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Disruption of marine habitats by artificial light
at night from global coastal megacities

T. J. Smyth1,*, A. E. Wright1, A. Edwards-Jones1, D. McKee2,3, A. Queirós1, O. Rendon1,
S. Tidau4, and T. W. Davies4

Half of globally significant megacities are situated near the coast, exposing urban marine ecosystems to
multiple stressors such as waste-water discharge containing a host of organic and inorganic pollutants, air
and noise pollution. In addition to these well recognized sources, artificial light at night (ALAN) pollution is
inseparable from cities but poorly quantified in marine ecosystems to date. We have developed a time- and
wavelength-resolving hydrological optical model that includes solar (daylight and twilight components), lunar
and ALAN source terms and propagates these spectrally through a tidally varying water column using Beer’s
Law. Our model shows that for 8 globally distributed cities surface ALAN dosages are up to a factor of 6
greater than moonlight, as ALAN intensities vary little throughout the night, over monthly or seasonal cycles.
Moonlight only exceeds ALAN irradiances over the ±3-day period around full moon, and particularly during the
brightest moons (mid-latitude winter, at zenith). Unlike the relatively stable surface ALAN, underwater ALAN
varies spectrally and in magnitude throughout the night due to tidal cycles. The extent of ALAN in-water
attenuation is location-specific, driven by the season, tidal range and cycle, and water clarity. This work
highlights that marine ALAN ecosystem pollution is a particularly acute global change issue near some of
the largest cities in the world.

Keywords: Artificial light at night, Tidal cycle, Hydrological optical model, Radiative transfer modelling,
Urban marine ecosystems, Coastal megacities

Introduction
Before the Anthropocene, and indeed before the Urbano-
cene (West, 2018) in the past 50–100 years, light at astro-
nomical night was governed by the moon and its cycle of
waxing, waning and elevation in the sky. Increasing urban-
ization and associated artificial light at night (ALAN) are
disrupting natural light cycles and biological adaptations
to them from the hyperlocal (underneath street-lights)
to regional and global scales (e.g., Smyth et al., 2021;
Tidau et al., 2021). Satellite observations show clearly the
global pervasiveness of ALAN urban environments (Falchi
et al., 2016), and many of the world’s megacities are
located near the coast (United Nations, 2019). The recent
global atlas of underwater ALAN shows the extent of
ALAN in coastal-marine ecosystems (Smyth et al., 2021)

covering over 1.9 million km2 of the world’s coastal seas.
In short, ALAN pollution is widespread (Davies et al.,
2014), pervasive and expanding in its reach (Gaston et
al., 2021) and should therefore be recognized as a major
21st century global anthropogenic change issue (Davies
and Smyth, 2018).

ALAN impacts range from altering organismal physiol-
ogy to changes wrought in ecological communities (San-
ders et al., 2021). Underwater ALAN affects multiple
aspects of the life histories of marine organisms, including
reducing reproductive success in fish (Fobert et al., 2019;
Fobert et al., 2021) and turtles (Witherington and Bjorn-
dal, 1991); disrupting migration in zooplankton (Ludvig-
sen et al., 2018; Berge et al., 2020) and sandhoppers
(Torres et al., 2020); altering recruitment in marine epi-
faunal communities (Davies et al., 2015); shifting inter-
specific interactions in estuarine fish (Becker et al.,
2013), symbiotic reef building corals (Levy et al., 2020),
and intertidal invertebrates (Underwood et al., 2017);
delaying coral gametogenesis (Ayalon et al., 2021); and
changing phytoplankton abundance (Diamantopoulou et
al., 2021). For a recent review of the impacts of ALAN in
marine ecosystems, see Marangoni et al. (2022).

The amount of visible light entering the underwater
marine habitat is governed in the first instance by the
intensity and spectral distribution of the above-water
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source, whether natural (solar, lunar) or artificial, for
example, light-emitting diode (LED), low pressure sodium
(LPS), and high pressure sodium (HPS). Natural sources
have well understood seasonal cycles, governed by their
altitude (and phase for the moon), which is a function of
latitude, longitude, day of year and time of day (night). By
contrast, artificial light sources have a fixed position, giv-
ing the same intensity throughout the night (neglecting
the effects of changes in cloud cover, base height and type
of artificial skyglow). In simple terms, natural sources
describe sinusoidal behavior, whereas anthropogenic
sources are best described by a “top-hat” function, a binary
“on-off.” Once the light has penetrated the water, it is
rapidly attenuated with depth: the rate of attenuation is
a complex function of wavelength that is dependent upon
the in-water inherent optical properties (IOPs; Lee et al.,
2002) which, in turn, exhibit strong spatio-temporal var-
iability (Mobley, 1994). For a complete description of
ALAN exposure in marine habitats of relatively shallow
waters (<10 m), such as estuaries, beaches and rocky
shores, the effects of variable water column depth should
also be included (Roberts et al., 2018). These effects fur-
ther modulate the underwater spectral light field as a func-
tion of time, tidal magnitude (14-day spring/neap cycle),
location and time of year. Furthermore, large habitat-
forming species such as seaweed will likely modulate the
underwater lightscape in coastal areas (Gerard, 1984;
Dierssen et al., 2015), but data on this effect are still
missing (Tidau et al., 2021).

Of the top 25 globalmegacities (population >10million),
16 are classified as being coastal (United Nations, 2019).
In this paper, we have modelled the light cycles experi-
enced by the adjacentmarine environment over an annual
cycle (2020), including the relative contributions of
natural (solar, twilight, lunar) and ALAN sources for
these global megacity locations, and quantified their
instantaneous spectral irradiances as well as the signif-
icance of longer term monthly–seasonal exposure. Our
model enabled a first quantification of the relative
intensities and dosages of natural and anthropogenic
light at the surface and within the tidal range, allowing
important metrics of this emergent environmental
stressor to be determined for key globally significant
urban areas.

