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Theimage of Earth at night from space, with its constellations of cities,
hasbecomeiconic. However, our understanding of the source and scale of
artificial light emissions is still in the dark, hampering urban environmental
protection efforts. In 2021, our citizen scientists used the Nachtlichter app
to count and classify 234,044 light sources across a 22-km? area, primarily
in Germany. We show that such a dataset can be used to translate space-
based radiance observations to the more understandable unit of installed
lights per km?on the ground. We find that in German city centers, more
totallight sources are used for advertising and aesthetic purposes than for
street lighting. Furthermore, we estimate that 78 + 3 million individual light
sources remainilluminated at midnight across Germany, highlighting great

potential for mitigation. These findings not only offer direct knowledge
for artificial light research but also serve as a practical resource for
policymakers to mitigate urbanlight pollution.

Artificial lightis nowwidely recognized as animportant environmental
pollutant™?, affecting about a quarter of Earth’s land surface and 88% of
Europe’. Despite this, the character of the sources of light emissions,
particularlyin cities, remains poorly understood as publicinventories
lack information about sources other than streetlights (for example,
signs and decorativelights). Thisinformation cannotbe directly deter-
mined from aerial or satellite views (Fig. 1) because of insufficient sen-
sitivity and spatial resolution. We addressed this knowledge gap by
co-designing a citizen science* app called Nachtlichter® (night-time
lights) and using it to observe and classify the different types of light
sources visible from public spaces. Our main goals were to examine the
relative frequencies of lights present at different levels of urbanization
and how the absolute numbers of lights relate to radiance measured by
satellites. Thisinformationis needed for effective targeting for lighting,
energy and environmental policy and for modeling the environmental
impacts of light pollution.

Overhead images of cities at night (Fig. 1) emphasize street net-
works due to the viewing angle and suggest that public street lighting
is the main or only relevant source of light from cities. Public authori-
ties are responsible for streetlights, and with the rise of geographic
information systems, have records of their locations and properties.
Perhaps for these reasons, much of current lighting discussion and
policy focuses onstreet lighting. Observational studies, however, have
found the majority of light emissions from cities generally come from
other sources’ (median 67%, range 25-92%). For example, an evaluation

oflight sourcesin Flagstaff, Arizona, USA, based on surveys, sampling
and luminaireinformation, suggested that streetlights are responsible
for only about 12% of upward escaping light emissions®. An interven-
tionexperimentin Tucson, Arizona, USA, found that streetlights were
responsible for only16% of the radiance in satellite observations taken
after midnight’. The largest reported streetlight fraction was 75% for
Ribeira, Spain, but evenin this case, the same publication reported 45%
after reconstruction of thelighting®. Comprehensive lighting invento-
riesthatidentify all of the light sources have so far only been conducted
in peacetime for areas with small numbers of lights, for example, in
International Dark Sky Place applications®° (a US Corps of Engineers
study from 1943 provides a wartime example"). Animportant question
for anyone wishing to control urban light pollution is therefore ‘what
makes up therest of the light?’

Beyond policy, the lack of direct knowledge of light sources is prob-
lematic for several research areas. The contribution of light towards
artificial skyglow above and near cities, for example, depends strongly
on the direction of radiance’. Information about the typical distribu-
tions of light source type, color and degree of shielding are therefore
criticalinputs for skyglow models, which may strongly underestimate
skyglow if they neglect sources other than streetlights™. Relatedly,
studies of lighting change based on late-night satellite observations
suggest widespread but relatively slow global increase of about 2%
annually”', whereas early evening visual observations of stars by
citizen scientists suggest amuch more rapid annualincrease of about
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Fig.1| Overhead views of an artificially lit area at night near Cologne,
Germany, at different spatial scales. a, Low-resolution (750 m) satellite data
from the Visible Infrared Imaging Radiometer Suite Day-Night Band (October
2018), with high-resolution aerial data in the background (taken 20 December
2021).b, The red rectangle highlights a single reprojected pixel (290 x 460 m),

whichis shownin greater detail on the aerial photographs (-1-mresolution).

¢, Further zoom, near the bottom right of the rectangle. While the positions of
individual light sources can be identified, the type of light source (for example
sign, floodlight) cannot be determined, even at this relatively high resolution.

10% (ref.15). This difference could potentially be explained by changes
in the type, color and direction of lights active at different times of
night'®. However, without large-scale lighting inventories, it would be
difficult to confirm or refute such a hypothesis.

Despite lacking understanding of the sources of light, the envi-
ronmental, social and health consequences of lighting are increasingly
clear”. For example, urban lights attract birds from large distances,
often with deadly consequences'". The artificial brightening of the
night sky has altered Earth’s night environment over vast areas, extend-
ing far from cities®. Despite its comparatively weak illuminance, this
skyglow has been shown to affect the behavior of wild animals®. Labo-
ratory studies suggest that even plants react to skies brighter than
those under which life evolved®. Night-time light emissions are also
directly linked to monetary and energy issues, as recently illustrated
by temporary restrictions on outdoor light use enacted in Germany?*
and other countries, following the Russian invasion of Ukraine. Light
reductions therefore promote climate stability and biodiversity.

