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Marine darkwave as an event-based
framework to assess unusual periods of
reduced underwater light availability

Check for updates

François Thoral 1,2 , Matthew H. Pinkerton2, Shinae Montie 3, Mads S. Thomsen3,4,5,
Christopher N. Battershill1, Karen Filbee-Dexter 3, Mark Gall2, Robert J. Miller6, Shane Orchard 4,
Daniel C. Reed 6, Leigh W. Tait 4,7, Spencer D. S. Virgin4, Thomas Wernberg 3, John Zeldis8 &
David R. Schiel4

Episodic reductions in underwater light can be a key driver of marine ecosystem degradation. Yet a
consistent event-based framework describing the frequency, duration and intensity of substantial but
short-term reductions in underwater light does not exist. Here, we proposed marine darkwaves as a
framework for quantifying these episodic reductions of underwater light at specific depths which
aligns with definitions of other episodic and extreme events. The framework was applied to long-term
in situ time series of underwater irradiance from California, USA (16 years, 6.3 metres) and New
Zealand (10 years, at 7 and 20 metres). We showed evidence of several intense marine darkwaves
across these sites, with durations up to 64 days, cumulative light deficits reaching −105.6 mol
photon·m−2, and up to almost 100% light loss versus climatology. We extended the framework to
satellite-derived seabed irradiance data across NewZealand’s East Cape region (2002–2023), using a
set of 10th percentile threshold and a minimum duration of 5 days. This revealed 25 to 80 spatially
varying seabed events, and event durations of 5 to 15 days. Importantly, the framework enables local
to continental-scale comparisons of the patterns and ecological consequences of episodic light
reduction in marine ecosystems.

A central theme in global change biology is disentangling the consequences
of gradual shifts inmean, or “normal” environmental conditions, fromthose
driven by extreme but short-lived events1. For example, gradual changes in
key environmental conditions like sea temperature, water pH, wave expo-
sure, anddissolved oxygen candrive long-termalterations inmarine species
distributions, physiological performances, and ecosystem structure2. How-
ever, related acute extreme events, including marine heatwaves (MHWs)3

and cold-spells (MCSs)4, episodic acidification5, storms6, and hypoxic (low
oxygen) pulses7, have been shown to cause rapid, and often nonlinear,
ecological responses. Extreme short-term events have revealed suddenmass
mortalities, population collapses, and ecosystem reconfigurations - impacts
that can exceed effects from mean state changes but are also at risk of not
being detected in trend analysis of long time series data8–10. The interplay
and synergies between long-term chronic (“press”) and short-term acute

(“pulse”) disturbances are an active and growing area of research11. Despite
the sophistication of frameworks developed to detect, characterise and
predict the extreme environmental events that affect marine life – as suc-
cessfully done for temperature anomalies, ocean acidification, deoxygena-
tion, and increased storminess – there remains a conspicuous gap in our
understanding of changes to extreme underwater light climates. In this
paper, we propose an analogous framework for quantifying episodic
reductions in underwater light that we term marine darkwaves (MDWs).

Light availability is, like temperature, pH, oxygen, and wave action, an
essential determinant of marine ecosystem structure and functioning. Light
intensity and its spectral quality directly control photosynthesis, thereby
significantly affecting the diversity and productivity of primary producers,
their associated biogeochemical fluxes12–14 and influencing the distribution
and community composition of photoautotrophs15–17. Underwater
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irradiance also alters the behaviour, reproduction and survival of animals
and their interactions, especially for visual predators that rely onunderwater
sighting for catching prey14. Long-term changes in climate (e.g., increased
precipitation) and human activities (e.g., changed land use practices) have
resulted in increased sedimentation and eutrophication that reduce water
clarity in near-shore habitats. This gradual degradative process was
described by Aksnes et al.18 as coastal darkening, the biological implications
of which are now considered one of the most pressing concerns for coastal
ecosystems19. For example, coastal darkening and compromised light
availability have reduced the productivity and resilience of temperate
macroalgal forests20–22, tropical coral reefs23, seagrass meadows24, and
microphytobenthic assemblages25. Coastal darkening may also exaggerate
temperature-driven species range shifts and changes in phenology and
behaviour of many coastal marine species19.

Coastal darkening to date has primarily been concerned with the
gradual, long-term decline in water clarity, without strict quantitative
criteria for assessing the duration and magnitude of darkening, and an
inability to detect short-term variability within long-term trends18,26.
Importantly, the coastal darkening concept does not quantitatively
address the issue of reduced light intensities beyond changes in water
clarity, as it has traditionally been measured using Secchi discs and
proxies of light absorption18,26. In this paper, we shift the focus to the
episodic nature of coastal darkening events, for which there is a sig-
nificant conceptual and analytical framework gap that impedes under-
standing of how discrete and unusual low-light events affect oceanic and
coastal marine ecosystems. Such a framework is necessary for quantita-
tive analysis and comparison between different types of low-light drivers
in space and time, which will further motivate researchers to study their
biological impacts.

Episodic and abrupt underwater light reduction events have significant
ecological effects across awide rangeofmarine taxa alongside long-termand
more diffuse changes (i.e., coastal darkening). A review of 89 coral reef
species showed that species-specific survival was both sensitive to the
intensity and duration of high turbidity events27. Similarly, laboratory
experiments demonstrated that just a few days of darkness or low light with
intermittent exposure to ambient light impaired physiology and primary
productivity ofmacroalgae28 and seagrass29,30, while amesocosmexperiment
simulating a 35-day intense darkening decreased phytoplankton biomass
and altered community composition31. A meta-analysis on marine photo-
autotrophs spanning 240 experiments from 180 studies further revealed the
overall negative and interactive effects of light reduction intensity and
duration32. Collectively, these studies suggest that short but intense periods
of lightdeprivation canbe asdetrimental tomarine autotrophs as longer and
less intense light reduction periods. Less is known about the effects of
episodic darkening events on marine heterotrophs relying on vision and
photoreception, although a review in elasmobranchs33 suggests disruption
in swimming rhythmicity and behaviour during short-term underwater
darkness events. Despite the growing recognition of the ecological effects of
short-term (day-to-month) and unusually low underwater irradiance, it is
still unclear how frequently such events occur in the coastal and
offshore ocean.

