the hexagons were tilted by 15 degrees, in order to ensure there were no
edges that ran in the direction of major streets (either North-South or East-West). We examined hexagonal grids with several
different areas, and chose 10 km2 for the �nal analysis as it offered a good compromise between substantial spatial averaging
and the total number of individual hexagons in the study area. We selected hexagons for the analysis if they included City of
Tucson streetlights that consumed least 4 kW of electrical power in the dimmed condition (yellow hexagons in Fig. 4). Note
that at the edge of the town, the hexagons include lights or unlit areas outside of the Tucson city boundaries.

Radiance correction The DNB detects electromagnetic radiation in the spectral window 500-900 nm26 (this overlaps but
is not equivalent to “visible light” in the 400-700 nm weighted by the V� curve). In the DNB wavelength range, views of
the Earth from space include electromagnetic radiation from both natural and arti�cial sources. Natural sources consist of
re�ected or scattered twilight, moonlight, and starlight, as well as direct and re�ected atmospheric airglow and aurora, and
in some cases visible and infrared light from wild�res. The experimental data were taken during a time period when there
was no twilight or moonlight present, but atmospheric airglow is always present in night lights data.27,28 Since airglow and
starlight both re�ect from the ground, areas with high albedos can have larger values than e.g. water bodies.28,29 This effect
is smaller on land, and is ignored here.

Airglow is variable from night to night, and the observed radiance of airglow increases with path length through the
upper atmosphere (i.e. airglow radiance is larger for larger nadir angles). Our airglow correction is based on the radiance
observed in hexagons that are not expected to contain arti�cial illumination. A complication is that arti�cial light emissions
are scattered in the atmosphere, and therefore produce a glow around cities. This is seen as skyglow from the ground,22,3 and
as diffuse fuzz in night lights imagery29 (often inaccurately referred to as “blooming”). For this reason, we selected a set of
hexagons northeast of Tucson behind the Santa Catalina mountain range (green hexagons in Fig. 4) to correct the airglow.

Following widespread precedent in the analysis of night lights data,30,31,32,33,34,35we calculate a “sum of lights” (S) by
adding up the radiance observed in a collection of pixels over a given analysis area. The uncorrected sum of lightsSh;i; uncor

in the 50 meter raster was calculated for each hexagonh and each nighti in QGIS, using the routine “raster statistics
for polygons” (available in SAGA integration36). This routine weights pixel contributions by area, so pixels that straddle
boundaries contribute proportionally to multiple hexagons. For convenience, the sum was then divided by 400 in order to set
the sum of lights relative to an emission area of 1 square km:

Sh;i; raw = Sh;i; uncor =(1000m=50m)2

= Sh;i; uncor =400
(1)
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Figure 4. Tucson study area and analysis regions. The study region was overlaid with a hexagonal grid, and is shown with a
background daytime image from 20 April 2019 (Panel A) and the DNB data acquired on the morning of 3 April 2019 (Panel B)
(Sentinel 2 image produced from ESA remote sensing data, DNB product generation by NOAA). The three different analysis areas
used in the study are color coded in both images. The green region at northeast (top right) behind the Santa Catalina mountain
range is used for the zero point correction. The areas contained within the blue hexagons are used for a linear correction factor, and
have an average DNB pixel radiance greater than 3 nWcm� 2sr� 1 . The areas contained by the yellow hexagons are regions in
which streetlights controlled by the city of Tucson consumed at least a total of 4 kW of electrical power during the dimmed condition.

Table 5. Statistical variation in the summed radiance of the hexagons used for the zero offset correction (Sh;i; raw ) and for the zero
point corrected radiance relative to its median (r h;i ) for the hexagons used to generate the correction parameters. For each of
these, the median, mean, sample standard deviation (SSD) and standard error of the mean (SEM) of the hexagons used for the
correction are shown. Note that on the night of April 7, one hexagon was 60% brighter than its median. Removing it would change
the median for that night to 1.086 and mean to 1.109.

Date Zero offset radiances Multiplicative offset factors
Median Mean SSD SEM Median Mean SSD SEM

29 March 2019 1.75 1.73 0.13 0.02 0.961 0.967 0.094 0.013
31 March 2019 2.40 2.42 0.29 0.05 0.990 0.979 0.064 0.009
3 April 2019 2.59 2.62 0.14 0.02 0.993 0.971 0.064 0.009
7 April 2019 4.30 4.30 0.40 0.07 1.087 1.12 0.14 0.02
8 April 2019 3.02 3.03 0.17 0.03 0.989 0.993 0.086 0.012
11 April 2019 1.64 1.63 0.19 0.03 1.024 1.024 0.060 0.008

In other words, if a uniformly illuminated surface was glowing with 50 nWcm� 2sr� 1, then the sum reported for a 1 km2

analysis area would beSh;i; raw = 50 nWcm� 2sr� 1, and the sum for one of our 10 km2 hexagons would beSh;i; raw =
500 nWcm� 2sr� 1. The zero point correction factor (S0;i ) is de�ned as the medianSh;i; raw observed among all zero point
correction hexagons (green hexagons in Fig. 4). The zero point corrected sum for each hexagonh on night i is then
Sh;i;zp = Sh;i; raw � S0;i . The statistical variation among the radiance observed in the the zero point correction hexagons
are given in Tab. 5.

