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Abstract

Coral reefs, among other benefits, offer a natural sheltering effect for coastal communities by attenuation of incoming waves.
Despite the long-standing scientific interest in this subject, there remains a lack of comprehensive studies that assess wave
behavior on coral reefs through satellite altimetry. This study investigates the influence of coral reefs on wave heights using
a multi-mission along-track satellite altimetry dataset. Significant wave height statistics for different sea states derived from
altimetry are compared with those from the ERAS5 reanalysis dataset. Additionally, the role of coral reef structural complexity
in wave attenuation is analyzed through regional assessments of altimetry data during calm periods and following destructive
storms. The results show a strong agreement between the wave height attenuation observed from satellite altimetry and
ERADS datasets, with a correlation coefficient of 0.724. In 80% of the observations, a significant reduction in wave height was
observed after waves passed over coral reefs. Statistical evaluation indicates that wave height attenuation increases as offshore
wave conditions intensify, with an average 50% reduction for higher sea states. Furthermore, regional analysis after extreme
events demonstrates decreased wave attenuation in areas with reduced hard coral cover. The study highlights the potential of
satellite altimetry in observing wave height changes across coral reefs. Additionally, this study contributes to knowledge of
wave behavior in coral reefs, showing the dependency of the attenuation degree on various sea states.
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1 Introduction

Coral reefs, occupying only a fraction of the ocean floor, are
highly diverse and valuable ecosystems. They provide habi-
tats for more than 25% of marine species and support coastal
communities by supplying resources and jobs. In addition to
their biodiversity and other benefits, coral reefs act as phys-
ical barriers, influencing wave behavior and offering natural
coastal protection [7].
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As climate change strengthens the frequency and inten-
sity of extreme weather events such as tsunamis, storms, and
storm surges [18], coastal areas with high population densi-
ties are becoming more vulnerable. At the same time, climate
change also impacts coral reefs [14], leading to a loss of their
structural complexity and changes in their ability to reduce
waves [3]. Consequently, the examination of the influence of
coral reefs on wave attenuation has gained paramount signif-
icance in the last decades.

Several field experiments were conducted at the Great Bar-
rier Reef [10, 26, 28], Hawaiian islands [9, 16], Caribbean
reef [15, 17], and other reefs to examine the wave attenuation
on reefs. The main goal of those experiments was to acquire
time series of several parameters related to wave behavior,
such as significant wave height (SWH), wind speed, and tide
data. The methodology remained similar among those exper-
iments: deployment of several measuring devices, such as
buoys and wave staffs, offshore, on a line towards the reef
front, and in the middle of the reef’s lagoon. The experiments
showed the general wave height attenuation and energy dissi-
pation caused by the bottom friction and wave breaking [10,
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16, 17, 28] and dependency of wave heights on the reef flat
and its lagoon on the depth of water over the seawards reef
slope [10, 28].

The investigation of wave attenuation in the presence of
coral reefs can be conducted not solely by direct field mea-
surements but also by utilizing remote sensing techniques. [8]
investigates the dependency of wave attenuation on the poros-
ity of the reef matrix, the reef submergence depth, and local
wind speed employing SWH measurements from satellite
altimeters over the Great Barrier Reef from September 1992
to 2008. To estimate wave attenuation, the SWH estimates
from satellite altimetry were extracted at three locations:
offshore, on the reef matrix, and between the reef and the
mainland. The collected data, in combination with the poros-
ity index of the reef matrix, water level, and bathymetry,
showed a clear influence of reef submergence of less than
7m on wave energy but no functional dependency on reef
matrix porosity.

Despite the extensive body of research on wave attenua-
tion on coral reefs, there is still an absence of a comprehensive
global study performed with remote sensing observations
assessing the change in wave height on a global scale under
various initial conditions. Using satellite altimetry instead of
field measurements or numerical models might be beneficial
for studying these changes since there is a direct comparison
of two measurements of the same wave field before the coral
reef and on the coral reef. The objective of this study is to
assess the ability of satellite altimetry to observe the change
in SWH on coral reefs and quantify the effect of coral reefs
on SWH for different sea states and post-destructive storms.

Such research was unfeasible until recent years due to
the absence of reliable altimetry measurements in coastal
regions. Over the last two decades, numerous international
studies have been conducted to improve the understand-
ing and quality of satellite altimetry observations in coastal
regions. These works have mainly focused on refining geo-
physical and propagation corrections applied to the range
measurements and developing specialized retracking algo-
rithms designed to accommodate nonstandard waveforms
caused by shallow waters and proximity to the land [4].