In this study,wepropose a formaldefinition forMDWs.Weconducted
a sensitivity analysis using long-term in situ light time series data from the
literature to refine our detection criteria based on empirical variability. We
applied this definition to four long-term time series: (1) in situ underwater
light dataset from California, USA (at 6.3 metres, case study 1) and (2, 3)
in situ (7 and 20metres, case study 2) and (4) satellite remotely sensed data
(on the seabed, case study 3) from New Zealand. We determined the
effectiveness of different thresholds for MDW intensity and duration in
detecting relatively rare and intense low-light events. Further, we quantified
and compared theMDWmetrics of the most intense events detected in the
four independent case studies. Finally, we discuss some limitations and
suggest avenues for future refinement and utility of the MDW framework.
Our goal for developing this framework is to facilitate standardised com-
parisons of episodic low-light eventswith the aim that they lead to improved

monitoring and new insights into the climatic and anthropogenic stressors
that cause them and lead to ecological impacts on marine communities.

Results
Sensitivity analysis
Across the three in situ time series, a stricter set of conditions for MDW
detection, defined by lower percentile thresholds and higher minimum
durations, consistently resulted in a smaller percentage of MDW day
occurrences compared to more permissive conditions (Fig. 1A–C, Table 1).
For example, applying a 5th percentile threshold with aminimum duration
of 5 days yieldedMDWday percentages of 1.27%, 0.20%, and 1.68% for the
SBC LTER, NZ-FoT-7m, and NZ-FoT-20m case studies, respectively. In
contrast, a more permissive combination of a 20th percentile threshold and
a minimum duration of 2 days resulted in substantially higher MDW day
percentages of 21.11%, 15.09%, and 18.54% for the same sites (Fig. 1A–C,
Table 1).

In terms of relative intensity, stricter detection criteria led to higher
mean percentage light loss during MDW events compared to climatology
(Fig. 1D–F, Table 1). Specifically, the 5th percentile and 5-day duration
combination produced mean light deficits of −90.50%, −90.08%, and
−92.52% for SBC LTER, NZ-FoT-7m, and NZ-FoT-20m, respectively.
Conversely, the 20th percentile and 2-day duration combination resulted in
lower mean deficits of −78.67%, −57.24%, and −67.02% across the same
sites (Fig. 1D–F, Table 1).

This pattern, where stricter criteria detect fewer but more intense
MDWs, is also reflected in absolute metrics such as the number of MDW
days, events, and event durations (Fig. S1, Supplementary Information) and
mean, maximum, and cumulative intensity (Fig. S2, Supplementary Infor-
mation). For example, under the strict 5th percentile and 5-day condition,
thenumber of eventswas limited to 10, 1, and5 for SBCLTER,NZ-FoT-7m,
andNZ-FoT-20m, respectively,withmeandurationsof 6.60, 7.00, and12.00
days. In contrast, the lower 20th percentile and 2-day condition yielded 193,
128, and 114 events, with shorter mean durations of 5.70, 4.21, and
5.81 days, respectively. No MDW events were detected under particularly
stringent detection conditions, such as a percentile threshold of 1 combined
with aminimumduration exceeding 5 days for SBCLTER andNZ-FoT-7m
or exceeding 12 days for NZ-FoT-20m (Fig. 1, Table 1).

In terms of trends in the in situ time series, there was a small but
significant positive trend in irradiance values (0.04mol photon·m−2·d−1 per
year, p-value = 0.03, Fig. S3A, Supplementary Information), equivalent to
1.44 % of change per year compared to the 2008–2024 median (2.53mol
photon·m−2·d−1) in the SBC LTER case study. However, such a small linear
trend in the time series did not significantly affect the MDW detection, as
similar events were found when applied to the detrended time series
(Fig. S3B–D, Supplementary Information). For the twoNZ-FoT time series,
there were no significant trends for both depths (p-value > 0.05, Fig. S4).
However, there was a contrasting negative slope at the 7m depth
(−0.09mol photon·m−2·d−1 per year,−1.2 % cent change per year to 10 yr
median) and a positive slope at the 20m depth (0.01mol photon·m−2·d−1

per year, 1.8% percent change per year to 10 yr median).

Short-term versus long-termMDWs
Across the three case studies, a subset of events co-occurred between the
2-day and 5-day minimum duration thresholds, using a common 10th
percentile threshold (Fig. 2, Table S1, Supplementary Information). Co-
occurrence was defined as having identical start and end dates across both
minimumduration thresholds, indicating events that persist long enough to
meet both criteria, and that the subsequentmetrics of duration, mean, max,
and cumulative intensities were identical. Of all events detected under the
2-day threshold, SBC LTER exhibited 17 co-occurring events (out of 126
total 2-day events, 13.49%, Fig. 2A), NZ-FoT-7m showed 6 co-occurring
events (out of 64, 9.38%, Fig. 2B), NZ-FoT-20m had 8 co-occurring events
(out of 60, 13.33%, Fig. 2C). Of the total events identified under the 2-day
threshold, 219 events did not co-occur with any event under the 5-day
threshold, across the three time series. Furthermore, 189 of these (86.3%)
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were excluded primarily due to their shorter durations (<5 days), which
failed to meet the more stringent 5-day criterion. Similarly, out of all events
detected under the 5-day threshold, SBC LTER exhibited 9 non-co-
occurring events (out of 26 total 5-day events, 34.62%, Fig. 2A),NZ-FoT-7m
showed 4 non-co-occurring events (out of 12, 33.33%, Fig. 2B), NZ-FoT-
20m had 1 non-co-occurring event (out of 7, 14.29%, Fig. 2C). However, all
14 events were found to partially overlapwith a least one 2-day event (Fig. 2,
Table S1, Supplementary Information), highlighting some level of com-
plementarity between the two duration criteria.