The Nachtlichter project aimed to obtainabasicempirical under-
standing of the character of lighting in cities and smaller settlements
in Germany through citizen science supported by a mobile app. This
methodology was ideal for allowing residents in multiple places to
collectdataduring the same time period. In Nachtlichter, participants
walked along atransect, usually from one street corner to the next, and
counted and classified the light sources they observed according to
18 pre-defined categories (Methods and Fig. 2). Consistency between
different observers was ensured through amandatory online training®.
The standard deviation of variability in light counts between different
observers on the same street was estimated to be roughly 10-20%
(ref.5), whichis similar to the standard deviation of monthly radiance
reported by the satellite sensor used in this study?.

Observations were performed during autumn of 2021, and the
study areas were designed to completely cover all publicly accessible
areas withinspecified reprojected satellite pixels of the Visible Infrared
Imaging Radiometer Suite Day-Night Band (DNB), a night-time lights
observing satellite”. As a German-speaking citizen science team, we
had initially planned to cover a total of 6 km?in three German com-
munities. However, the response was greater than expected, and we
acquired data over a total area of roughly 22 km? in 33 communities,
nine of which were outside of Germany”.

Results
During 2021, a total of 234,044 lights were reported on 3,868 individ-
ual transects, by 258 registered participants during 4,409 observation

surveys. The number of surveys exceeded the number of transects
because some transects were surveyed multiple times. Private windows
were the most frequently observed light type, followed by streetlights and
commercialwindows (Table1).Fivelight categories were found to change
considerably, dependingonthetime at which the transect was observed:
private and commercial windows, signs (meaning the sum of the three
sign categories shown in Fig. 2), canopy lights and lights mounted on
buildings (Extended Data Fig. 8). A correction based on a logistic func-
tionwas applied to estimate the number of active lights that would have
been observed during early (19:00) or late (00:00) evening (Methods).

Theradiance observed by satellite was positively correlated with
the total number of light sources per km? (Fig. 3a; Spearman r = 0.67).
This positive correlation was also observed for 17 of the 18 different
light types (Spearman rfrom 0.3 to 0.65; Extended Data Figs.1and 2);
only gardendecorationlights exhibited a negative correlation (Spear-
man r=-0.15, p < 0.04). We find a median radiance of 1 nW cm™sr™!
per 317 counted lights per km? across all locations. When the entire
dataset was treated as a single analysis area, the relationship was 302
counted lights per km?2. On the basis of our temporal correction and
for Germany only, if all observations were made at 19:00, we would
expect to have a relation of 385 + 16 lights per km? per nW cm™2sr™!
(standard errors) or 219 + 11 lights per km? for observations at 00:00
(Supplementary Table 1and Supplementary Figs. 1and 2). For several
light types, the counted number of lights was not proportional to the
satellite radiance. For example, the density of street and path lights
rises more slowly than the median value in the dataset, whereas the
density of signs rises more quickly (Fig. 3). This is because the mix of
lighting types differs between more and less urban areas, as discussed
below. The relationship between lights expected at midnight and DNB
radiance was considerably smaller (120 + 6) for the areas surveyed
outside of Germany, compared to those inside.

We attempted to estimate ‘weights’ for different types of light,
representing the amount that a single example of a given light type
typically contributes to a DNB observation of radiance. This was done
by searching for fit parameters in a linear model that reproduce the
radiance observed by an overhead sensor, given Nachtlichter light
counts as input. We tried this with three datasets: DNB data (750-m
resolution), SDGSat-1imagery (10-m resolution) and aerial photo-
graphs (I-mresolution). Inall cases, the parameters returned by the fit
were unphysical (for example, assigning larger weights to small signs
thanto large signs).

We examined the relationship between land cover and the types
of lighting present for locations in Germany (Methods and Extended
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Fig. 2| The 18 different categories into which lights were classified. These and
similaricons were used in the tutorial during training and in the app during data
acquisition.

DataFig.7).Forour three mainland-cover types, private windows were
the most commonly observed light source, both for our actual counted
numbers and our extrapolation to midnight (Fig. 4, Extended Data
Fig.3 and Supplementary Table 2).In dense urbanareas (that s, contin-
uous urban fabric and industrialand commercial areas (Extended Data
Fig.9)), wefind thatlights used for advertising outnumber streetlights;
in the early evening, there was roughly one illuminated sign and one
commercial window for each streetlight. In the late night, the fraction
of streetlights relative to total lights increases as signs and windows
are turned off. Nevertheless, streetlights remained outnumbered by
other light sources by roughly a factor of 5-7 in dense areas. Despite
the fact that many signs and shop windows turn off late at night, their
relative fraction of total lights stays similar, due to the larger extinc-
tion of private windows. As we were not able to measure the frequency
with which other light types turn off during the night, the true relative
contributionis probably slightly smaller from what is presented here.
Whereas ‘gardendecoration’ lights are present evenincity centers (for
example, assmall lights onbalconies), their fraction relative to the total
number of lights was considerably larger in small towns and suburbs
(thatis, discontinuous urban fabric).

