
LIGHT POLLUTION

Citizen scientists report global rapid reductions in
the visibility of stars from 2011 to 2022
Christopher C. M. Kyba,1,2* Yiğit Öner Altıntaş,1† Constance E. Walker,3 Mark Newhouse4

The artificial glow of the night sky is a form of light pollution; its global change over time is not well
known. Developments in lighting technology complicate any measurement because of changes in lighting
practice and emission spectra. We investigated the change in global sky brightness from 2011 to
2022 using 51,351 citizen scientist observations of naked-eye stellar visibility. The number of visible
stars decreased by an amount that can be explained by an increase in sky brightness of 7 to 10% per
year in the human visible band. This increase is faster than emissions changes indicated by satellite
observations. We ascribe this difference to spectral changes in light emission and to the average angle
of light emissions.

O
ver much of Earth’s land surface, the
night sky no longer fully transitions to
starlight and moonlight after sunset (1).
Instead, the sky also glows with an arti-
ficial twilight caused by the scatter of

anthropogenic light in the atmosphere (2).
The radiance of skyglow grew exponentially
for much of the 20th century (3) as a result of
population growth, expansion of settlements,
and deployment of new lighting technologies
(4, 5). The character of the night sky is now
different from what it was when life evolved
and civilization developed.
Many of the behavioral and physiological

processes of life on Earth are connected to
daily and seasonal cycles. For example, visual
predation requires sufficient light to see, and
predator–prey interactions are therefore ex-
pected to be affected by skyglow (6). There
are few controlled field studies of the eco-
logical impacts of skyglow, but it has been
have shown to affect plants, animals, and
their interactions (7), and laboratory studies
have demonstrated changes in the physiol-
ogy of fish at skyglow-like nighttime il-
luminance of 0.01 lux (8). In addition to its
environmental consequences, skyglow lim-
its human observation of starry skies and
the Milky Way. The increase in skyglow has
affected human culture (9), not only by re-
stricting stargazing and astronomy but also
by changing the overall appearance of the
night sky.
Effective methods for reducing light pollu-

tion are well understood (10, 11), and many
of them also reduce electricity consumption.

These measures have been implemented on
local scales (12, 13) but have not seen wide-
spread adoption. Nevertheless, awareness of
light pollution has led some policy-makers to
introduce measures that attempt to control
light pollution (14).
During the 2010s, many outdoor lights were

replaced by light-emitting diodes (LEDs):
Global LED market share for new general
lighting grew from under 1% in 2011 to 47% in
2019, and LED market share for new outdoor
lighting in the United States was 66% in 2020
(15). The impact on skyglow from this transi-
tion to LEDs is unclear. Some researchers have
predicted that it will be beneficial (16); others,
that it could be harmful because of spectral
changes (17) or a rebound effect (18), in which
the high luminous efficacy (more light emitted
for a given power) of LEDs leads to more or
brighter lights being installed or longer hours
of operation.

The generation of skyglow and changes in
its character are related to social, economic,
and technological processes, and we therefore
expect skyglow trends to differ within and
across countries. Time-series measurements
of skyglow from individual sites, although use-
ful for some purposes, might not be represen-
tative of how skyglow is changing on larger
scales. It would therefore be beneficial to mea-
sure changes in skyglow on continental and
global scales.
In principle, it is possible to directly mea-

sure skyglow through satellite observations
of Earth at night (19). Unfortunately, the only
satellite instruments that currently monitor
the whole Earth have limited resolution and
sensitivity and cannot detect light with wave-
lengths below 500 nm (20). This is a problem
for three reasons: (i) Shorter wavelengths
scatter more effectively in the atmosphere,
increasing the chance that a photon emitted
upward returns to Earth as skyglow (2); (ii)
LEDsmarketed as white usually have an emis-
sion peak between 400 and 500 nm,where the
satellite sensor is insensitive; and (iii) human
visual sensitivity shifts toward shorter wave-
lengths at night (11). The first two effects could
mean that changes in ground radiance ob-
served by satellite (21, 22) differ from changes
in skyglow. The third effectmeans that ground-
based radiometers (and photometers) face a
similar problem: If skyglow darkens at longer
wavelengths but brightens at shorter wave-
lengths, it would be unclear whether the num-
ber of stars visible to humanswould increase or
decrease (23, 24).
We analyzed a citizen science dataset in