Vertical synchronicity of MDW events in case study 2
To evaluate the vertical synchronicity of MDW events along the same
water column, we analysed temporal overlaps between the NZ-FoT-7m
and NZ-FoT-20m time series and under both 2-day and 5-day duration
criteria (Fig. 2B, C, Table S1, Supplementary Information). Under the 2-day
criterion, 34 total events at 7m were found to co-occur with events at 20m
depth (58% of all events). These overlaps ranged from brief 2-day events to
extended anomalies, such as the 2006–2007 event spanning 23 December to
13 January. However, 25 events at 7m did not overlap with deeper events,
suggesting there were stratification and depth-specific processes. Under the
5-day criterion, only 2 events fromNZ-FoT-7moverlappedwith 20mevents
(29%), indicating that longer-duration anomalies are less frequently syn-
chronised across depths (Fig. S5, Supplementary Information). The
remaining 5 events were unique to the 7m layer, including the intense event
from 31 January to 6 February 2006, which did not have a corresponding
20m counterpart.

Most intense MDWs: case study 1 (SBC LTER)
Under the 5-day minimum duration criterion, the longest and most
intense event (in terms of cumulative intensity) began on 10th June 2021,

peaked on 6th July, and ended on 9th July, lasting 30 days (Fig. 3A). It
reached a mean intensity of −3.82 mol photon·m−2·d⁻¹, a maximum of
−3.95 mol photon·m−2·d⁻¹, and a cumulative intensity of −114.67 mol
photon·m−2, resulting in a−79.97% light loss related to climatology. This
event also appears under the 2-day criterion, confirming its persistence
across thresholds. The highest mean (−4.64 mol photon·m−2·d⁻¹) and
maximum (−5.13 mol photon·m−2·d⁻¹) intensities were recorded during
a 7-day MDW peaking on 15th July 2013, also present in the 2-day
dataset. Under the 2-day criterion, the most intense event in terms of
both mean (−5.24 mol photon·m−2·d⁻¹) and maximum (−6.18 mol
photon·m−2·d⁻¹) intensity occurred during a short MDW from 16th to
17th August 2023, peaking on 17th August (Table S1, Supplementary
Information).

Most intense MDWs: case study 2 (NZ-FoT-7m)
The most extreme event under the 5-day criterion occurred from
31st January to 6th February 2006, peaking on 2nd February (Fig. 3B). It
lasted 7 days, with a mean intensity of −10.94mol photon·m−2·d⁻¹, a
maximum of −12.61mol photon·m−2·d⁻¹, and a cumulative intensity
of −76.57mol photon·m−2, equating to a −67.53% light loss related to
climatology. This event is also captured under the 2-day criterion. The
longest 5-day event lasted 8 days, from 10th to 17th October 2010, with a
cumulative intensity of −56.97mol photon·m−2, equating to a −60.84%
light loss related to climatology, and is also present in the 2-day dataset.
Under the 2-day criterion, the highest mean intensity (−14.16mol
photon·m−2·d⁻¹) was recorded during a 2-day MDW from 12th to 13th
January 2007, peaking on 12th January. The highest maximum intensity
(−16.90mol photon·m−2·d⁻¹) occurred during a separate 2-day event on
8th–9th January 2007, peaking on 9th January (Table S1, Supplementary
Information).

Fig. 1 | Effects of varying minimum durations and threshold percentiles on
marine darkwave (MDW) metrics: Percentage of MDW occurrence (top row),
and percentage of light loss during MDW events (mean) compared to

climatology derived from the full time series (bottom row). The case studies are
fromSanta BarbaraCoastal LTER (A,D, 6.3 mdepth); NewZealandFirth of Thames
coastal mooring case study at (B, E) 7 m and (C, F) 20 m depths.
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Most intense MDWs: case study 2 (NZ-FoT-20m)
The most intense MDW event under the 5-day criterion (in terms of all
intensitymetrics) occurred from23rdDecember 2006 to 13th January 2007,
peaking on 9th January (Fig. 3C). It lasted 22 days, with a mean intensity of
−2.17mol photon·m−2·d⁻¹, amaximumof−2.61mol photon·m−2·d⁻¹, and a
cumulative intensity of −47.65mol photon·m−2, resulting to a −82.15%
light loss related to climatology. This event is also present in the 2-day
dataset. The longest MDW event lasted 64 days, from 26th July to 27th
September 2007, peaking on 27th September, and is also captured under the
2-day criterion. Under the 2-day criterion, the same event from 23rd
December 2006 to 13th January 2007 also holds the record for both the
highest mean and maximum intensity (Table S1, Supplementary
Information).

Casestudy3: applicationof theMDWframeworkonsatellite data
(East Cape of New Zealand)
Between 2002 and 2023, there were 25–80 MDWs detected per pixel
(0.25 km2), with a total of 200–800 MDW days per pixel around the East
Cape of New Zealand (Fig. 4A, B). On average, events lasted between 5 and
15 days, with ameanmaximum intensity of−1 to−25mol photon·m-2·d-1.
Overall, cumulative intensity (i.e., the total deficit of seabed light levels due to
MDWs over 21 years) was between −1000 and −5500mol photon·m−2

(Fig. 4C–F). Spatially, MDWs were generally stronger, longer and more
frequent at near-shore and shallower portions of the seabed (Fig. 4, Fig. S7,
Supplementary Information), although the relationship between MDW
metrics and distance to shore displays some variability, especially for the
number of MWD days, events, and duration metrics (Fig. S7, Supplemen-
tary Information).

Across the East Cape region, pixel-averaged MDW metrics varied
between years, where the largest number of MDW days (45) and mean
duration of events (~16 days per event), and the lowest mean (−1.5mol
photon·m−2·d−1), maximum (−2.5mol photon·m−2·d−1), and cumulative
(−60mol photon·m−2) intensities all occurred in 2023 (Fig. 5, largely

attributed to Cyclone Gabrielle, see “Methods” and “Discussion” sections).
However, the largest numberof events occurred in 2004 (4 events).All pixel-
averaged MDW metrics did not show significant trends (Fig. 5, Table S2,
Supplementary Information). Additionally, all change point years detected
were not significant, revealing no change in distribution of the pixel-
averaged MDW metrics (Fig. 5, Table S2, Supplementary Information).
Collectively, these results do not support either an intensification or
reduction inMDWfrequency, duration and intensity during the 2002–2023
period. The years 2023 and 2004 were characterised by the most intense
MDWs (in terms of strongest cumulative intensity), in the east and west
regions, respectively (Fig. 6). Additionally, there were only 2.75 % (396
pixels) and 0.02 % (3 pixels) of pixels with respectively significant positive
and negative trends in seabed irradiance across the region (Fig. S8).