The same subset of data (Germany only) was used to examine
the additional parameters associated with the lights recorded by the
citizen scientists (shielding, brightness and color). The vast majority
of streetlights in Germany were either fully (48%) or partially (49%)

Table 1] Total lights counted during 2021

Type Number Percentage Type Number Percentage
Street 24,091 10.3% Traffic 4,255 1.8%
Path 5,966 2.5% Orientation 1772 0.8%
Bollard 2,547 11% Canopy 14,757 6.3%
C. window 17,358 74% Sign (ext) 2,136 0.9%
P. window 12,796 48.2% Sign (self) 10,778 4.6%
HND 7,299 31% Video 966 0.4%
Flood 1,859 0.8% String 5,594 2.4%
Facade 2,237 1.0% Garden 3,995 17%
Mounted 12,476 5.3% Other 3162 1.4%

The numbers reported here include all observations, so some individual lights were counted
more than once (for transects with multiple surveys) and the totals include surveys from areas
that are not further analyzed. C., commercial; P., private; HND, house numbers and doorbells;
ext, externally illuminated signs.

shielded (Extended Data Fig. 4). Pathway lighting, which in general
fulfills a similar visual objective as street lighting, was far more fre-
quently unshielded (16%). The lack of shielding was even more common
for lights mounted on the sides of buildings, where only 29% were fully
shielded and 26% were unshielded. The majority (58%) of observed
flood lights were unshielded, implying upward lighting rather than
downward lighting. This practice was most common in continuous
urban fabric areas, where 70% were unshielded.

The likelihood of a light source being described as bright or dim
varied considerably depending on the light type (Supplementary
Figs.3and4) and tosome extent onthe geographical context (Extended
DataFig.10). For example, house numbers were frequently reported as
dim, but our participants told us during the campaign that they often
appeared brighter in areas with little or no street lighting. This was
reflected in the data, in that house numbers and doorbells were much
more frequently reported as ‘bright’ in discontinuous thanin continu-
ousurban fabric. The color of lights varied considerably between light
types (Extended Data Fig. 5), with canopy lights being reported as
overwhelmingly (88%) white and streetlights the category most fre-
quently classified as orange (46%). We also examined the frequency of
use of presence detection for controlling atleast one light onatransect
(Extended Data Fig. 6). Currently, the use of motion control is more
common in dimly lit villages and suburbs (29%) than in continuous
urban fabric (15%) or industrial and commercial areas (11%).

Discussion

Theresults provide acomplete and large-scale lighting inventory of city
lights and demonstrate the value of applying acitizen science approach
to the problem of understanding lighting makeup on large spatial
scales. Our participants classified all of the light sources visible over a
walking distance of 600 km during an observation period of over 500 h.
Whereas space-based sensors"* can quickly survey large areas, they do
notreportwhatisactuallyinstalled onthe ground (Fig.1).In contrast,
ourapplication of human cognition provided arich understanding of
thetypesand properties of light sources. These results allow a ‘transla-
tion’ of satellite (DNB) radiance observations from radiometric units to
lights per km?, putting the scale of the problem of light pollution from
citiesinto terms humans canrelate to. Forexample, for DNB the number
of lights in a German pixel can now be estimated simply by multiply-
ing the average radiance (in nW cm™sr™) first by 219 and then by the
coverage area. If we assume that our observations are representative
ofthelighting practicein all of Germany, we estimate that ona typical
clear night, the DNB observes the radiation emitted by approximately
2.52 + 0.11 million individual light sources from Berlin and 78 + 3 mil-
lion light sources over the mainland of Germany (somewhat less than
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Fig. 3| Relationship between light density and satellite radiance. a-c, The
relationship is shown for the sum of all lights (a), for the sum of street and path
lights (b) and for the sum of the three sign categories (c). The line is not a fit but
rather shows the median relationship over all analysis areas (both inside and
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outside of Germany). A time correction is not applied for these graphs; the results
of multiple surveys are simply averaged. Each satellite pixel covers an area of
about 0.15 km?at the latitude of Germany. Satellite pixels for which no signs were
observed are indicated with red points at 0.1 lights per km?.

one light per person). This can be compared to a total estimate of
9-9.5 million public streetlights in Germany*.

These results have implications for a number of application and
researchareas. For example, shielding lights to prevent upward emis-
sionis one of the most effective ways to prevent light pollution™?, but
we found only about half of the German streetlight stock and 29% of
lights mounted onbuildings are fully shielded. Improving shielding is
therefore an areathat policymakers could focus on. The effectiveness
of policy measures could be examined by a future lighting inventory.
Theresults provide further evidence thatitis not sufficient to consider
only streetlights in studies of animal behavior®® and simulations of
skyglow'. Within and near cities, skyglow studies have consistently
observed radiance decreases®*’*' and color shifts*** over the course
of the night. These are both consistent with our observations of late-
night extinction of residential and business lighting, underscoring
the importance of including private lighting in research studies. This
temporal changein city lighting also demonstrates the need foramore
robust set of night-time light observations fromspace, particularly with
regard to multiple overpass times"” and for remote sensing of human
and economic parameters’. This will be increasingly important with
the transition to smart cities, where adaptive lighting emits light only
when needed (Extended Data Fig. 6).