Even after zero point correction, the radiances observed by DNB are not perfectly constant.37 One obvious reason for
this is atmospheric extinction: when the atmosphere is less transparent, arti�cial light sources appear less bright (although
their surroundings may appear more bright due to scattering into the line of sight29). Atmospheric extinction changes from
night to night, and total extinction along a given line of sight depends on nadir angle; at higher nadir angles light propagates
through a longer path length of atmosphere, approximately ascos� 1� . However, a more important reason for the changes
from night to night in cities is that the Earth's night face is not a horizontal Lambertian emitter. Illuminated signs and facades,
for example, are only visible from certain viewing directions, and appear brighter with increasing nadir angle.38 In areas with
tall buildings and trees, the view of the street level is partially or totally obscured. Improving understanding of the angular
distribution of emissions from cities is an active �eld of research,39,40,3,41,42,43,44and remains one of the most important
open questions in remote sensing of night lights and simulations of sky brightness. Finally, temporal factors also affect the
radiance viewed from space. On timescales longer than this study seasonal factors become important,45,38,14due to changes
in foliage cover and albedo (especially snow). Human factors also cause changes on several timescales. For example lights

Prepared usingsagej.cls



8 Kyba et al.

Figure 5. Phoenix study area and analysis regions. The Phoenix region was also overlaid with a hexagonal grid, shown with a
background daytime image created from images taken on 18, 25, and 28 April 2019 (Panel A), and the DNB data acquired on the
morning of 29 March 2019 (Panel B) (Sentinel 2 image produced from ESA remote sensing data, DNB product generation by
NOAA). The areas contained by the yellow hexagons have ~Sh > 30 nWcm� 2sr� 1 , which is the same requirement that was used for
the Tucson correction.

turn off and car traf�c decreases as the night progresses, and the weekend could be different from work days. These effects
are discussed in a later section.

We apply a single multiplicative correction to relatively account for these factors, based on DNB radiance observations
of the lights of nearby communities (which we assume to stay constant from night to night). First, for each hexagon that
does not contain any streetlights operated by the City of Tucson, we found the median value (~Sh ) of Sh;i;zp for the 6 nights.
Hexagons with~Sh above 30 nWcm� 2sr� 1 (i.e. spatially averaged DNB radiance greater than 3 nWcm� 2sr� 1) were selected
as “lit hexagons” (blue hexagons in Fig. 4). We then calculated the radiance of each hexagon on each night relative to its
median (r h;i = Sh;i;zp =~Sh ). Next, we calculated the median value ofr h;i among the lit hexagons for each night; these linear
correction factors (gi ) are listed in Tab 4, and the statistical variation among ther h;i are given in Tab. 5. Finally, we applied
these two correction factors to all hexagons in order to obtain a corrected sum of lights:

Sh;i;cor = ( Sh;i;raw � S0;i )=gi (2)

In this way, if the DNB radiance observations in the communities surrounding Tucson are brighter one night for some reason,
then the radiance values within Tucson are decreased correspondingly. A similar procedure using the same correction factors
was applied in order to analyze the full city of Tucson. The only difference was that the zero point subtraction was based on
S0;i � (ATucson =10km2), in order to correct the zero point for the full area of Tucson (ATucson ) rather than the 10 km2 of
the hexagons.

The effectiveness of the correction is demonstrated in two ways. First, the correlation between total electrical power
for street lighting and summed radiance observed became tighter once the correction is applied (see Results). Second, we
examined what impact the correction had on the radiance observed for DNB radiance observations of the city of Phoenix,
Arizona, on cloud free nights.

Phoenix is roughly 170 km northwest of Tucson. It is at a considerably lower elevation than Tucson (� 330 m compared
to � 730 m), but the two cities generally share the same large scale weather. Coesfeld et al.38 have shown that variation over
time in individual DNB pixels is correlated at short distances, but that this correlation decreases with increasing separation.
We therefore expect that if the correction developed for Tucson is applied to the radiance observed for Phoenix (Fig. 5), it
should at least marginally reduce the variance of the Phoenix data from night to night. Indeed, we �nd this to be the case:
the variation from the summed radiance from the contiguous Phoenix lit region from night to night is reduced when the
Tucson-based correction is applied (Fig. 6A). The variation of the radiance in each hexagon in Phoenix compared to its own
mean is also reduced (Fig. 6B,C).