Discussion
There is a need for consistent reporting on extreme episodic changes to
environmental conditions from daily to monthly time scales, because these
typesof perturbations, compared to slower and smaller gradual changes, can
have more profound and immediate impacts on communities and ecosys-
tem functioning1,34. Our proposedMDW framework complements existing
approaches for marine heatwaves (MHWs)3 and cold-spells (MCSs)4, epi-
sodic acidification5, storm activity6, and hypoxic (low oxygen) pulses7,
noting that these have successfully been applied at local and global scales to
improve understanding of ecological impacts. We leveraged underwater
light time series data to test the sensitivity of the proposedMDWframework
to various parameters and to demonstrate its utility.

Although the detection of an MDW was sensitive to the choice of
percentile threshold and minimum duration period (as all extreme event
frameworks are), we showed consistency between MDW metrics across
three independent time series, supporting the robustness and general
applicability of the framework. For example, some of the most intense
MDWs that were identified displayed durations extending up to 64 days,
cumulative light deficits reaching −105.6mol photon·m−2, and light losses

Table 1 | Effects of different sets of percentile thresholds andminimumdurations onmarine darkwave (MDW) detection applied
to in situ long-term underwater irradiance time series

Case
Study

Threshold
(percentile)

Minimum
duration

MDW days
occurrence
(%)

Light loss vs
climatology
(%)

MDW
days

Number
of events

Mean
duration

Mean
intensity

Max
intensity

Cumulative
intensity
mean

Cumulative
intensity
total

SBC
LTER

5 2 4.87 −90.99 254 79 3.22 −3.30 −3.45 −10.60 −837.74

5 1.27 −90.50 66 10 6.60 −3.33 −3.55 −21.58 −215.80

10 2 10.67 −85.58 556 126 4.41 −3.08 −3.30 −13.54 −1706.62

5 4.45 −85.72 232 26 8.92 −3.10 −3.38 −28.37 −737.62

20 2 21.11 −75.16 1100 193 5.70 −2.78 −3.12 −15.75 −3038.93

5 12.53 −78.67 653 62 10.53 −2.68 −3.09 −29.16 −1808.03

NZ-
FoT-
7m

5 2 2.04 −75.53 73 29 2.52 −7.44 −7.92 −18.86 −546.85

5 0.20 −90.08 7 1 7.00 −7.44 −8.51 −52.05 −52.05

10 2 5.32 −67.36 190 64 2.97 −6.56 −7.31 −18.34 −1173.59

5 1.18 −69.34 42 7 6.00 −5.38 −6.61 −33.89 −237.24

20 2 15.09 −54.44 539 128 4.21 −5.29 −6.62 −21.86 −2798.31

5 6.69 −57.24 239 29 8.24 −5.53 −7.50 −45.44 −1317.69

NZ-
FoT-
20m

5 2 3.19 −82.20 114 27 4.22 −0.86 −0.91 −3.66 −98.79

5 1.68 −92.52 60 5 12.00 −1.25 −1.36 −11.28 −56.41

10 2 8.65 −74.53 309 60 5.15 −0.82 −0.91 −4.24 −254.13

5 4.37 −78.89 156 12 13.00 −0.98 −1.13 −11.67 −140.03

20 2 18.54 −62.81 662 114 5.81 −0.67 −0.79 −4.02 −458.69

5 10.53 −67.02 376 33 11.39 −0.69 −0.88 −8.56 −282.53

The variousmetrics shown include the per cent of MDWoccurrence, relativemean percentage loss of light duringMDWevents versus climatology, number of MDWdays, events, mean duration of events,
mean and max intensity (in mol photon·m−2·d−1), and the mean and total cumulative intensity (in mol photon·m−2) across all MDW events.
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approaching 100% relative to climatology during peak events. These find-
ings are broadly consistent with observations by Anthony et al.35 who
reported strong 8-week andweaker 2–4-week periodicities in seabed light at
a turbid inshore reef on Australia’s Great Barrier Reef, following sediment
influx from intense rainfall. Their study, however, was limited to a single
location and a two-year time series, underscoring the need for further,
longer-term, multi-site datasets in capturing the full spectrum of MDW
dynamics.

MDWscanbe causedbymanydifferent drivers (Fig. 7), andour results
demonstrate the value of establishing a clear framework to monitor these
episodic reductions in underwater light availability from whatever causes.
For example, many detected MDWs in Case Study 2 coincided with phy-
toplankton blooms36, whereasMDW inCase Study 3 followed extreme rain
events and runoff after cyclone Gabrielle37 in New Zealand. Finally, wild-
fires, followed by intense rainfall and elevated erosion and runoff, may
potentially drive MDW in coastal California (SBC LTER case study 138–40).
However, it is likely that different MDW drivers can lead to different eco-
logical effects, through, for example, a different impact on the underwater
light spectrum17, and further improvements on the framework might need
to explore driver-specific impacts. Importantly, we also observeddifferences
in depth-specific MDW regimes, likely driven by the stratification of the
water column. This result highlights that aquatic event-based oceanic

frameworkshavebothhorizontal and vertical characteristics, as increasingly
recognised for MHWs41,42 and of particular importance for extreme anoxia
events at depth in stratified waters43.