While we found correlations between the total number of light
sources per square kilometer and satellite radiance, we were not able
to estimate physically plausible weighting factors that reproduce the
satellite datasets. Several factors may be responsible for this. First,
Nachtlichter observations provide little radiometric information—in
urbanareas, signs with aluminance of 20 or 100 cd m~?would probably
be classified as ‘normal’ but might both be classified as ‘bright’ in an
areawithlittle or no otherlight sources. Second, differences in building
heights and street widths affect how easily light can escape to space™.
While abroad street may use the same number of streetlights asanar-
row street, their overall lumen outputs are likely different. Indeed, our
attempted algorithm often assigned a large (unphysical) weight to traf-
ficlights, which are most ofteninstalled on wider, busier streets. In the
future, Nachtlichter observations could be combined withinformation
about urban morphology*® and more detailed informationabout land
use” to better estimate weighting factors. Nevertheless, our results
already show that ground-based lighting inventories provide animpor-
tant complement to satellite datasets and are probably necessary to
understand the root causes of lighting change observed from space.

Ground-based surveys such as Nachtlichter could also help to
explaingeographical differencesinurban light use. Countries with simi-
lar wealth and development often have dramatically (>200%) different
average per capitalight emissions observed from space"*, Even within
asingle country, emissions from cities with similar populations differ
by up to an order of magnitude”>**, It is still unclear why this is the
case and to what extent itis due to differencesin luminance*° or types
oflight. ANachtlichter-style approach could be used to obtain targeted
observations in cities for which the satellite has identified a dramatic
difference in total light emissions. The results of such a study could
provide importantinformation for sustainability science by identifying
whatindustries, specificlighting applications or policy approaches are
responsible for the differences. Furthermore, Nachtlichter observa-
tions could be used to assess the efficacy of lighting policy®**.

Street lighting has been the dominant focus of urban energy and
environmental policy related to light**. This is understandable as gov-
ernments control these lights and they are an important contributor
to total light emissions. Our data, however, confirm the finding that
streetlights represent a minority of total light emissions from cities.
The consequence of this narrow policy focus is illustrated by recent
trends in skyglow radiance in the United States. In 2017, a Depart-
ment of Energy report suggested that widespread conversion to light
emitting diode (LED) street lighting was likely to decrease skyglow*’.
However, observations of skyglow taken during 2011-2022, when
many lights were converted, suggest a rapid (10% per year) increase”.
While it is an open question as to whether existing approaches have
failed to control the growth in emissions due to the neglect of private
lighting or other factors, it is at least clear that existing policy results
inincreasinglight growth.

New approaches to sustainable lighting policy that go beyond
energy efficiency are therefore needed. For example, lighting regula-
tion in France now requires advertising lighting to be turned off at
hours when pedestrians are unlikely to be present and interior lights
tobe turned off when buildings are not occupied®’. This approach has
the potential to reduce light emissions without adversely affecting
advertisers. Matching streetlight provision to resident needs with
lighting curfews*® or motion sensors similarly reduces light without
affecting objective or perceptive safety*. Finally, because private
windows are the most common outdoor light source, policy encour-
aging the use of curtains after sunset could have a larger impact than
one might first assume.
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The effectiveness of policy changes, for example, the degree of
compliance among advertisers, could be tested in the future using
the Nachtlichter methodology. In addition to providing an evidence-
based assessment, this would have the advantage of increasing citizen
participation in the evaluation and planning of city spaces. This may
lead to further opportunities for energy and light savings as observa-
tions could help identify installations where light is being wasted. For
example, our participants reported that 24% of bollards were bright,
indicating that they were glaring or otherwise not well matched to
the surroundings. In commercial and industrial areas, over a quarter
of signs werereported as being exceptionally bright, which is consist-
ent with previous research that has found that signs are often much
brighter than is recommended or appropriate*®. This may reflectaneed
toupdateregulations about glare asthe existing guidelines predate the
use of highly luminous LEDs by several decades. Finally, we believe the
involvement of citizens raises overall awareness of both effective and
problematiclighting practice, as many of our participants have shared
their insights with city leaders and in public presentations.

Limitations of the Nachtlichter methodology itselfare discussed
in Gokus et al.’, but some additional points apply to these analyses. The
relation between DNB radiance and lights per km?appears to be specific
to Germany and should be investigated in other countries before being
applied. Areas with skyscrapers and private industrial parks were not
surveyed and would need adifferent approach. The dimmingor turning
off of streetlights that occursin many smaller German communitiesis
notwell captured here because of our lack of radiometric observations,
the generally early time at which participants conducted their surveys
and our limited number of observations from such communities.
Finally, the contribution of car headlights remains unknown.

The Nachtlichter methodology has provided a unique measure
of the status quo of lighting practice and its relation to upward radi-
ance and land-cover type. Running the experiment in targeted areas,
especiallyinother countries, could reveal the causes behind the large
per capita variation in light emissions between and within developed
countries®®. This would require a considerable effort, however, as
the training materials and app would need to be adapted to different
languages, and a native language team would need to coordinate each
national campaign. This may become more feasible as future satellites
with higher spatial resolutions and sensitivities are developed” because
the survey areas would not need to be as large as was the case for this
analysis. With higher-resolution imagery, a targeted mix of transects
with different characteristics (for example, urban, rural, commercial,

industrial) could allow improved generalization of the results and
modeling of light pollution and itsimpacts. Additionally, by repeating
theexperiment onthe same transects after several years have passed,
lighting change at the individual light source level could be studied.
Such an effort would probably be most successful in the context of a
long-term campaign, with sufficient resources allocated to participant
recruitment, training and retention.