This study uses along-track satellite altimetry observa-
tions sourced from the Sea State Climate Change Initiative
(CCI) v3 dataset [22]. The dataset has been extensively
quality-controlled and validated also in comparison with
buoys and model data [6, 27]. It uses advanced retrieval
algorithms that have shown notably enhanced performances
in coastal regions compared to the previous standard [24].
These data have already been validated and used globally in
the coastal zone to quantify the change of the SWH from
offshore to the last 3km from the coastline [20]. Spanning
from January 2002 to December 2020, the dataset contains
global, quality-controlled measurements from various cross-
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calibrated altimetry missions, including Cryosat-2, Jason-1,
Jason-2, Jason-3, Saral, Sentinel-3A, and Envisat. By apply-
ing the methodologies described in subsequent sections, we
aim to investigate the detection of changes in SWH as waves
propagate over coral reefs and enhance our understanding of
coral reef-wave interactions.

2 Data and Methods
2.1 Data

Satellite altimetry In this study, we analyzed multi-mission
cross-calibrated satellite altimetry data from the Sea State
CCldataset [22]. The Sea State CCI dataset offers spatial cov-
erage from —80° S to 80° N and spans an extensive temporal
period starting on January 2002 and ending on January 2020,
making it ideal for investigating long-term trends and vari-
ations in sea state conditions connected with the variability
of coral cover. The data is collected from multiple cross-
calibrated satellite altimetry missions, including Cryosat-2,
Jason-1, Jason-2, Jason-3, Saral, Sentinel-3A, and Envisat.
The detailed information on the retracking and quality con-
trol methodology employed in the Sea State CCI dataset is
described by [21].

In this study, the observations from Cryosat-2 are excluded
from the dataset due to its orbit characteristics designed for
polar observations with high spatial resolution, which result
in a very long repeat cycle — 369 days. For other satellites
only the observations taken during the core orbit phases are
taken into consideration. After this period, most of the satel-
lites moved from the original science orbit with repeating
ground tracks to another orbit with different orbital character-
istics. Subsequently, data processing with the use of nominal
ground tracks becomes unfeasible. Thus, the time range of
valid ground tracks differs from the temporal coverage of
satellite missions.

ERAS5 To investigate the capability of along-track satel-
lite altimetry to observe changes in wave heights across the
reefs, the SWH estimates from the altimetry dataset are com-
pared to the SWH variable from the ERAS5 dataset [13]. The
choice of the ERAS reanalysis stems from its high temporal
resolution and grided data structure. In contrast to the altime-
try dataset under examination, which exclusively provides
along-track data with long intervals of 10 to 35 days between
revisiting the same geographic location, ERAS offers global
coverage at hourly intervals.

The model dataset is created with the data assimilation
principle, combining historical observations from various
sources, such as weather stations, satellites, and buoys, with
sophisticated numerical weather models. The process involves
fitting a weather forecast model with new observations of the



Remote Sensing in Earth Systems Sciences (2025) 8:931-944

933

variables to calculate a better estimate, improve the forecast,
and generate a comprehensive and consistent representation
of the Earth’s global atmosphere, land surface, and ocean
waves [12].

This study utilizes the parameter Significant height of com-
bined wind waves and swell, compared to SWH derived from
satellite altimetry. The parameters are provided with a tem-
poral resolution of 1h on a regular latitude-longitude grid
with 0.5° spatial resolution.

Coral atlas To observe the change in height of ocean
waves on coral reefs, information on reef locations and
boundaries is needed to separate altimetry and reanalysis data
on wave parameters measured on the reef and offshore. This
data is provided by the Allen Coral Atlas [1] as reef extent
product.

The reef extent product is a Sm pixel resolution raster
derived from Planet’s PlanetScope satellite imagery between
the years 2018 and 2020.

2.2 Data Selection Criteria

During the data preprocessing phase, several key consid-
erations on geographical extent, time frame, and wave
parameters were developed. The geographical extent of the
study area is mainly limited by the specifications of the Coral
Atlas dataset, which includes coral reefs located only within
the latitudinal range from —30° to 30°. This geographical
constraint aligns with the typical distribution of coral reefs
mainly located in tropical and subtropical waters. Conse-
quently, this limitation has a relatively small impact on the
study results.