As climate change and anthropogenic activities continue to intensify
the drivers of underwater light reduction (see Fig. 7), the need for anMDW
frameworkbecomes increasingly important.Our analyses suggest thatwhile
less strict detection criteria (i.e., a lower threshold and shorter minimal
duration) will capture a greater number of events – particularly those of
shorter duration – the more intense MDWs were consistently identified
across a range of parameter settings. This sensitivity analysis highlights the
importance of clearly stating the thresholds and minimal durations used in
any given study (with a similar requirement for analysis of other extreme
events), especially when assessing compound extreme events, as blending
multiple frameworks requires harmonisation of detection criteria. For
example, Le Grix et al.44 showed how important consistent and adaptable
detection criteria are when looking at co-occurring MHW and low net
primary productivity (MHW-NPPX) events and their ecological impacts.

The MDW framework will help researchers and environmental
managers to identify causes and implications of light-driven ecological
change by providing comparability between diverse studies across an array
of marine systems. A growing number of studies already suggest that epi-
sodic and abrupt reductions in underwater light can have significant

Fig. 2 | Peak date, duration and cumulative
intensity of marine darkwaves (MDWs), detected
using a relative threshold (10th percentile) and a
minimum duration of 2 versus 5 days. The case
studies are from Santa Barbara Coastal LTER
(A, 6.3 m depth); New Zealand Firth of Thames
coastal mooring case study at B 7 m and C 20 m
depths.
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biological effects across a wide range of marine taxa32. Experimental studies
on seagrasses,macroalgae, and phytoplankton have demonstrated that even
short-term exposure to low or no light – ranging from a few days to several
weeks – can significantly impair photosynthesis, growth, and survival27–31,
however, without reporting on observed low-light events. Our study con-
firms that such biologically relevant light reduction events frommesocosm
experiments are occurring naturally at similar temporal scales. Specifically,
we detected MDWs lasting from just a few days (depending on the mini-
mum duration) to >60 days, with cumulative light deficits reaching 100%
relative to the climatological conditions, which align or exceed those used in
experimental stress scenarios. These findings suggest that future research
could be strengthened by integrating analyses of multiple MDW metrics,
similar to how the MHW framework has stimulated extensive research by
allowing comparison between metrics, regions and taxa45.

Perhaps the single strongest limitation to analysing MDWs to date
relates to the shortage of high-quality long-term in situ light data.
Moored underwater sensors that record high frequency of instantaneous
light intensity in situ are well suited to capture the variability in light
availability across a wide range of temporal scales35. However, such high-
quality data are scarce globally, poorly resolved spatially, and their
duration typically falls below the recommended 30-year period to derive
more robust climatological baselines3. Furthermore, shorter time series
data are susceptible to a shifting baseline syndrome, where the clima-
tological threshold will be skewed towards higher or lower underwater
light values46,47. By comparison, the longer time series encompasses more
climatic variability and can therefore better characterise the normal
baseline conditions. We therefore recommend a more systematic global
research effort to support existing (and establish new) long-term in situ

time series of underwater and seabed light, and, more specifically,
developing standardised protocols to calibrate remotely sensed data to
stimulate analysis of MDWs. Nonetheless, Schlegel et al.48 showed that
time series shorter than 30 years can produce acceptable MHW metrics,
which may suggest this is also the case for MDWs. In this study, we
showed that there were little to no effects of relatively small linear trends
in the MDW detection. One strength of this framework is to allow for the
detection of depth-specific events; however, it cannot be representative of
the whole water column, unless applied to an array of sensors deployed
along the water column, or vertically-resolved light models49. Further-
more, the framework will not be relevant for applying in deep-sea con-
ditions, where there is no light. Additionally, adapting the framework to
finer temporal resolution (sub-daily or tidally aware event detection)
might prove useful in shallow ecosystems, where tidal variability dom-
inates, particularly for organisms or communities responding on shorter
timescales of light delivery. Finally, we have demonstrated application on
the PAR (400–700 nm) range, but future studies could apply the fra-
mework on spectral intensity time series, and further identify coloured
MDWs, i.e., reduction of particular wavelengths at depths of interest.

Recently, satellite remote sensing of seabed light has emerged as a
promising approach to enhance our spatial understanding of low-light events,
massively extending the capability of the limited in situ, point-based mea-
surements (analogous to the rise in MHW analysis from satellite-based
temperature products). Individual sensor deployments provide poor spatial
resolution, need to be regularly checked and cleaned, and consequently, the
costs are very high. However, satellite products of benthic light availability in
the shallow coastal zone have now been generated at regional50–53 and even
global scales13,54, leveraging up to 25 years of ocean colour remote sensing time
series. We believe these products can provide unprecedented yet untapped
opportunities to study MDWs and their possible ecological impacts. Speci-
fically, we showed that MDWs, as a coherent framework to assess unusual
events of reduced underwater light intensity, could be applied to both in situ
and remotely sensed time series, similar to other extreme event detection
frameworks, such as MHWs3, or low net primary production extremes44.

Although satellite remote sensing of seabed light holds great pro-
mise, many challenges remain. For example, satellite time series are
frequently missing data, in the same way that in situ instruments can
suffer from sensor malfunction, loss of power, limits on data storage
capacity and instrument loss. Limited satellite data arises from limited
image acquisition (not taking images at the right time and place), faulty
sensors55, high cloud cover, failure in atmospheric correction56, near-
infra-red “glow” due to land and cloud adjacency57, sea roughness, sun
glint, seabed reflectance58, pixel geo-localisation errors, and/or failure of
in-water algorithms59,60. For example, it remains a key challenge to esti-
mate MDWs following episodic cyclones, typhoons or hurricanes and
extreme precipitation and runoff events, because these events co-occur
with a high cloud cover (and therefore no clear ocean images). MDW
detection will also be sensitive to ‘gap-filling techniques’ (interpolation
methods used to fill data gaps), as seen for MHW detection48. Future
work should therefore investigate the effects of gap-filling algorithms on
MDW properties, notably by leveraging suitable, long-term in situ
underwater light data. Nevertheless, global satellite-based products of
underwater light and subsequent MDW metrics will undoubtedly
improve dramatically in the near future and become more easily acces-
sible, for example, by following the example of the marine heatwaves
tracker61.