Methods

The Nachtlichter app was developed within a project called
Nachtlicht-BiUHNE (Citizen-Helmholtz Network for research on night
light phenomena)’, using a co-design process in which academic and
citizenscientists metregularly over aseveral year period. Our co-design
process, app methodology, site selection, systematic variability of the
observations, data pre-processing and datastructure have already been
described in detail’. This section therefore briefly covers the data and
validation and focuses mainly on the methods unique to the analyses
presented here.

Nachtlichter dataand validation

InaNachtlichter observation, participants conducted a ‘survey’ while
walking along a ‘transect’, which typically extended from one street
cornerto the next. The participants used the app to classify and count
all of thelight sources that they could see. A total of 18 light categories
were used for the 2021 experiment (Fig. 2). Depending on the light type
selected, participants provided additional information about the size,
emissiondirection (thatis, shielding), color and subjective brightness.
Transects were pre-defined in most cases and selected and arranged
tocompletely survey the publicly accessible areas covered by arepro-
jected DNBsatellite pixel. We therefore somewhat undercount the total
number of installed lights because we did not record lights installed
inareas not visible from public spaces (for example, backyards, court-
yards and rooftops; Supplementary Fig. 5).

The observation time (of night) was not constrained, but the main
experiment took place from 23 August to 14 November 2021, usu-
ally over a period of weeks for each pixel”. Additional smaller data-
taking campaigns were conducted in the spring and autumn of 2022
to develop a correction for certain lighting types that were found
to frequently turn off. The campaign in autumn of 2022 took place
immediately after a German law requiring switch offs of some signs
was passed”. However, as our statistics were not sufficient to observe
a difference to the data taken in 2021, all of the available data were
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combined for determining the correction factors. The app and train-
ing materials were updated in 2023 to performan experiment directly
investigating lighting changes; data from that campaignis notincluded
inthe analyses reported here.

Observations were collected mainly in Germany from city centers,
suburbs and villages (Extended DataFig. 7). Region selection was based
partly on where citizen scientists were present and able to count, and
areas without sharp changes between land use near the boundaries
were preferred’. Brighter areas in cities are therefore overrepresented
compared totheir relative frequency by area, but this means we cover
nearly the full range of radiance observed for German communities®.
Areas with high-rise buildings were generally avoided because of the
difficulty in counting windows, but there were a few cases in which
buildings of approximately ten stories were located along the transect.
For most of the counting areas, buildings were one to four stories tall.
The raw data may be downloaded from within the app itself (https://
lichter.nachtlicht-buehne.de), and aprocessed dataset more suitable
for analysis is available from GFZ Data Services*”.

Observations were validated by comparing our total counts of
streetlights to the numbers reported in public databases’. The values
agreed to better than 7% for our areasin Berlin, Cologne and Dresden.
InFuldaand Leipzig, the Nachtlichter counts were 40% and 90% larger,
respectively. This was due to the presence of streetlights on private
roads in these two measurement areas and exemplifies how Nachtli-
chter dataare more complete than existing publiclighting databases.
Observations were additionally validated by comparing the counts
of different participants to each other on the same transect. This was
complicated by the fact that participants did not count at identical
times, and later observations had fewer lights. The standard deviation
for the total number of lights on the two most frequently observed
streets was 15% for observations during 19:30-21:30. The counts were
more consistent for streetlights than for other types of light, such as
signs and windows, for which participants estimated sizes.

Time of night correction

Asmentioned above, some light source types turn off during the course
of the night°. Different satellite pixels were sampled at different dates
ofthe campaign, and the earliest (by date) observations were acquired
later at night, due to thelate sunset. We therefore developed an approxi-
mate temporal correction to account for the changes and tested a few
strategies using aMonte Carlo simulation of counting data. We found
thatthe dataset size limitation would prevent fitting ageneral function.
We therefore decided to model the switch off with alogistic function:

f

1+ e—s@h @

pO=1-f+

where pisthe probability thatalightisonattime¢ (in hoursrelative to
midnight), fis the fraction of lights that turn off, sis a parameter that
describes how quickly the lights turn off and & is the time (relative to
midnight) at which half of the lights that will turn off have done so
(Extended DataFig. 8).

This functionwas motivated by published curves for private win-
dow illumination in Manhattan, New York, USA*?, and for its simple
interpretation (for example, for private windows, h is effectively the
average bedtime and sis related to the variability in bedtimes across
the population). For most light source types, we do not have sufficient
datatodetectachangeinlighting, or the returned fits did not describe
the data well (for example, streetlights in Extended Data Fig. 8). For
these sources, we do not apply a correction. The function is based on
the assumption thatall transectsin Germany behaveidentically. While
thisis not the case, we found the fit for five of the light source types to
beplausible and useit to extrapolate (orin some casesinterpolate) the
observations fromeachstreet to an estimate for what would have been
observed at19:00 and 00:00 (Extended DataFig. 8 and Supplementary

Table1). The category ‘signs’is based on the sum of illuminated signs,
self-luminous signs and video screens. The same correctionis applied
toallthree.