which the human visual system was directly
used as a sensor (24, 25). In the Globe at Night
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Fig. 1. Naked eye limiting magnitude estimated by Globe at Night participants as a function of the
night sky brightness in 2014. The sky brightness factor (SBF) is the ratio of total radiance to natural
sky radiance, so SBF = 1 indicates starlight and SBF = 10 (plotted as log10SBF = 1) indicates that the sky is
10 times as bright as starlight (plotted as log10SBF = 0 and 1, respectively (26). The relationship is shown for 2011
(green squares), 2021 (blue triangles), and the average of all years from 2011 to 2022 (gray circles). Smaller
NELM values mean that fewer stars are visible. Lines indicate linear models fitted to the data for log10SBF >0.5,
which corresponds to ~3 times as bright as starlight. Shaded regions show the 95% confidence interval.
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project [operated by the National Optical-
Infrared Astronomy Research Laboratory
(NOIRLab)], participants are presented with
a set of star maps (example shown in fig. S1)
and asked which one best matches the night
sky at their location (26). This provides an
estimate of the naked eye limiting magnitude
(NELM), the visual apparent magnitude of
the faintest star that can be seen. Astronom-
ical magnitudes are an inverted logarithmic
scale, so the NELM is smaller for brighter
skies. The NELM is related to skyglow because
as background radiance increases, faint point
sources of light become invisible (27). The lim-
itingmagnitude estimated by citizen scientists
using this method correlates with the loca-
tions of skyglow determined using satellite
datasets (24, 25). We grouped different regions
of the globe according to their sky brightness
in 2014, as determined by the (satellite-based)
World Atlas (1), to examine how the NELMs
in similarly bright areas change over time
(Fig. 1 and fig. S2).
Our method (26) accounts for differences in

the set of citizen scientists participating each
year (Fig. 2) and allows us to measure changes
in stellar visibility on global or continental
spatial scales. The overall number of obser-
vations limits the spatial and temporal scales
over which trends can be determined (partic-
ularly for developing countries, where rapid
skyglow change is suspected but little obser-
vational evidence is available). The Globe at
Night data have a spatial bias toward Europe,
North America (especially the United States),
and a small number of other countries; there
is also a bias toward inhabited areas. For ex-
ample, 50.6% of the Asian contributions are
from Japan, and contributions from Australia
are overwhelmingly from coastal areas (Fig. 2B
and fig. S3) during 2020 (Fig. 2A). Because
Europe and North America have sufficient
data in both time and space, we report trends
for those continents and combine all the others
(referred to as Rest of World hereafter).
Although this dataset does not represent an

average of either the land area or human pop-

ulation distribution, participants are concen-
trated in regions where skyglow is most prev-
alent (1). The global trend in skyglow that we
measure likely underestimates the trend in
countries with the most rapid increases in
economic development, because the rate of
change in light emission is highest there (21)

and we expect the addition of new lights to
have a greater impact on skyglow than would
result from the replacement of existing lights.
To convert the NELM measurements to

rates of change in effective skyglow radiance
for human vision, we fitted amodel to a subset
of the dataset [observations from January 2011
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Table 1. Summary of results for different geographic areas. Best-fitting values of our model are listed for three continental groupings and the global
average. r̂ is the rate of increase, N̂n is the NELM for natural skies, ŝ relates NELM to the World Atlas, s is the standard deviation of residuals, and E is the error
rate (26). Uncertainties are ±1 standard deviation and are statistical only. Rest of World includes four continents because of insufficient coverage (see text).
More detailed results, before combining continents, are listed in table S1.

Region r̂ (%) N̂n (NELM) ŝ s (NELM) E (%)

Europe 6.5 ± 1.0 4.77 ± 0.03 −1.33 ± 0.03 0.953 ± 0.012 2.4 ± 0.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

North America 10.4 ± 0.5 4.95 ± 0.02 −1.52 ± 0.02 1.009 ± 0.008 1.7 ± 0.3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rest of World 7.7 ± 0.7 4.66 ± 0.03 −1.37 ± 0.02 1.077 ± 0.011 2.5 ± 0.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Global average 9.6 ± 0.4 4.825 ± 0.014 −1.429 ± 0.014 1.022 ± 0.006 2.1 ± 0.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fig. 2. Participation in Globe at Night from January 2011 to August 2022. (A) Bar chart showing the
temporal distribution. Participation for each year is subdivided by continent, as indicated in the legend.
(B) Spatial distribution of all years combined, on an equal-area Eckert IV map projection. Colors indicate
the participation normalized by land area, on a logarithmic scale. Black points show the locations of
individual observations (more visible in fig. S3). Some of the largest countries have been divided into
smaller jurisdictions.
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to August 2022, without twilight, moonlight,
or reported snow on the ground (26)], using a
maximum likelihood method. There are five
free parameters in the model: (i) the average
limiting magnitude reported in regions with
no light pollution (y intercept in Fig. 1); (ii)
the slope of the relationship between NELM
and World Atlas skyglow radiance (similar to
the slope in Fig. 1, but with a time-adjusted
radiance); (iii) the annual rate of change in
artificial skyglow; (iv) the standard deviation
in the residuals between measured and pre-
dicted NELM; and (v) an estimate of the error
rate in the Globe at Night dataset (e.g., due
to participants reporting their location or
NELM incorrectly).
We find that the change in the number of