Additionally, it is important to mention the temporal win-
dow within which the satellite images of reef extent were
taken, spanning the years 2018 to 2020. Therefore, the results
of the study are more accurate in this time span due to the
variability of reef extent and hard coral cover over different
years.

Another consideration imposed on the satellite altimetry
dataset involved the implementation of a filter based on the
distance to the coast. Application of this filter to the altimetry
data preserved only observation points located between 3 and
500 km to the coastline. The lower bound of the filter aimed to
eliminate potential outliers [20]. The upper bound of the filter
to optimize processing time without sacrificing data quality.
This decision was justified by the fact that most coral reefs
are situated in proximity to coastlines.

In addition to the discussed earlier limitations, it is neces-
sary to address a further constraint related to the minimum
SWH observed along the reef borders. This study consid-
ers pairs of observations over the reefs and their adjacent
border areas only when the wave height along the reef bor-
der equals or exceeds 0.5 m. This threshold is imposed due

to several important considerations. Firstly, smaller wave
heights exhibit relatively minimal attenuation effects, mak-
ing their inclusion into the analysis of limited significance.
Secondly, satellite altimetry, as the primary data source,
encounters limited accuracy for smaller wave heights due
to suboptimal signal-to-noise ratios associated with smaller
signals [24]. Consequently, the study focuses on observing
the attenuation of SWH meeting or surpassing this 0.5 m
threshold along the reef borders.

2.3 Processing of Altimetry Data

The SWH observations within the SeaState CCI dataset are
provided in a ready-to-use state after preprocessing, cross-
calibration between satellites, and quality control. These
datasets are organized into daily files, each containing obser-
vations from all the satellites operating on that specific date.

Location flags SWH observations were categorized into
reef observations, border observations (first observation
before the reef), and open ocean observations (excluded from
this study) to analyze changes in wave heights from open
water to coral reefs. This categorization was determined by
measuring the distance of each observation to the reef poly-
gon using the following criteria:

1. If the measured distance equals zero, the observation is
categorized as a reef observation, signifying its proximity
to the reef structure.

2. The closest observation to the reef is considered a border
observation if it is further than 3.5 km. The threshold of
3.5 km was selected to exclude the possibility of a reef
matrix presence within the altimeter footprint.

To enhance processing efficiency, the distance calcula-
tions are executed not for each individual observation but
singularly for each nominal track of every satellite, given
the fact that satellite ground tracks repeat very closely every
cycle. An example of location flags calculated for nominal
tracks of the Jason-1 satellite is shown in Fig.1. Subse-
quently, these flags are applied to each observation through a
linear one-dimensional interpolation. Notably, any variabil-
ity introduced by an individual passes along the same ground
track due to orbit deviations is disregarded in this analysis.

Following the data reorganization, implementation of all
specified constraints, and the interpolation of location flags,
the changes in SWH values can be computed and analyzed.
To accomplish this, the SWH value closest to the land on a
reef is subtracted from the SWH value on the reef border.
This approach allows direct comparison of measurements of
the same wave field taken before and after the coral reef. Sub-
sequently, an averaged SWH attenuation value is computed
for each reef within every satellite ground track.

@ Springer



934

Remote Sensing in Earth Systems Sciences (2025) 8:931-944

Latitude

Coral reefs
Reef border

125 3 140

Longitudé

Fig.1 Jason-1 location flags

Different sea states To assess the influence of coral reefs
on SWH for different sea states, we employed the sea state
classification defined by the World Meteorological Orga-
nization (WMO) as the Douglas Sea Scale, using the first
observation before the reef as a reference point. This classi-
fication system categorizes sea states from 0 m, representing
calm seas, to over 14 m for phenomenally high waves. Fol-
lowing the classification of observations on different sea
states, the developed algorithm calculates the differences
between this first observation before reaching the reef and
the observation over the reef.

Influence of structural complexity To evaluate the
impact of structural complexity on coral reefs’ ability to
attenuate waves, we categorized all reefs into distinct regions.
These regions were defined based on the UN Environ-
ment Programme report on the status of coral reefs [25].
The regions include East Asian Seas, Pacific, Australia,
Caribbean, West Indian Ocean, Red Sea and Gulf of Aden,
South Asia, East Tropical Pacific, Gulf of Oman, and Brazil.