The fit parameters were found by minimizing the sum of errors
over all surveys on transects with multiple observations. Theindividual
survey error is defined by aleast-squares-like function (Supplementary
Fig.6):

(Ne =N

_ (Ne — No)*
Equry = mm( NorD) 9+ log(———— — 8)) 2)

(Ne +1)

where N, is the reported (counted) number of lights and N, is the
expected number of lights based on our fit. N, is calculated via
N.(¢) = N, x p(t), where N,is the estimated number of total lights on the
transectin the early evening. N, is found by minimizing £, for the cur-
rent fit parameters. This minimization causes the red dots and yellow
starsin Extended DataFig. 8 tobe distributed equally above and below
thefitline as NV, is estimated separately for each transect.

The left term of equation (2) is similar to the usual weighted
least-squares term for normally distributed data, but we have effec-
tively increased the standard deviation to account for participant
counting errors and the (frequently) small number of lights counted.
However, our errors are not actually normal (or Poisson) distributed;
large differences can occur if a set of lights is controlled by the same
switchand turned offinunison, if a participant makes a dramatic count-
ingerror, orif thelights on the transect do not behave like the ‘average
Germanstreet’. Theright-hand term, therefore, minimizes the contri-
bution of information from transects that do not behave in a typical
fashion (thatis, the difference compared to what we expectedislarger
than 30). In our tests based on Monte Carlo data, this procedure suc-
cessfully returned fit parameters that reasonably match the inputs used
in the simulation, even when we included the possibility of counting
errors and correlated lights.

When a single Nachtlichter observation was made for a transect,
the extrapolation process to obtain an estimate of the number of lights
at an alternative time is straightforward. If N_ lights were observed
(counted) at time ¢,, then the estimated (maximum) total number of
lights that would be turned on in the early evening for this transect is
N.= N,/ p(t,). The number of lights we would expect to be observed
at a different given time t is then N, = N, x p(t). When a transect was
surveyed multiple times, then N, is estimated by finding the value of
N, that minimizes the sum of £, for all observations on the transect.
The estimate at a given time ¢ is then N.= N, x p(t) as before. For the
light types for whichno corrections are applied, multiple observations
were simply averaged. These procedures lead to fractional values for
the total number of lights.

Satellite data

The DNB** observes the Earth nightly at an equatorial crossing time of
1:30, with a consistent resolution of 750 meters across the scan. The
detector is sensitive to electromagnetic radiation in the wavelength
range 500 nm to 900 nm (for convenience referred to here as ‘light’).
The combined light emissions from all sources within the ~0.56 km?
is integrated into a single observed radiance value for the pixel. The
nightly observations are combined into monthly and annual composite
products by the Earth Observation Group®, which uses a 15-arcsec-
ond global raster. The pixel size therefore depends on latitude and is
roughly 470 by 300 meters in central Germany (Fig. 1). Because the
reprojected pixelis smaller than the intrinsic resolution, the radiance
reported for a single pixel includes light from surrounding pixels. To
the greatest extent possible, we therefore aimed to have Nachtlichter
study sites located in areas surrounded by areas of similar character’.
Nevertheless, the satellite radiance is biased downwards for lit areas
near the city limits, and the radiance observed by adjacent DNB pixels
is correlated.
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We estimated the radiance of the Nachtlichter study areas using
DNB observations taken during September through November during
2019 t0 2021 (September 2021 was excluded because of considerable
areas of Germany with no data, due to stray light on the sensor). We
also calculated the total radiance from the mainland of Germany using
airglow corrected data®>* for the months of October and November
0f2015-2023 (a longer time series was used to better estimate uncer-
tainties). The standard deviation of the sum of Germany’s lights was
7%, and the standard error was 1.7%. For Berlin, these numbers were
9% and 2.0%, and for our selection of DNB pixels (below), 12% and 4%.

Satellite and total lights analyses
We defined 181analysis areas, usually associated with single DNB pixels
(Fig.1). In 12 cases, we joined multiple DNB pixels and Nachtlichter
countsintoacombined analysis area, as we felt it was more appropriate
based ontherelative positioning of the transects and pixel boundaries
(for example, in the case of asingle very long rural street segment that
runs through multiple pixels and that was created directly by a partici-
pantrather than pre-defined by the main team). These were mainly in
ruralsites; the group of 12 had amedian DNB radiance of 2.3 nW cm™2sr ™,

We calculated the fraction of each transect that lay inside of a
pixelboundary and multiplied this by the individual light type counts
to obtain an estimate of how many of the transect’s lights are located
inside of the pixel. These results were then summed to obtain a total
number of counted lights within the pixel. The median relationship for
all 181 analysis areas was 317 counted lights per km? per nW cm™2sr.,
Thisisshownas astraightlineinFig. 3, and similar medians are shown
inExtended Data Figs.1and 2 and Supplementary Figs.1and 2.