Method
In order to give a worldwide geographical spread, we
selected the following megacities (in order of population
size): Tokyo (Japan, 37million), Shanghai (China, 26million);
Mumbai (India, 20 million); New York (USA, 19 million);
Buenos Aires (Argentina, 15 million); Lagos (Nigeria,
13 million); and Los Angeles (USA, 12 million). We also
calculated the relative natural and anthropogenic contribu-
tions for Plymouth (UK, 234 thousand), a city for which
biologically important (Båtnes et al., 2015) ALAN levels
have been quantified (Davies et al., 2020) and with an
established track record in marine ALAN research over
an annual (2020) and 20-year (2001–2020) period, the
latter to capture variability in intensity as the tidal and

celestial harmonics shift in phase over the metonic cycle
(approximately 19 years).

Hydrological optical modelling

A generalized modelling framework was developed using
the Python programming language in order to simulate
the surface and underwater spectral light field as a func-
tion of location (latitude, longitude), date, time, tidal
range and depth of water overlying an intertidal point.
The model required an above-surface component (solar
and lunar spectral model, tidal model, ALAN) and an in-
water optical component.

Solar spectral model

The top of atmosphere (TOA) spectral solar irradiances,
E0(l), at 1-nm resolution were calculated using a look-
up-table (Neckel and Labs, 1984) of the solar spectral irra-
diance, H0(l), and corrected for the eccentricity (e) of
Earth’s orbit (function of day of year, D) using the equa-
tion:

E0ðlÞ¼ H0ðlÞ 1þ ecos
2pðD � 3Þ

365

� �� �2

ðW m�2Þ: ð1Þ

The Gregg and Carder (1990) spectral marine atmo-
sphere model was used to determine the spectral (just)
above-surface solar irradiance, assuming clear sky condi-
tions. This model is relatively simple but does consider
gaseous absorption and aerosol optical properties and
allows for the partitioning of the irradiance field into
direct, Edd(l), and diffuse, Eds(l), components. The global
above-surface spectral irradiance is the sum of these two
terms:

Edðl; 0þÞ ¼ EddðlÞþ EdsðlÞ ðW m�2Þ: ð2Þ

Additionally, the spectral twilight model of Spitschan et
al. (2016) was used to determine the spectral sky (diffuse)
irradiance for solar zenith angles (yz) between 0� and
�18�, using a look-up-table constructed from their rural
sky observations. This approach allowed the twilight
period to be split between civil (0� � yz < �6�), nautical
(�6� � yz < �12�) and astronomical (�12� � yz < �18�)
partitions.

Lunar spectral model

The TOA spectral lunar irradiances were determined using
the TOA spectral solar irradiances (Equation 1), assuming
a lunar albedo of 16% (Buratti et al., 1996) and a lunar
semi-diameter view angle of 0.26�. The lunar zenith angle
was calculated as a function of location, date and time
using the Python astropy (https://pypi.org/project/
astropy) package. The phase curve of Lumme and Bowell
(1981) was used to account for the full moon brightening,
and lunar phase calculated as a function of latitude, date
and time using the Python astroplan (https://pypi.org/
project/astroplan) package. The Gregg and Carder (1990)
model was then used to determine the spectral surface
lunar irradiance, assuming clear sky conditions.

The substantive differences between the solar and
lunar components are: (a) the magnitude of the TOA
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irradiance (Equation 1), which for the lunar component is
roughly five orders of magnitude less than the solar for
a full moon; (b) the phase of the moon; and (c) their
respective celestial geometries (i.e., position in the sky).

ALAN source term

The above-surface ALAN spectral irradiances can be gen-
erally derived from spectral shape functions for a given
lighting source (e.g., LED, HPS, LPS) and scaled by a rea-
sonable/informed factor to give an intensity. In this paper
we used the approach outlined in Smyth et al. (2021)
validated against data originally reported in Tamir et al.
(2017), where the above-surface sky brightness (Falchi
et al., 2016) for a given city location is spectrally resolved
into blue (E(l)b 400–500 nm), green (E(l)g 495–560 nm)
and red (E(l)r 620–740 nm) broad wavelength bands
based on empirical field data collected close to the city
of Plymouth, UK (Davies et al., 2020).

In-water optics

The in-water spectral irradiance was determined for a given
water depth, z, using Beer’s law:

Eðl; zÞ¼ Edðl; 0þÞexpð�kdðlÞzÞ ðW m�2Þ; ð3Þ

where Ed(l,0
þ) is the above surface spectral irradiance

term and kd(l) the spectral diffuse attenuation coefficient
(m�1). The value of Ed(l,0

þ) can be individually compart-
mentalized into solar, twilight, lunar and ALAN compo-
nents. During daylight hours (yz > 0�), only the solar
Ed(l,0

þ) was calculated. After sunset, twilight Ed(l,0
þ) was

calculated for 0� < yz � �18�; ALAN Ed(l,0
þ) was calcu-

lated when yz � �6� (i.e., between civic twilight after
sunset and before sunrise); and lunar Ed(l,0

þ) was calcu-
lated for 0� < yz if the moon was above the horizon. In this
paper we extracted monthly climatological values of kd(l)
for the given city locations, using the approach of Smyth
et al. (2021), which uses an IOP model (Lee et al., 2002)
implemented on a global ocean colour dataset (Sathyen-
dranath et al., 2019) to drive a radiative transfer model
(Mobley, 1995). The 12 monthly values of spectral kd (blue,
green, red) for each city location are shown in Table S1.