We hope the MDW framework will motivate researchers to explore
drivers and attributes of episodic low-light events and stimulate research
into their biological impacts. We look forward to leveraging the MDW
framework to deepen our understanding of effects across anthropogenic
stressors, habitats, ecosystems, geographical regions and time-periods – by
combining experimental, in situ, andmodelling practices with state-of-the-
art remote sensing analysis, and by adopting integrated land-to-sea
approaches, that link river catchment processes to the receiving marine
environment62–64.

Fig. 3 | Evidence of in situ marine darkwaves. Underwater daily irradiance time
series (dark, in mol photon·m⁻²·d⁻¹), climatology (red) and 10th percentile threshold
(green) for the SBC LTER (A, 6.3 m), NZ-FoT-7m (B), and NZ-FoT-20m (C) case
studies. The most intense marine darkwaves (MDWs, using a 5-day minimum
duration) in terms of cumulative intensity are highlighted in dark blue, while other
less intense events are shown in light blue.
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Methods
Defining the marine darkwave framework
General principles. Quantifying extreme darkening events requires
clearly-defined metrics that encapsulate the intensity and duration of
underwater light across timescales that match the variability of the
underlying drivers7. We used the following guidelines proposed by
Gruber et al.7 to reduce the arbitrariness65 of how parameters for extreme
event metrics were selected, outlining key choices (italics):
(1) Should the threshold be a relative or absolute value? A relative

threshold (e.g., a 90th percentile) is based on local variability
and typically used where affected organisms are adapted to
ambient conditions and stressed by deviations. A relative
threshold is commonly applied to better assess biological impacts
at the ecosystem level, and is used in the standard definition
of MHWs3 and MCSs4. By comparison, absolute thresholds (e.g., a
specific temperature, water oxygen concentration or pH value)
may instead be applied to study the response of a specific species
or population with well-defined physiological limits, as
done, for example, in the definition of hypoxia43 and high acidity66

events;
(2) Should the baseline be fixed or shifting? For relative thresholds, the

baseline is theperiodoverwhich theprobability function is constructed
and fromwhich the thresholds (i.e., the 90th percentile) are derived. In
the case of the MHW definition, a fixed baseline of (usually) 30 years,

between 1982 and 2011, is often applied, although a shifting baseline
approach has also been adopted, using a more recent time interval67;

(3) Should thresholds be derived from seasonally varying data (to reflect
biological relevance like life-stage dependency68) or from de-seasonalised
data? Both approaches have been used to analyse marine extreme
events, but their influence on data analysis and interpretations remains
an open research question7;

(4) What should the minimum duration be to identify an event? The
chosen minimum duration (e.g., 5 days is typically used to define
an MHW, whereas shorter events are referred to as ‘spikes’3) should
help to distinguish extreme events from common short-term
fluctuations. The chosen duration should also help to identify
events with possible biological implications, and not simply reflect
statistical noise.

Underwater light availability changes across a wide range of temporal
scales driven by both natural and anthropogenic processes (Fig. 7)59. While
diurnal cycles, seasonal shifts, and long-termclimatic trends all contribute to
variability, we focused on drivers that operate from days tomonths because
these time scales are likely to bemore relevant for identifying and analysing
episodic low-light events and linking them to the biological impacts. These
events canbe climate-driven through sustained cloudiness69, associatedwith
heavy rain and elevated riverine input of terrigenous sediments, dissolved
and particulate organic matter70,71 and nutrients, or also caused by

Fig. 4 | Marine darkwave (MDW) metrics per pixel averaged or summed across
the 07/2002 to 08/2023 period around the East Cape of New Zealand using
satellite data calculated at the seabed. Metrics include A Number of total events,
BNumber of total MDW days, CMean event duration,DMean intensity of events,

EMaximum intensity of events, and FOverall cumulative intensity. Only pixels with
seabed light levels above 0.01 mol photon·m−2·d−1 (using the 21-year median)
are shown.
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phytoplankton and cyanobacterial bloom72, and through local resuspen-
sions of marine sediments from wind, waves, and currents (Fig. 7)35. Fur-
thermore, episodic reduction in light availability can result from human
activities, such as local dredging73, discharge of municipal and industrial
waste74, altered catchment usage such as agriculture, logging, livestock75–78

and urbanisation and hard structures79,80. Finally, episodic low-light events
can be accelerated by climate change through increased precipitation and
floods75, storms and wave resuspension6, wildfires39,81, and glacial thawing82.

MDWdefinition. Here, we propose a formal definition for MDWs based
on daily-integrated irradiance as the primary temporal unit for under-
water light availability, thereby minimising the influence of intra-day
variability and diurnal cycles (Fig. 8). To identify MDW events, we
propose using a relative, seasonally varying, and depth-specific threshold,
which accounts for natural fluctuations across season, latitude and depth,
based on many years of historical data. This approach ensures that
darkness induced by season, latitude and depth does not inherently bias
the detection of anomalous events. For example, anMDW should not be
solely induced by shorter days in winter in higher latitudes. Similarly,
depth should not be an unaccounted source of variation forMDWswhen
comparing time series between two sites of different depths. For baseline
selection, we also recommend a fixed baseline that uses the entire

available time series of light data to better assess covarying trends and
long-term changes.

MDW parameterisation. All MDWs were detected using the ‘heatwa-
veR’ R package (version 0.4.6). This algorithm is the benchmark when it
comes to detecting marine thermal extreme events, but it can be widely
applied to any daily time series. The algorithm and related metrics are
further described in Hobday et al.3, Schlegel et al.4, Schlegel and Smit83,
and here we treat MDWs as analogous to marine cold-spells4. More
specifically, we used a seasonally varying climatology approach to cal-
culate the climatological baseline and threshold percentiles for MDW
detection, following the default values implemented in the heatwaveR
package. Thismethod applies a slidingwindow centred on each day of the
year to pool values from surrounding days across all years in the time
series. Specifically, we use the default 11-day window (5 days before and
after, plus the centre day) to calculate the climatological mean and per-
centile thresholds for each day of the year. This approach accounts for
natural seasonal variability in irradiance. To reduce short-term varia-
bility and ensure smoother climatological curves, a moving average
smoothing is applied to both the climatology and threshold time series.
We used the default value of 31 days, which applies a 31-day moving
average to the climatological and threshold values, minimising the