Graphing the median relationship is useful for showing when light
types do ordonothave aproportional relationship to satellite radiance,
butit means pixels are weighted equally, rather than by the number of
counted lights. As an alternative that assigns equal weight to counted
lights and radiance, we divided the sum of counted lights over all pixels
by the sumof'the product of radiance and area for eachindividual pixel.
This effectively treats all of our observations asif they were one single
contiguous analysis area. When done for the German pixels only, and
for the estimated light counts at midnight, we find aconversion factor
0f 219 + 11 (standard error) lights per km?per nW cm™2sr* (Supplemen-
tary Table1provides other selections). This factor was then multiplied
by the product of meanradiance and total areato obtain the estimated
number of lights that would be observed if all of Germany or all of Berlin
were sampled using our methodology at midnight.

The Spearmanrank correlation coefficient was calculated for each
of the individual light types separately (Extended Data Figs. 1and 2).
Inall cases, the (two-sided) null hypothesis of no correlation between
satellite radiance and light type was rejected. The null hypothesis was
least strongly rejected for garden decorationlights (p < 0.04) and house
numbers and doorbells (p < 0.0002).

Uncertainty estimation

The estimation of the number of lights on at midnight is affected by
three sources of uncertainty: person-to-person variability in the num-
ber of lights counted, uncertainty on the fit to the time-of-night light
extinction curve and the uncertainty on the ‘sum of light’ from the
DNB (reported above). The uncertainty on person-to-person vari-
ability was estimated via Monte Carlo. In a series of simulations, the
sum of lights count (N,) of each participant was adjusted according to
Ngm=N./v,where ‘v’ isanindividual variability factor randomly chosen
from a normal distribution with a standard deviation of 15%. We then
calculated N, = YN for each simulation and measured a standard
deviation of 2.1%.

The uncertainty on both the fit parameters and the total lights at
midnight were estimated using bootstrap with replacement”. Each
survey with N >1observations was assigned a statistical weight of N - 1
(because one degree of freedom is used for each transect to estimate

the total number of lights). A total of 1,000 replacement samples were
thenrandomly assembled with an equivalent statistical weight to the
full sample, and the extinction curve was fit for each light type for
this sample. For the uncertainty on the fit parameters, we report the
confidenceinterval covering the 15.715th to 84.285th percentile (corre-
spondingtolo; Supplementary Table 3). For eachbootstrap datasetand
fit, we then calculated the sum of lights for the five fit light categories
and its standard deviation. We find that the fit introduces a standard
error of 3.2% for the estimate of the total lights (all 18 categories) at
midnight (Supplementary Table 4). The three uncertainties were then
addedin quadraturetoyield atotal standard error of 4.1% for Germany
and 4.3% for Berlin.

Land-cover analysis

Our land-cover analysis makes use of the most recent CORINE (Coordi-
nation of Information onthe Environment) Land Cover (CLC) classifica-
tion from 2018, The CLCincludes 44 different types of land cover, but
94% of our transects were located in one of just three land-cover classes:
continuous urban fabric (typically city or town centers, with >80% of
the land surface covered by impermeable features), discontinuous
urban fabric (built-up areas with 30 to 80% of the surface covered by
impermeable features) and industrial and commercial areas (Extended
DataFigs. 9 and 10). Only 2% of transects were associated with the next
most frequent land-cover class: urban green areas. Because our obser-
vations were made primarily in cities, the ‘industrial and commercial’
areas within this analysis are mainly commercial areas.

The minimal mapping unit of CLC is 25 ha. Because our transects
arerarely longer than 200 meters, they are typically entirely within a
single CLC class. (A higher-resolution land-cover dataset, such as the
Copernicus Urban Atlas, would introduce additional complications,
because transects would be more frequently split between land-cover
types. It would also not be available for our rural sites.) We calculated
the midpoint of each transect and assigned the transect to the land-
cover category at that point. We then summed the light counts for all of
the selected transects within the land-cover type, using the 19:00 and
00:00 projection for the overall comparison (Fig. 4) and the actually
counted data (using the meanin case of multiple surveys) for the exami-
nation of the shielding, color and brightness properties (Extended Data
Figs.4 and 5and Supplementary Figs. 3 and 4). For our examination of
the prevalence of motion control detection (Extended DataFig. 6), we
treat each transect separately and show the maximal value reported.
Thisisbecauseintheearly evening, observers may not notice thatlights
areactivated based on presence detection, due to the higher number
of people present on the street.