Tidal model

The depth (z) of the water column at a given location was
defined as a function of position above the low-tide mark
and is strongly determined by tidal variability, which itself
is dependent upon the spring-neap cycle and the magni-
tude of tides experienced at that location. For each
coastal city, local tide gauge data were sourced from the
University of Hawaii Sea Level Center (http://uhslc.soest.
hawaii.edu/data/) or reconstructed from the Oregon State
University TOPEX/Poseidon Global Inverse Solution tidal
model (Egbert and Erofeeva, 2002; TPXO: https://tpxows.
azurewebsites.net/; see Table S2 for specific location
details), and the maximum and minimum tide deter-
mined. The intertidal point was then defined as 25% of
the tidal range of that location, added to the minimum
tidal height. For the in-water model to have realistic water
depths and be generalizable in time (past and future), the

tidal harmonics for each city location were determined
from the relevant tide gauge data using the Python utide
(V0.2.6) package (https://pypi.org/project/UTide). The
utide model was then run using those tidal harmonics
to determine the tidal heights for a given date and time.

Model experiments

For each city location (see Table S1 for geographical posi-
tions) we ran the model for one calendar year (2020) using
a 15-minute timestep to determine the above-surface (0þ)
and intertidal point values of Ed(l, z) for the solar, twilight,
lunar and ALAN sources. For consistency with Smyth et al.
(2021) we used the broad wavelength bands of blue (400–
495 nm), green (500–560 nm) and red (620–740 nm) for
the spectral components, and integrated over these bands
(stepped at 1-m depth intervals) to get the broadband
(approximately the photosynthetically available radiation)
signal. This approach resulted in approximately 35,000
calculations per location. Additionally, for the city of Ply-
mouth the model was run for 20 calendar years (2001–
2020) in order to capture interannual variability over the
metonic cycle (approximately 19 years), in order for any
variability in the superposition of the lunar and tidal
cycles to be quantified (approximately 70,000
calculations).

Results
For illustrative purposes, Figure 1 shows the shape and
magnitude of the various surface irradiance source terms
and how they vary for Tokyo (mid-latitude) over one cal-
endar month (January). Unsurprisingly, most variability is
shown in the lunar cycle (Figure 1B) as the moon waxes
and wanes, reaching full moon on day 10 in 2020. The full
moon intensity peaks at >1000 mW m�2 when the moon
reaches the highest altitude, which is at local midnight. As
the moon rises progressively later through the month,
there is an observable asymmetrical pattern in the lunar
intensity. During daylight the moon is effectively
“switched off,” contributing five orders of magnitude less
light than daylight. For this location at this time of year,
the waxing moon is also higher in the sky than the waning
moon: this effect is seasonally and latitudinally depen-
dent, with little seasonal variability at low latitudes. As
a rough rule of thumb, mid-latitude summer full moons
appear lower in the sky than their winter counterparts,
with a higher waxing than waning moon towards winter
and reversed in the summer. These natural rhythms are in
stark contrast to ALAN (Figure 1C), where the variability
can best be described as a top-hat function with no daily
variability. The duration of the ALAN signal is controlled
by the variability in sunrise and sunset times, so mid- to
high-latitude locations will show the most variability.

The variability in the tidal signal for Tokyo over the
same time period (Figure 2A) clearly shows the spring-
neap cycle, with spring tides occurring around the new
and full moon (Figure 2B). Tokyo has multiple harmonics
associated with its tidal cycle, which results in a double
peak at high tide, with the low-tide amplitudes differing.
The double-peak is particularly accentuated towards
spring tide. As with the lunar cycle, the tidal “day” is not
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fixed to the day-night solar cycle. For the calculations
shown in Figure 2, an intertidal point has been defined
as 25% of the tidal range above the minimum tide (Tokyo:
minimum tide ¼ 0.80 m; maximum tide ¼ 1.81 m; inter-
tidal point ¼ 1.05 m; maximum depth ¼ 0.76 m), which
mimics wetting and drying, as well as resulting in a vari-
able-depth water column above that position.

The resulting changes to the shape (particularly the
ALAN and solar signal) and the spectral composition of
the intertidal irradiances for Tokyo are shown clearly in
Figure 3. The ALAN time series no longer resembles
a monotonous set of top-hat functions, but rather is mod-
ulated and differentially attenuated spectrally depending
upon the state of the tide (depth of the water column),

which itself occurs later on successive days throughout the
night-time hours. The spectral irradiance values of ALAN
for Tokyo E(lr, g, b) were 35.4, 35.5 and 66.1 mW m�2,
respectively, with corresponding values of the spectral dif-
fuse attenuation coefficient kd(lr, g, b) being 0.88, 0.56 and
1.13 m�1, respectively (January climatological average).
Despite E(lb) being almost a factor of two greater than
E(lr, g), the higher value of kd(lb) drives a more rapid
attenuation with depth (Equation 3), which is amplified
logarithmically when high tides occur during the hours of
darkness, as shown on day 4 in Figure 3C. Conversely,
during night-time low tides, the intertidal point is sub-
jected to in-air levels of ALAN, as shown around day 11
in Figure 3C.

Figure 1. Surface irradiances for Tokyo in January 2020. Spectral irradiances for (A) solar (blue), (B) lunar (green),
and (C) artificial light at night (ALAN, red) and broadband (black) irradiances calculated at the surface for Tokyo over
two tidal cycles (day of year 001–031; January 1–31, 2020). Night-time periods are shaded in gray. Solar irradiance is
on a logarithmic scale (W m�2); lunar and ALAN, a linear scale (mW m�2). Times (start of day) on x-axis are in GMT:
Tokyo is GMT þ 9 hours.