Fig. 5 | Yearly and pixel-averagedMDWmetrics for the period 2002–2023 on the
seabed around theEast Cape ofNewZealandusing satellite data (in black), aswell
as linear regression (blue lines) and change point year (red dashed lines, all non-

significant p-value >0.05). Prior to averaging the metrics per pixel (n = 14,390), the
number of MDW days, events and cumulative intensity are summed, whereas the
duration, mean, and maximum intensity metrics are averaged per year.

https://doi.org/10.1038/s43247-025-03023-4 Article

Communications Earth & Environment |             (2026) 7:4 8

www.nature.com/commsenv


influence of anomalous single-day values onMDWdetection. In the case
of minimum durations being set as higher than 2 days, we considered a
MDW to be a single event if there are 2 or 1 days between two detected
events (as for MHW and MCS), and events shorter than the minimum
days criteria were treated as marine dark spikes (MDSs) and are not
considered as MDWs following our definition, in alignment with marine
heat and cold spikes3,4. The choice of length and type of historical base-
lines (fixed, detrended, shifting, adapting) is crucial when defining
MDWs, as it must account for the period over which measurements are
taken and the timing of the stressors that reduce underwater light. Dif-
ferent lengths and types of baselines can yield varying interpretations of
darkwave characteristics, affecting the assessment of ecosystem risks and
management strategies, as shown with MHWs67. Therefore, selecting an
appropriate baseline for the question of interest ensures accurate repre-
sentation of the stressor’s influence and facilitates effective commu-
nication among scientists, policymakers, and the public. In climatology,
the usual minimum duration of a reference period is 30 years84, but the
duration of most underwater light time series, including our three case
studies, is shorter than this. Here, we chose a fixed baseline that covers the
full length of each case study time series and report on potential linear
trends within the baseline period of the three case studies.

MDWmetrics. For each of three case studies, we calculated and analysed
MDW metrics, as defined in Hobday, et al.3 but applied on underwater
irradiance time series, including its duration (difference between end and
start, in days), intensity (difference between climatological mean and
daily irradiance, a time series in mol photon·m−2·d−1), mean intensity
(average of intensity measured each day during a MDW, in mol

photon·m−2·d−1), maximum intensity and peak date (amount and day of
the highest intensity during a MDW, in mol photon·m−2·d−1 and date,
respectively), and cumulative intensity (sum of the daily intensities
during a MDW, in mol photon·m−2). Importantly, because the MDW
concept focuses on less, not more, light compared to the normal light
climate, all intensity metrics were reported as negative values.

Case studies
The first two case studies represent in situ measurements from a single
geographical location (therefore providing a single set of MDW metrics),
whereas the third case study is based on satellite images for which the
number of adjacent locations depended on image resolution (i.e., each pixel
has its own set of MDW metrics). MDW detection was on the daily-
integrated time series of irradiance in a systematic way across all three case
studies, regardless of light sensor types, sampling rate and duration.

Case study 1: SBC LTER time series. We used data from the Santa
Barbara Coastal Long Term Ecological Research (SBC LTER), which
measured underwater light at five locations on shallow subtidal reefs off
Santa Barbara, California (USA), from 2008 and is still being
maintained85.We analysed seabed light data collected at Carpinteria Reef
(34° 23.474′N, 119° 32.510′W,named ‘CARP7’, at 6.3metre depth (Mean
Lower LowWater), hereafter SBC LTER case study). This site was chosen
because it had a long uninterrupted time series (2008-01-12 and 2024-05-
10 = 5968 days, i.e., c. 16 years and 4months) during which it was mostly
a sea urchin barren. Because of this, the light sensor hadminimal shading
from the canopy-forming giant kelp (Macrocystis pyrifera) and unders-
tory macroalgal species. Importantly, this site is located directly offshore

Fig. 6 | Year of themost intenseMDWon the seabed in terms of cumulative intensity around the East Cape ofNewZealand using satellite data.Only pixels with seabed
light levels above 0.01 mol photon·m−2·d−1 (using the 21-yr median) are shown.
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of a creek mouth (Santa Monica and Franklin Creeks) that drains an
agricultural watershed, and is therefore exposed to episodic riverine
sediment and nutrient runoff events that are usually brief but intense
during winter storms and minimal or absent between storms86 as well as
variable chlorophyll-a (hereafter chl-a) concentration values due to
phytoplankton blooms87. The nearby coastline is also prone to coastal
erosion from human developments and natural processes, which can
result in additional sediment delivery40,88.

Irradiance was recorded one to two times per minute from 2008 to
2015 with submersible spherical PAR sensors (MKV-L, Alec Electronics,
Japan) and from 2016 to the present with submersible planar PAR sensors
(DEFI-L, Alec Electronics, Japan). Conversions from planar to spherical
values were applied as described in Reed and Miller85. Measurements were
averaged over each hour, and data are presented as daily-integrated irra-
diance in units of mol photon·m−2·d−1. Optical sensors were frequently
replaced (i.e., every 6–12 weeks) with newly serviced sensors. The effects of
biological fouling were assessed and corrected when needed as described in
Reed and Miller85.

Case study 2: in situ New Zealand Firth of Thames coastal mooring
at 7 and 20m. Our second case study includes two time series from the
New Zealand Firth of Thames mooring (36° 45′S, 175° 16′E, hereafter
NZ-FoT-7m and NZ-FoT-20m case studies)36,89. This site represents
typical ‘case-1’ water conditions (around 95% of the time) where phy-
toplankton is the main contributor to light attenuation90. Exposure to
riverine discharges of sediment occurs for only 5% of the time, creating
‘case-2 waters’, when suspended solids, coloured dissolved organic
matter and phytoplankton co-occur to cloud the waters.

Irradiance (μmol photon·m−2·s−1) in the PAR range (400–700 nm)was
simultaneously recorded at 7 and 20m depths, at 10-min intervals using
integrating Natural Fluorometers (INF-300, Biospherical Inc. 36). Bromine
was used to prevent biofouling. Instant PAR recordings were integrated
daily (to mol photon·m−2·d−1). The time series spans July 2005 to July 2015
(3652 days, ca. 10 years).We also comparedMDWmetrics between the two
depths to look for depth-synchronous events.