visible stars reported by Globe at Night par-
ticipants is equivalent to a 9.6% per year an-
nual increase in sky brightness, averaged over
the locations of participants (Table 1). For an
18-year period (such as the duration of a hu-
man childhood), this rate of change would
increase sky brightness by more than a factor
of 4. A locationwith 250 visible starswould see
that number reduce to 100 visible stars over
the same period. Because our method uses
measurements made with human vision, it
accounts for changes in both the radiance
and spectrum of the night sky.
We confirmed this finding by performing

an alternative analysis of the data. Instead of
using a maximum likelihood method to fit a
model of the skyglow change, we performed
least-squares fitting of a linear model to the
monthly (observed minus expected) NELM
residuals under the assumption that skyglow
remains constant (Fig. 3A) or increases at a
rate of 9.6% per year (Fig. 3B). The best-
fitting rate of change in NELM residuals is

−0.044 ± 0.007 magnitude per year for the
uncorrected model and 0.001 ± 0.007 magni-
tude per year for the model corrected for
skyglow increase. The even distribution of
points above and below zero in the corrected
model shows that the trend is not being
driven by outliers at the start or end of the
analysis period (Fig. 3B).
The rate of skyglow increase that we find is

much larger than the rates of growth in light
emissions observed by satellite in the 500- to
900-nm band, which were 2.2% per year glo-
bally during 2012–2016 (21) and >1.6% per
year during 1992–2017 (with the possibility
of faster increases in the visual band from
2012 onward) (22). For a more direct compar-
ison, we analyzed the satellite radiance trends
at the Globe at Night observation locations
during 2014–2021 (26). Even after controlling
for the locations, rates of change in upward
radiancemeasured by satellite were alsomuch
smaller than our calculated rate of skyglow
increase (table S2). For example, for North
America during 2011–2021, we find the rate
of increase in skyglow radiance is 10.4 ±
0.5%, compared to −0.80 ± 0.04% in the sur-
face radiance measured by satellite at these
locations during 2014–2021 (table S2). We
ascribe the smaller satellite radiance change
at Globe at Night locations compared to that
found in other studies (21, 22) to the ten-
dency of Globe at Night participants to observe
from residential areas (see materials and
methods).
These different results are not incompatible,

because there are several differences between
observing surface radiance with satellites and
sky radiance as seen by humans on the ground.
For example, the widespread conversion of
streetlights from gas discharge lamps to LEDs

(16, 28) could result in spectral changes that
affect the two datasets differently, as discussed
above. If luminance is maintained after con-
verting street lighting to LEDs, the spectral
shift toward shorter-wavelength (bluer) light
causes the radiance observed by the satellite to
decrease (17). By contrast, skyglow mesopic
luminance after installation of LEDs could
potentially either increase as a result of in-
creased atmospheric scattering of blue light
(2, 29) or decrease as a result of improved
lighting fixtures that reduce horizontal emis-
sion (16).
The contributions to ground-observed sky-

glow and satellite-observed surface radiance
depend on the lighting type. Most satellite
radiometers have little to no sensitivity to
light emitted toward the horizon (e.g., from a
window or self-luminous sign) (30). However,
light propagating toward the horizon is the
largest contributor to skyglow because of its
longer path length (by an order of magnitude)
from ground to space at such angles. In the
early evening, a large fraction of the light that
escapes cities is emitted by sources other than
streetlights (31). Some of these lighting appli-
cations, such as decorative and advertising
lighting, produce a larger fraction of horizon-
tally propagating light than modern street
lighting does. It is therefore likely that some of
the differences between the rates of change for
skyglow that we calculate and those estimated
from satellite data arise from changes in light-
ing practices or deployment.
We draw two conclusions from these re-

sults. First, the visibility of stars is deterio-
rating rapidly, despite (or perhaps because of)
the introduction of LEDs in outdoor lighting
applications. Existing lighting policies are
not preventing increases in skyglow, at least on
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Fig. 3. Difference from expected limiting magnitude under different skyglow growth models. The monthly residuals (observed minus expected) between
reported NELM and the expectation based on the World Atlas (Fig. 1) under two models: (A) the standard 2014 World Atlas; (B) the World Atlas radiance multiplied by
an exponential increase of 9.6% per year relative to January 2014 (26). Positive residuals indicate that observers reported more stars than expected. Error bars show
the standard error, and data points before 2014 include higher numbers of observations than those made after 2014. Black lines show a linear model fitted to the
residuals, and the shaded region shows the 95% confidence interval.
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continental and global scales. Second, the use
of naked-eye observations by citizen scientists
provides complementary information to the
satellite datasets.
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