Figure 2. Modelled tidal cycle for Tokyo in January 2020. (A) Tidal cycle modelled for Tokyo for the period of
January 1–31, 2020. Dark blue line is the height of the water column above the intertidal point; light blue line, the
tidal range. (B) Lunar phase cycle, where 0 is new moon and 1 is full. Times (start of day) on x-axis are in GMT: Tokyo is
GMT þ 9 hours.
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The amount of exposure (dosage) to irradiances of dif-
fering spectral intensities, expressed in Joules per square
meter (J m�2), is a function of time and therefore integra-
tive. The (monthly) dosage was calculated for each month
by summing the modelled (15-minute timestep) instanta-
neous irradiances (W m�2 equivalent to J s�1 m�2) over
the time period(s) when a particular source is active. The
solar and ALAN surface dosages are constrained by the
length of day and night, respectively, which is a function
of latitude and season. The lunar dosages are additionally
constrained by phase and the position of the moon above
the horizon during the night. Figure 4 encapsulates all of
these factors for the city of Shanghai (mid-latitude): solar
monthly dosages are higher in the summer (400 MJ m�2)
compared with the winter (200 MJ m�2); twilight monthly
dosages remain relatively stable throughout the year at
around 200 kJ m�2, although a modelled time step of
15 minutes may not be sufficient to capture the variabil-
ity, particularly in the period within an hour of sunset/
sunrise; lunar monthly dosages reach a peak in the
winter (200 J m�2) and a minimum in the summer
(<100 J m�2), due to longer nights and higher full moon
altitude angles during the winter; and ALAN monthly
dosages unsurprisingly peak in the winter (at approxi-
mately 400 J m�2) and reach a minimum in the summer
(approximately 200 J m�2), driven primarily by longer
nights in the winter. Note that the solar dosages (MJ
m�2) are three orders of magnitude greater than twilight
(kJ m�2), which in turn are three orders of magnitude
greater than lunar and ALAN dosages (J m�2); modelled
ALAN is approximately a factor of two greater than mod-
elled lunar dosage for Shanghai. For all other cities stud-
ied, see Figures S1–S7.

Incorporation of the modelled tidal cycle at Shanghai
(Figure 5) unsurprisingly lessens the monthly averaged
dosage at this intertidal point, by a factor of between three
and four. This decrease is governed primarily by the spec-
tral value of kd, which in turn also has monthly variability.
For Shanghai, at the mouth of the Yangtze estuary, the
annual average values of kd(lr, g, b) used in our modelling
(n¼ 12) are 1.20 ± 0.12 m�1, 0.89 ± 0.18 m�1 and 1.69 ±
0.48 m�1, respectively. These values are consistent with
highly turbid waters containing a large amount of
coloured dissolved organic matter, and correspond quali-
tatively with the spectral shapes reported by Yu (2019).
The relatively large tidal range at Shanghai (modelled here
as 3.4 m) coupled with these high in-water attenuations
will further diminish the in-water dosage (from all
sources) at the intertidal point. For the other cities stud-
ied, see Figures S8–S14.

Ranking each of the cities by seasonal surface ALAN
dosage (Figure 6) shows little variability in the top 5 cities
(range in parentheses): Los Angeles (335–467 J m�2), New
York (277–428 J m�2), Buenos Aires (369–527 J m�2),
Shanghai (258–343 J m�2) and Mumbai (223–260 J m�2).
The variability in ALAN dosage with season is driven by
the change in daylength and explains why southern hemi-
sphere Buenos Aires is the only megacity that has its peak
in austral winter (JJA). The difference between ALAN and
lunar dosage (range in parentheses) is: Los Angeles
(271–290 J m�2), New York (230–253 J m�2), Buenos
Aires (292–384 J m�2), Shanghai (161–186 J m�2) and
Mumbai (79–121 J m�2). The ALAN dosage can be almost
a factor of six greater than lunar in some seasons (New York;
see Figure 6C). By contrast, ALAN dosage in Lagos is com-
parable to lunar dosage (factor of 1–1.4). Lagos shows only

Figure 3. Impact of tides on sub-surface irradiances for Tokyo in January 2020. Spectral irradiances for (A) solar
(blue), (B) lunar (green), and (C) artificial light at night (ALAN, red) and broadband (black) irradiances at the intertidal
point calculated for Tokyo for the period January 1–31, 2020. Night-time periods are shown as grey bars. Times (start
of day) on x-axis are in GMT: Tokyo is GMT þ 9 hours.
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a small amount of seasonal variability in lunar dosage and
daylength due to its low latitude.

The combined effect of a realistic tidal signal and water
clarity over different seasons is shown in Figure 7. The
differences between ALAN and lunar dosages are most
marked for Shanghai (typical rank drops from 4th to 8th)
and Mumbai (typical rank drops from 5th to 7th). Shanghai
is impacted by a relatively large tidal range and turbid
water (as outlined above for Figure 5), as is Mumbai (tidal
range: 2.8 m; annual average kd(lr, g, b) values (n ¼ 12)
1.09 ± 0.20 m�1, 0.91 ± 0.46 m�1 and 1.94 ± 1.28 m�1

respectively). The megacities can be ranked by their sea-
sonal mean maximum ALAN irradiance at the surface
(Figure 8) and the intertidal point (Figure 9). The irradi-
ance of the full moon always exceeds that of the ALAN
irradiance in all of the cities studied (apart from Shanghai;
see JJA in Figure 9C), although the ALAN dosage is gen-
erally higher. The impact of the tidal signal, coupled with
the spectral clarity of the water column, can be seen in the
modulation of the irradiances when comparing Figures 8
and 9; cities with a higher tidal range and more opaque
waters (such as Shanghai and Mumbai; Figure 9) have

a stronger in-water attenuation of the maximum lunar
irradiance. In these cities the difference between the max-
imum ALAN and lunar irradiances is minimized. The var-
iability in the natural rhythms of the lunar cycle with
phase and season stands in marked contrast to the unifor-
mity of ALAN (Figure 1C).