Stability of non-city lights and blue light emissions. Light emissions from urban areas are not constant, but tend to decrease
over the course of the night,46,47,3,20,48,49and can differ between weekdays and weekends.50 Under the assumption that
communities surrounding Tucson have similar temporal pro�les to Tucson, the multiplicative offset correction will also
account for this. While emissions from a single pixel can change considerably depending on its imaging angle and exact
position and orientation on Earth,43,51,44 the sum of multiple pixels is more stable.38 This is especially the case after our
multiplicative offset correction, and when summing lights over an entire city.
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Figure 6. Impact of applying the Tucson background and multiplicative offset corrections on DNB radiance observed from Phoenix.
The difference relative to the mean for the sum of all emissions from Phoenix was reduced on four of the �ve nights (Panel A).
Compared to when not applied (Panel B), the variation from night to night among the individual hexagons was also reduced (Panel
C). Here s represents the sample standard deviation.

While this experiment was taking place, we also conducted measurements of sky brightness.52 These experiments showed
that there is a consistent and substantial change in lighting at midnight, which we attribute to private lighting on timers
(skyglow reduced by an estimated 2.5% due to changes in non-City of Tucson lights at midnight). Since there is not a
straightforward relationship between skyglow and DNB radiance, here we report only results for the period during which
DNB �ies over (around 2:20 local time).

As mentioned earlier, the DNB detects electromagnetic radiation in the spectral window 500-900 nm. In contrast to human
vision (� 400-700 nm), the DNB has sensitivity to an infrared emission line from high pressure sodium lights, and is blind
to the “blue peak” of white LED emissions. For an equivalent lumen emission, the DNB could therefore rate a white LED as
being up to 30% fainter than a high pressure sodium lamp,2 depending on the speci�c spectra of each.53 The “undercounting”
of visible light is largest for cold white LEDs, and somewhat reduced for the 3000 K LEDs installed in Tucson. The DNB
may have reduced or enhanced sensitivity (relative to human vision) for other light sources, such as automobile headlights
and metal halide lamps, depending on their spectra.

While the spectrum of outdoor lighting is an important challenge for monitoring long-term changes, it is not particularly
relevant for this analysis. This is because the spectra of Tucson's LED streetlights is the same regardless of the dimming level,
and the same reduction in sensitivity occurs to a greater or lesser extent for all white light sources, including privately sources
such as illuminated signs. The environmental impacts of arti�cial light emissions, such as sky brightness and attraction to
animals, depend on both the spectra and dose. To reiterate a point from the introduction: this study does not make claims
about the contribution of street lights to sky brightness or other impacts of light pollution generally, but rather aims to better
understand the extent to which streetlights contribute to the radiance that satellites observe.

Percentage of streetlight emissions

It is possible to estimate how bright a region would be if all of the streetlights were turned off, by extrapolating the relationship
between streetlight electrical power and observed sum of lights to zero power (Fig. 7). The fraction of total radiance observed
due to the public street lighting system isf SL = SSL =SN , whereSN is the sum of lights when the streetlights are set to
nominal power, andSSL is the �t sum of lights from streetlights only. The slope of the relationship,� s, is a conversion factor
that relates streetlight electrical power to the radiance observed from space due to streetlights. The units of this slope are
nWcm� 2sr� 1kW� 1. (In principle, one could cancel the nW and kW terms, and even include the total area summed (km2) in
the numerator to further cancel out the area terms. We do not do this, because the units refer to different things (nW to the
radiant power observed on a sensor in space, and kW to the elecrical power of streetlights on the ground). In addition, this
would leave the slope being reported in units of 1/sr, which is far less enlightening than if the distance and power terms are
simply left in place.)

We �t the data for each hexagon and for the full city of Tucson (including South Tucson) using linear regression
(seaborn.regplot was used to draw the �ts and 95% con�dence intervals (CI), software DOI: 10.5281/zenodo.883859). The
quality of the �t varied considerably from hexagon to hexagon (Figs. 8, 9). In some cases, there was a robust correlation
between the observed sum of lights and the streetlight electrical power consumption. In other cases, and especially where
either the total amount of streetlight power was low or there were considerable emissions from non-street lighting sources,
the correlation was poorer (see Results).

As discussed earlier, not all of the streetlights in Tucson correctly reported their operating Wattage. We therefore used
the nominal operating WattageP (Tab. 1), to estimate the fraction of observed DNB radiance due to streetlights (f SL ) on a
standard night, assuming that all of the lamps operate as intended. The fraction of light due to streetlightsf SL is calculated
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Figure 7. Relative contributions of light sources as a function of streetlight electrical power. This is a conceptual graph, and should
hold for any wavelength band as long as the spectral �ux of the light source is proportional to electrical power.

Figure 8. Relationship between streetlight electrical power and observed radiance for four selected hexagons. The positions of the
four hexagons are shown in Fig. 9. Note the very different ranges in electrical power on the x-axis.

Figure 9. Location of hexagons presented in Fig. 8 .

using the slope� s, and y-intercept (So):

f SL =
SSL

So
=

� sP
So + � sP

(3)

We did the calculation with two nominal Wattages: �rst, the standard electrical power in Tucson between 0:00-3:00. Second,
we estimated the fraction that would be due to street lighting if Tucson operated all streetlights at 100% of rated power, as
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