Light contribution analysis
Light is additive, so each light source located within a radiometer’s
pixel increases the overall radiance measured by the instrument for
that pixel proportional to its flux at the sensor. We attempted to find
‘weighting factors’ that would return radiance estimates based on the
lights counted on the ground:

Lpred = Z w;C; (3)
i

Here L4 is the predicted radiance observed for a given pixel,
w;is a weighting factor for one of the 370 combinations of light and
associated characteristics (for example, ‘video screen, small, medium
brightness, white’), C;is the total number of lights of that type observed
within the pixel and the sum is over all of the different individual light
types counted within the pixel. The values of w; can be estimated by
minimizing the value of a cost function that depends onthem, such as:

2
(Lpred - Lmeas)

: @)
(0 '21‘ meas )

COSt(Lpred,I—meas) = Z

pixels
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Because we observed fewer than 370 DNB pixels, it was necessary
toreduce thenumber of parameters. By assuming four variables repre-
senting the contribution of different sizes, emission directions, colors
and brightnesses are constant across all lighting types, the number of
variables could be reduced to 22. We attempted such minimizations
with DNB, SDGSat and aerial photography data, with several different
cost functions (the value of 0.2 above was motivated by the observation
that the standard deviation of pixels in monthly DNB data is propor-
tional to its radiance®). Regardless of what we tried, the procedure
never returned physically meaningful results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Theraw dataare available from within the Nachtlichter app at https://
lichter.nachtlicht-buehne.de. Processed data are available from GFZ
Data Services at https://doi.org/10.5880/GFZ.1.4.2024.006.

Code availability
The codeis available from GFZ DataServices at https://doi.org/10.5880/
GFZ.1.4.2024.006.
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Extended Data Fig. 1| Relationship between light density and satellite
radiance for the first 9 light categories. Each satellite pixel is shown as asingle
point, and aline shows the median relationship between the two parameters for
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Extended Data Fig. 2| Relationship between light density and satellite
radiance for the second 9 light categories. Each satellite pixel is shown as a
single point, and aline shows the median for the actually counted dataset (no
timing correctionis applied). Red points at 0.1lights per square kilometer are

used to show observations for which no lights of this type were observed. The
median value (relative to 1nWemsr™) and the Spearman Rank Correlation
coefficient (r;) of the dataset are shown directly on each plot.
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Extended Data Fig. 3| Map showing type of lights counted and DNB pixel groupings of light categories, with the total number of lights counted printed

values for the Cologne area. The background shows individual reprojected DNB below thering. The three types of signs were combined into a single category,
pixels. Red boxes surround the 11 pixels for which Nachtlichter observations and flood lights, lit facades, light strings, and garden decoration lights were
were made. Ring diagrams show the fraction of lights counted for 8 different combined into the category ‘decorative’ lights.
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for five different light types across the three main land cover types, as well as showningreen, partly shielded in gray, and unshielded in orange.
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Extended DataFig. 6 | Frequency of use of motion detection in lighting The pie charts show the proportion of transects for which participants said that ‘some’ or
‘many’ of the lights they observed turned on due to motion detectors in the different land cover areas within Germany. The number shown at top right is the total
number of transects included in the sample.
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Extended Data Fig. 7 | Location of observations in Germany The map indicates communities within the same circle (see the detailed methods paper® for alist of
the regions within Germany at which Nachtlichter observations were made. allcommunities). The background map is a DNB image, for which darker spots
The numbersindicate the number of discrete analysis areas (usually single represent brighter light emissions. The names of Germany’s four largest cities are
reprojected DNB satellite pixels) located within the circle. The observation shown for reference only (no observations were made in Hamburg or Munich).

locations were not always adjacent, and in some cases are in different
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Extended Data Fig. 8| Temporal changes in streetlights and private windows.
Thelogistic fits to observations from transects with multiple surveys are shown
asablue curve. Individual survey light totals are shown with red dots as a fraction
relative to our expectation of how many lights would be on if the survey was
observed inthe early evening. Streetlights are shown above, and private windows
below. For each multiply surveyed transect, the dots are positioned such that the
average distance from the curve for observations on the same transect is close
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to zero. The yellow stars show the data for a single transect sampled four times
by the same participant on asingle evening (the variability in streetlight count
was due to counting error, not areal change in lights). The results for streetlights
arebased on 2906 lights observed on 423 surveys, and for private windows on
8327 windows from 386 surveys. The temporal profile of private windows is
reasonably well described by the fit curve, but this is not the case for streetlights.
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Extended DataFig. 9 | Transect locations and land cover classes in the
surveyed regions of Potsdam, Germany The black lines show the individual
transects surveyed in the city of Potsdam, Germany, and are overlaid on the

o
o
—
[
(B

S

I Transitional woodland-shrub
Land principally occupied by agriculture, with [ Sport and leisure facilities

Inland marshes

significant areas of natural vegetation
Pastures

I Water bodies
[ Water courses

1 2 3 km
L~ ASaaa—

Mineral extraction sites

Non-irrigated arable land

Corine Land Cover map for the area. Nearly all transects are associated with one
ofthreeland cover types: ‘Continuous urban fabric’,‘Discontinuous urban fabric’,
and ‘Industrial or Commercial units’.

Nature Cities


http://www.nature.com/natcities

Article https://doi.org/10.1038/s44284-025-00239-5

DNB Pixels

[

0

Nachtlichter transects

|:| Potsdam city borders

Extended Data Fig. 10 | Transect locations and nighttime light emissions from Potsdam, Germany The black lines show the individual transects surveyed in the city
of Potsdam, Germany, and are overlaid on animage of radiance of light emissions measured by satellite. The areais identical to that shown in Extended Data Fig. 9.
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Data collection Participants walked down streets and counted up all of the light sources they could see. Details about the locations are available in
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