Variability over the 20-year period 2001–2020 for the
city of Plymouth is shown in Table 1 (mid-latitude loca-
tion of 50.37�N). The lunar irradiance varies considerably:
the integrated dosage ranges between 20 (June) and 170
(December) J m�2 and shows around ±25% interannual
monthly variability at the surface; ALAN dosage is higher
and considerably more uniform over that period, ranging
between 98 (June) and 240 (December) J m�2, with less
than ±1% interannual monthly variability. Any month-on-
month changes are due to the length of the night-time
period. These patterns are repeated for the intertidal point
data, with a reduction in the overall dosages and a slight
increase in the amount of interannual monthly variability,
particularly for the ALAN signal.

The spectral signature of ALAN is shifted towards the
blue, both at the surface (Table 2) and at the intertidal

Figure 4. Monthly integrated dosages of irradiance at the surface calculated for Shanghai (2020). Model
results for dosages of (A) solar (MJ m�2), (B) twilight (kJ m�2), (C) lunar (J m�2), and (D) artificial light at night
(ALAN, J m�2); note the different units. Broadband (400–740 nm) is shown in black; spectral components, in blue
(400–500 nm), green (495–560 nm), and red (620–740 nm).
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point (Table 3) for each megacity. At the surface, the ratio
of blue to red light is typically between 1.06 (Buenos
Aires) and 1.87 (Tokyo) for ALAN; and for the intertidal
point, between 1.05 (Buenos Aires) and 2.60 (Plymouth).
The intertidal point data also take into consideration the
optical quality of the coastal water for each city; estuaries
and coastal areas which are lower in coloured dissolved
organic matter will allow a greater penetration of blue
wavelength light, whereas absorption in the red is strongly
determined by relatively invariant pure water absorption.
For the natural lunar dosage, the ratio of blue to red is
closer to 0.93 at the surface, with greater variability and
variation between cities for the intertidal calculation,
which ranges from 0.71 (Mumbai) to 1.20 (Plymouth).

Discussion
Implications

Our model incorporates realistic lunar and tidal compo-
nents with spectrally resolved in-water attenuation coeffi-
cients. This advance makes it the first to quantify the
relative intensities of spectral moonlight and ALAN in
marine ecosystems near megacities.

The spectral quality of ALAN arriving at the intertidal
point may further disrupt an array of visually guided eco-
logical processes. Recent work by McMahon et al. (2022)
demonstrated that broad spectrum lighting decreases the
efficacy of camouflage at night in nature. Such interfer-
ence with prey defense can potentially alter selective pre-
dation, population dynamics and the genetic structure of
polymorphic populations. The precise spectral light inten-
sities for a given location and position on the shoreline
will be a function of the depth of the water column and
the in-water diffuse attenuation coefficients, kd(l), which
change continuously with tides and seasons. Therefore,
changes in predation pressure may be observed, impact-
ing predator and prey species dynamics, particularly as
ALAN differs substantially both spectrally and in its lack
of a monthly cycle at the surface, being modulated some-
what at depth by the tidal cycle in terms of intensity and
spectral signature.

The results of our modelling study show that ALAN
dosage (i.e., total amount of light received) exceeds that
of the natural night-time lunar source above and below
the surface of the sea, across all seasons, and in all of the

Figure 5. Monthly integrated dosages of irradiance at the intertidal point calculated for Shanghai (2020).
Model results for dosages of (A) solar (MJ m�2), (B) twilight (kJ m�2), (C) lunar (J m�2), and (D) artificial light at night
(ALAN, J m�2); note the different units. Broadband (400–740 nm) is shown in black; spectral components, in blue
(400–500 nm), green (495–560 nm), and red (620–740 nm).
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metropolitan areas examined. This excess can be up to
a factor of six greater (New York). However, when the
moon reaches its maximum irradiance, which itself is
a function of season and latitude, the lunar value exceeds
that of ALAN. At midnight (zenith) on a full moon, the
natural source outshines the anthropogenic by greater
than a factor of ten (Lagos). Although the maximum lunar
irradiance will likely still be experienced at these locations,
ALAN will drive the total irradiance received over the
course of the night. Throughout the passage of the night,
the changing pathlength of light through the atmosphere
will act to diminish the lunar signal, whereas the anthro-
pogenic sources will remain constant during that period.
The de facto absence of a seasonal lunar signal detectable
by organisms could have many adverse effects given how
widespread lunar-guided phenological processes are in
nature (Naylor, 2001; Boch et al., 2011; Kronfeld-Schor
et al., 2013; Last et al., 2016; Righton et al., 2016; Ugolini
et al., 2016; Ludvigsen et al., 2018; Torres et al., 2020).