Case study 3: Remote sensing of seabed light around the New
Zealand East Cape region. A satellite-based time series was used as our
third case study. The values for seabed irradiance around the East Cape
region of New Zealand were obtained from MODIS-Aqua ocean
colour51,53. This region is characterised by steep hills in river catchments
that are subject to high precipitation rates (1000 to >7000mm per year
on average91) and major rainfall and wave events produced by cyclones
such as Bola in 198892 and Gabrielle in 202337. Additionally, land uses in
the region have had widespread changes, from deforestation of indi-
genous forests between the 1890s and 1920s for conversion to pasture,
then to non-native pine planting and harvesting91,93 which have predis-
posed the formation of highly erodible gullies93. As a result, this region
has the highest erosion and sediment yields in New Zealand, with >55Mt
of suspended sediment transported annually into the ocean, which
equates to around 0.3% of global suspended sediment91. In the coastal
zone, this sediment causes periods of intense plumes and turbidity
events94.

Satellite level 1A reflectances (Rrs) were atmospherically corrected,
converted to inherent optical properties, and used to calculate the diffuse
attenuation coefficient of downwelling PAR irradiance51,95. Daily level 3
products of KdPAR were projected onto a New Zealand Transverse Mer-
cator grid (NZTM2000) at a 500m pixel resolution to match the New
Zealand bathymetry grid96. MODIS-Aqua sea-surface PAR (E0+PAR)
products were obtained daily at 4 km pixel resolution and resampled at
500mresolution.DailyKdPARand sea-surfacePARproductswere checked
for missing values and linearly interpolated in the case of missing values, as
recommended in marine heatwave detection48. Daily irradiance on the
seabed (Ebed, in mol photon·m−2·d−1) was calculated at each pixel location
combining light at the sea surface, light attenuation and bathymetry13,50–52,97.
The time series used spansAugust 2002 to July 2023 (7669days, ca. 21 years)
for the region bounded by 37° 24′S, 177°E, 38° 45′S 177°E, 38° 45′S, 177°E,
38° 45′S, 179°E. We restricted the analysis to pixels where annual median
seabed light was above 0.01mol photon·m2·d−1 (14,390 pixels, 3597.5 km2),
which included depths between 0.01 to 110m (Fig. S6, Supplementary
Information) and distance to shore between 0.5 and 32 km.

Fig. 7 | Conceptual overview showing primary and secondary drivers of marine
darkwaves and underwater light variability at day-to-monthly scales. ‘Primary
drivers’ (bold text) refers to the direct cause of light variability in the water column,
affecting light attenuation and sea-surface light. ‘Secondary drivers’ (normal text)
refers to the underlying processes that lead to changes in the primary drivers, for

example, precipitation (secondary driver) that increases land runoff of suspended
sediment (primary driver). Symbols courtesy of the Integration and Application
Network (ian.umces.edu/symbols/, CC BY-SA 4.0), from public domain (CC0), or
made by the authors.
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Applying the MDW framework to the case studies
Sensitivity analysis of thresholds and minimum duration
To assess the sensitivity of MDWs detection to set percentile threshold
and minimum duration criteria, we detected MDWs under a varying set
of percentile thresholds (1st–25th percentile) and minimum duration
(2–20 days), such that a range of very strict (low percentile and high
minimum duration values) and more permissive (higher percentile,
lower minimum duration) conditions were tested. In addition to the
previously described absolute metrics of occurrence, duration and
intensities, we defined two additional relative metrics that allowed for
a robust comparison between the time series, regardless of their
length and depth. We defined and calculated the percentage of MDW
days occurrence as the ratio between the number of MDW days
detected over the total number of days in the time series (in %). We also
defined and calculated the percentage of light loss during an MDW event
compared to the climatology (in %), which informs the overall loss or
deficit in light intensity across events and in relative terms. The sensitivity
was carried over the in situ time series, i.e., SBC LTER, NZ-FoT-7m, and
NZ-FoT-20m.

Trend analysis
To report on potential trends within the baseline period of the three case
studies, we calculated linear trends and their statistical significance in the
daily-integrated irradiance time series using the Theil–Sen estimator (Sen’s
slope hereafter) andmodifiedMann–Kendall test (Rpackage “modifiedmk”
version1.6),which ismore robust in autocorrelated (inducedby seasonality)
time series. Sen’s slope and Mann–Kendall tests have several advantages
over classical linear regression for assessing trends in time series, notably a
lesser sensitivity to outliers and a distribution-free reliance98,99. We reported

annual trends (being the slope multiplied by 365), their relative percentage
change compared to the long-termmedian, and trend slope significance (p-
value < 0.05).

Mann–Kendall, Sen’s slope, and Pettit change point tests were also
calculated for annually and pixel-averaged MDW metrics in the New
Zealand satellite data case study to assess any changes in MDW activity at
the regional scale. Non-parametric Pettitt change point tests were done to
detect shifts in central tendency,whichwould indicate significant changes in
the temporal dynamics (change point years, i.e., significant inflexion points
in the metric time series), using the R package “trend” (version 1.1.6,
Pohlert99).

Data availability
In situ time series LTER85: https://doi.org/10.6073/pasta/
9a42207dd4d2971cce4273fd8a1087b4 (Accessed 2025-03-04). NIWA-
SCENZ satellite products97: https://gis.niwa.co.nz/portal/apps/
experiencebuilder/template/?id=9794f29cd417493894df99d422c30ec2
&page=NIWA-SCENZ (Accessed 2025-03-04). R package to detect marine
heatwaves and cold-spells83: https://robwschlegel.github.io/heatwaveR/
(Accessed 2025-03-04). Post-processed versions of the data used to gen-
erate the figures are archived at https://doi.org/10.5281/zenodo.17509746.

Code availability
Rscript to generate thefigures is archivedathttps://doi.org/10.5281/zenodo.
17509746.
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