The lunar brightening around the time of the full
moon, known as lunar opposition (Figure 1B), is the
dominant factor in the maximum lunar irradiance

experienced (Figure 8). There is a sharp reduction in the
lunar irradiance with increasing atmospheric pathlength,
and at times away from the full moon. Therefore,
between new moon and the first quarter in the waxing
phase, and from last quarter to new in the waning, ALAN
is likely to be the dominant source of light at night for all
cities. Many marine species, such as oysters (Payton and
Tran, 2019), time their activity around the darker nights
of the lunar cycle and could be adversely affected by
constant illumination.

Natural skyscapes in remote terrestrial (such as Arctic
tundra, Antarctica, forests) or marine (far offshore,
>100 km) locations, distant from anthropogenic activities
and settlements, are never truly dark, even on moonless
nights. In these locations, the combination of starlight,
diffuse galactic light (scattering by interstellar dust grains),
airglow (emission from atoms and molecules in the Earth’s
upper atmosphere) and zodiacal light (sunlight scattered
by dust in the solar system) all contribute to the natural
sky brightness. These sources vary over season, geograph-
ical location and solar cycle, interacting in a largely unpre-
dictable manner. These natural skyscapes on moonless

Figure 6. Cities ranked by mean seasonal dosages of artificial light at night (ALAN) at the surface. Irradiance
dosages for (A) boreal winter (DJF), (B) boreal spring (MAM), (C) boreal summer (JJA), and (D) boreal autumn (SON) for
ALAN (orange, J m�2) compared to lunar (silver, J m�2) and twilight (navy blue, kJ m�2). Note the different dosage
units for twilight (kJ m�2) compared to ALAN and Lunar (J m�2) in each panel. Cities are Los Angeles (Lo), New York
(Ne), Buenos Aires (Bu), Shanghai (Sh), Mumbai (Mu), Plymouth (Pl), Tokyo (To), and Lagos (La). Error bars indicate
standard deviation of the mean (n ¼ 3).
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nights have a brightness of around 22 mag arcsecond�2

(Alarcon et al., 2021) which is approximately 0.25 mWm�2;
comparing this value with Figure 8 shows that the typical
range of ALAN levels for the megacities studied is
100–400 mW m�2 and for lunar, 200–1200 mW m�2. The
natural skyscape brightness is of the same order of
magnitude as the minimum irradiance of white light
(approximately 0.1 mWm�2) that elicits diel vertical migra-
tion in globally widespread adult Calanus copepods
(Båtnes et al., 2015).

Marine ecosystems are particularly likely to be affected
in the most heavily light-polluted megacities (Los Angeles,
New York, Buenos Aires, Shanghai, Mumbai). The greatest
direct impacts are on highly photosensitive species that
utilize moonlight to guide migrations and synchronize
phenological events (Naylor, 2001; Last et al., 2016;
Ugolini et al., 2016; Ludvigsen et al., 2018; Torres et al.,
2020), many of which are critical to the wider ecosystem,
such as coral reefs, and sustain vital ecosystem services
(Moberg and Folke, 1999; Hayes, 2003). The near-field
effects of individual street lights, although considerable
on scales <10 m, rapidly decrease with distance, and when

interacting with the aquatic environment, much of the
light is reflected at the surface (Jechow and Hölker,
2019). It is the far-field skyglow that will tend to dominate
the in-water impacts at distances >100 m, as point sources
appear closer to the horizon.

Our modeling also predicts that coastal water clarity,
kd(l), in combination with tidal dynamics will determine
the propagation of spectral light from all sources, natural
and anthropogenic, to benthic habitats. Recent work
(Davies et al., 2020) demonstrated that differential spec-
tral attenuation determines the extent to which coastal
benthic habitats are exposed to ALAN; that is, the areal
extent of the ALAN footprint. Here we have demonstrated
that tidal dynamics play a substantial role in modulating
the exposure of benthic habitats to ALAN. A promising
area for research could be to quantify the response of
animals to ALAN over the spring/neap cycle. Our analysis
of megacities shows that the intensity of surface ALAN
irradiance combined with the local-scale water clarity will
determine the total footprint of ALAN exposure. More
opaque coastal waters (either through natural sources or
anthropogenic pollution) reduce the total footprint of

Figure 7. Cities ranked by mean seasonal dosages of artificial light at night (ALAN) at intertidal point.
Irradiance dosages for (A) boreal winter (DJF), (B) boreal spring (MAM), (C) boreal summer (JJA), and (D) boreal
autumn (SON) for ALAN (orange, J m�2) compared to lunar (silver, J m�2) and twilight (navy blue, kJ m�2). Cities
are Los Angeles (Lo), New York (Ne), Buenos Aires (Bu), Shanghai (Sh), Mumbai (Mu), Plymouth (Pl), Tokyo (To), and
Lagos (La). Note the different dosage units for twilight (kJ m�2) compared to ALAN and Lunar (J m�2) in each panel.
Error bars indicate standard deviation of the mean (n ¼ 3).
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ALAN experienced in benthic habitats. Whilst the trade-
offs between two types of anthropogenic pollution
(i.e., coastal water pollution and ALAN) may be difficult
to manage, this reduction does raise the question of
whether seabed species that provide shading of the sea-
bed (Gerard, 1984) may be used as a nature-based solution
to combat ALAN along heavily lit coasts, much in the
same way that amelioration of thermal heat and biodiver-
sity can be promoted by this solution (Bulleri et al., 2018).
Indeed, seaweed can form canopies several meters deep at
high tide, but shading from these species to ameliorate
the impacts of ALAN, especially in heavily lit coastal areas,
is unknown. This potential solution, however, will also
need to be balanced against the fundamental way in
which seaweed will impact natural light penetration dur-
ing both daylight and night-time hours and the likely
conflict of large swaths of seaweed beds in urban areas
with aesthetic and tourism values.

Limitations of approach

The relationship between artificial sky brightness and sea-
surface spectral irradiance was derived from measure-
ments of artificial skyglow originating from the city of

Plymouth, UK, recorded on clear moonless nights when
the sun was >18� below the horizon. Whilst the derived
relationships are robust (Davies et al., 2020; Smyth et al.,
2021), our modelling approach assumes that the spectral
power distribution of artificial skyglow is matched
between Plymouth, a predominantly LED-lit city, and the
megacities investigated here. While LED lighting use is
growing rapidly and forecast to contribute 97% of the
global lighting market by 2025 (Bertoldi, 2018), the mod-
elled exposure levels may overestimate artificial light irra-
diances where LPS lighting is still in use; however, these
levels will remain broadly representative where other
modern broad-spectrum lights (e.g., high pressure sodium
and metal halide) predominate.

Our modelling assumed clear sky conditions for a given
megacity. In reality cloud cover will vary in time and space.
The impacts of clouds on the night-time skyscape are
twofold: firstly, to block any incoming lunar or twilight
irradiance, partially or completely; and secondly to
amplify the near-field impacts of ALAN (Kyba et al.,
2011; Jechow et al., 2017). Both impacts are difficult to
quantify as both will be a function of cloudiness, which is
highly subjective as the radiative properties of clouds vary

Figure 8. Cities ranked by mean seasonal maximum irradiance for artificial light at night (ALAN) at the
surface. Maximum irradiances for (A) boreal winter (DJF), (B) boreal spring (MAM), (C) boreal summer (JJA), and (D)
boreal autumn (SON) for ALAN (orange, mWm�2) compared to lunar (silver, mWm�2). Cities are Los Angeles (Lo), New
York (Ne), Buenos Aires (Bu), Shanghai (Sh), Mumbai (Mu), Plymouth (Pl), Tokyo (To), and Lagos (La). Error bars indicate
standard deviation of the mean (n ¼ 3).
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Figure 9. Cities ranked by mean seasonal maximum irradiance for artificial light at night (ALAN) at intertidal
point. Maximum irradiances for (A) boreal winter (DJF), (B) boreal spring (MAM), (C) boreal summer (JJA), and (D)
boreal autumn (SON) for ALAN (orange, mWm�2) compared to lunar (silver, mWm�2). Cities are Los Angeles (Lo), New
York (Ne), Buenos Aires (Bu), Shanghai (Sh), Mumbai (Mu), Plymouth (Pl), Tokyo (To), and Lagos (La). Error bars indicate
standard deviation of the mean (n ¼ 3).

Table 1. Mean monthly dosage and associated standard deviation (n ¼ 20) for lunar irradiance and artificial
light at night (ALAN) at the surface and intertidal point in the water column over a 20-year time period for
the city of Plymouth (2001–2020)

Month
Surface Lunar Dosage

(J m�2)
Surface ALAN Dosage

(J m�2)
Intertidal Lunar Dosage

(J m�2)
Intertidal ALAN Dosage

(J m�2)

Jan 159.95 ± 17.26 233.29 ± 0.15 101.52 ± 10.11 125.99 ± 2.67

Feb 118.78 ± 17.08 191.93 ± 2.80 79.54 ± 10.92 109.58 ± 2.71

Mar 92.99 ± 16.32 180.80 ± 0.26 65.90 ± 11.09 109.23 ± 1.88

Apr 54.95 ± 10.38 143.84 ± 0.27 40.44 ± 7.42 89.54 ± 1.47

May 31.89 ± 7.70 118.19 ± 0.31 25.45 ± 6.08 80.64 ± 1.03

Jun 20.36 ± 5.32 97.55 ± 0.06 16.53 ± 4.31 63.64 ± 0.80

Jul 25.35 ± 6.25 109.91 ± 0.32 21.21 ± 5.14 71.51 ± 0.99

Aug 45.13 ± 9.52 137.33 ± 0.36 36.80 ± 7.31 88.60 ± 1.47

Sep 74.30 ± 11.70 163.81 ± 0.34 55.94 ± 7.95 98.12 ± 1.94

Oct 115.74 ± 18.11 200.50 ± 0.33 81.06 ± 12.09 113.77 ± 2.21

Nov 159.95 ± 17.26 233.29 ± 0.15 101.52 ± 10.11 125.99 ± 2.67

Dec 171.25 ± 22.19 240.59 ± 0.07 116.05 ± 14.05 142.72 ± 2.34
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with type, height, thickness, layering and where they are
distributed in the sky. However, cloud cover and cloud
base have been shown to amplify ALAN pollution (Davies
et al., 2020) by an order of magnitude in luminance (Kyba
et al., 2011). Although research on biological responses to
ALAN under different levels of cloud cover are few and
inconclusive (Dwyer et al., 2013; Torres et al., 2020), it
shows that animals detect seemingly subtle changes in
intensity.

Whilst an indication of variability in the lunar signal
over a 20-year period was calculated for Plymouth, it was
not matched by the changes in the above-water ALAN,
which would have been driven by a wholesale transition
from LPS to LED in the period 2001–2020. Variability in
the in-water kd(l), which modulates the ALAN field
through the water column, was captured on a climatolog-
ical monthly basis, but extreme episodic events, such as
high river discharges, would add significantly to the

Table 2. Annual dosage (2020) of irradiance at the surface, assuming clear skies, from the primary source
terms of solar, lunar, artificial light at night (ALAN) and twilight, where G, M, and k indicate � 109, 106,
and 103, respectively

City Source

Broad Wavelength Bands

Red (J m�2) Green (J m�2) Blue (J m�2)

Buenos Aires Solar 1.210 G 791 M 1.130 G

Lunar 0.481 k 0.314 k 0.448 k

ALAN 1.710 k 1.880 k 1.810 k

Twilight 967 k 1.300 M 736 k

Lagos Solar 1.460 G 960 M 1.380 G

Lunar 0.610 k 0.402 k 0.578 k

ALAN 0.545 k 0.552 k 0.988 k

Twilight 841 k 1.130 M 641 k

Los Angeles Solar 1.200 G 782 M 1.120 G

Lunar 0.515 k 0.337 k 0.481 k

ALAN 1.510 k 1.650 k 1.660 k

Twilight 962 k 1.300 M 733 k

Mumbai Solar 1.380 G 906 M 1.300 G

Lunar 0.586 k 0.386 k 0.553 k

ALAN 0.831 k 0.878 k 1.190 k

Twilight 867 k 1.170 M 661 k

New York Solar 1.090 G 710 M 1.010 G

Lunar 0.472 k 0.307 k 0.438 k

ALAN 1.310 k 1.420 k 1.510 k

Twilight 1.110 M 1.490 M 843 k

Plymouth Solar 918 M 594 M 843 M

Lunar 0.402 k 0.261 k 0.371 k

ALAN 0.540 k 0.550 k 0.951 k

Twilight 1.370 M 1.840 M 1.040 M

Shanghai Solar 1.240 G 810 M 1.160 G

Lunar 0.532 k 0.349 k 0.498 k

ALAN 1.080 k 1.160 k 1.360 k

Twilight 929 k 1.250 M 708 k

Tokyo Solar 1.170 G 766 M 1.090 G

Lunar 0.507 k 0.331 kJ 0.473 k

ALAN 0.509 k 0.512 kJ 0.951 k

Twilight 1.010 M 1.370 MJ 772 k
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variability in the signal. This added variability gives scope to
further investigate regional differences, such as the impact
that the seasonal monsoon might have on both ALAN
exposure and biological light-guided processes in general.

Sky brightness data over each megacity was extracted
from the Falchi et al. (2016) atlas that uses the Day Night
Band (DNB) of the VIIRS satellite sensor, which is “blind”
in the blue part of the spectrum and cannot distinguish
spectrally between sodium-based lights and the longer

wavelength component of the LED emission spectrum.
The outputs of our methodology could therefore be
improved by new satellite missions which could quantify
spectrally the ALAN signature of individual megacities.

Conclusion
Our modelling study has shown that ALAN dominates the
megacity night-time skyscape over all seasons, and that
the natural illumination rhythms provided for millennia

Table 3. Annual dosage (2020) of irradiance at the intertidal point, assuming clear skies, from the primary
source terms of solar, lunar, artificial light at night (ALAN) and twilight, where G, M, and k indicate �
109, 106, and 103, respectively

City Source

Broad Wavelength Bands

Red (J m�2) Green (J m�2) Blue (J m�2)

Buenos Aires Solar 939 M 652 M 828 M

Lunar 0.433 k 0.296 k 0.409 k

ALAN 1.370 k 1.620 k 1.440 k

Twilight 776 k 1.120 M 583 k

Lagos Solar 1.080 G 791 M 962 M

Lunar 0.475 k 0.340 k 0.420 k

ALAN 0.399 k 0.450 k 0.672 k

Twilight 555 k 863 k 385 k

Los Angeles Solar 864 M 726 M 1.010 G

Lunar 0.365 k 0.311 k 0.433 k

ALAN 1.070 k 1.520 k 1.490 k

Twilight 671 k 1.190 M 654 k

Mumbai Solar 439 M 377 M 352 M

Lunar 0.132 k 0.114 k 0.094 k

ALAN 0.306 k 0.389 k 0.369 k

Twilight 494 k 738 k 340 k

New York Solar 799 M 608 M 793 M

Lunar 0.379 k 0.265 k 0.348 k

ALAN 0.919 k 1.150 k 1.090 k

Twilight 750 k 1.190 M 596 k

Plymouth Solar 440 M 468 M 588 M

Lunar 0.226 k 0.211 k 0.271 k

ALAN 0.238 k 0.415 k 0.618 k

Twilight 472 k 1.310 M 616 k

Shanghai Solar 336 M 270 M 263 M

Lunar 0.090 k 0.081 k 0.069 k

ALAN 0.340 k 0.441 k 0.371 k

Twilight 401 k 615 k 279 k

Tokyo Solar 790 M 590 M 658 M

Lunar 0.376 k 0.272 k 0.326 k

ALAN 0.320 k 0.376 k 0.521 k

Twilight 528 k 893 k 331 k
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are disrupted for neighboring marine ecosystems. Only
over the period close to the zenith full moon, and particu-
larly at mid-latitude winter, does lunar irradiance outshine
its anthropogenic competitor. Given the taxonomically
widespread occurrence of animals that time crucial physi-
ological, behavioral and life-history processes to changing
lunar intensity, their marine ecosystems may already be
facing fundamental disruptions. We show that the binary
“on-off” pattern of ALAN, its intensity and spectral signa-
ture are considerably modulated by the ebb and flow of the
tide as well as water clarity (IOPs). Quantifying ALAN in
nature is challenging but warranted in order to facilitate
a better understanding of the ecological exposure of ani-
mals and ecosystems and to provide biologists with guid-
ance on future research on the impacts of ALAN.
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Müller, D, Regner, P, Roy, S, Steele, CJ, Steinmetz,
F, Swinton, J, Taberner, M, Thompson, A,Valente,
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