The years 2002, 2009, and 2018 were chosen for regional
statistical evaluation, representing opposite states of the over-
all coral cover. This selection is explained by the change
of coral reef structural complexity time-series provided in
the UN report [25]. In summary, in 1997-98 one of the
most powerful El Nifio events caused a significant reduc-
tion in global average hard coral cover, regressing from 32.5
to 30% between 1997 and 2002. Between 2002 and 2009,
global average hard coral cover exhibited a remarkable recov-
ery, returning to pre-1998 levels and reaching a peak of
33.3% in 2009. Following 2009, there was a sustained decline
in global hard coral cover, particularly exacerbated by the
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severe impact of the strongest El Nifio event in 2015-16,
which induced the most pronounced heat stress ever docu-
mented during such occurrences [5]. This period witnessed
a marked reduction in hard coral cover to 28.8%, equivalent
to a substantial loss comprising 13.5% of the world’s hard
coral coverage.

2.4 Processing of ERA5 Data

An alternative methodology was employed to categorize
gridded reanalysis data on reef and reef border points. Since
the model provides parameter values on a regular grid, flags
are generated only once for the entire model grid. For each
grid point, the location flags are determined through distance
calculations from the point to the closest reef polygon. Subse-
quently, these computed flags are applied to every individual
timestamp within the dataset. This methodology was chosen
to ensure consistent data categorization and efficient process-
ing of large datasets.

To compare the performance of the satellite altimetry and
ERAS datasets, we projected the gridded model data on the
altimetry tracks utilizing a three-dimensional linear inter-
polation. This involves interpolating data points across the
latitude, longitude, and time dimensions to match the spa-
tial and temporal resolution of the altimetry measurements.
Following interpolation, the ERAS data along the satellite
tracks were processed using the same algorithm applied to
the altimetry data. This includes the classification of mod-
elled observations on different sea states and the utilization
of location flags derived from the satellite altimetry dataset.
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3 Results

To assess the global influence of coral reefs on wave
heights, the SWH attenuation was computed on a global
scale, encompassing an 18-year period from 2002 to 2020.
To evaluate SWH changes on coral reefs, we separated
along-track altimetry observations into two categories: first
measurements before the coral reef from the ocean side and
measurements over the coral reef. Subsequently, the closest

to the land SWH observation flagged as the coral reef is sub-
tracted from the first measurements before the reef.

3.1 Global SWH Attenuation

Figure 2 provides a global overview of the average SWH
values on coral reefs, SWH values on the reef border, and
the differences between these values along the same satel-
lite track. Each point on these plots corresponds to the mean
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Fig.2 Mean SWH observed by along-track satellite altimetry over coral reefs (a), on the reef border (b), and differences between them (c)
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SWH value for a segment of the coral reef within one satellite
ground track. In total, the analysis includes 350,260 attenu-
ation observations, providing robust statistical support for
the observed trends. From Figure 2a and b, the global pic-
ture expected from the meta-analyses of other works [7]
emerges: average wave heights within reef polygons are
notably smaller than wave heights right before reefs. This
phenomenon is accentuated when the differences between
reef and border SWH values are calculated. As illustrated
in Fig. 2c, in most instances, the SWH over a coral reef
is smaller than before the reef. The percentage of all pos-
itive SWH differences was calculated and equalled 78.8%.
This underscores that, for 78.8% of observation, the SWH
of the wave field approaching the reef is higher than within
the reef, thus confirming the ability of satellite altimetry to
detect changes in SWH travels across the reef.

The 21.2% of negative differences observed in this study
can largely be attributed to several factors influencing wave
attenuation, such as variability in coral reef health and extent
over time, the geometry of individual reefs [23], and the local
offshore wave climate. One contributing factor is the tem-
poral mismatch between the altimetry observations and the
reef extent data. The reef polygons used to classify reef and
reef-border observations were derived from satellite imagery
captured between 2018 and 2020 [1]. As reef structures can
change significantly over time, the classification of altime-
try data acquired outside this period is subject to increased
uncertainty. This mismatch may result in some locations
with reduced wave heights being misclassified as reef-border
points. Besides, this study does not account for wind direc-
tion, which plays a crucial role in determining the angle at
which waves approach a coral reef and, consequently, influ-
ences the process of wave attenuation.

To compare the performance of along-track satellite
altimetry with the ERAS dataset the SWH estimates from
the ERAS dataset are interpolated at the precise geographic
coordinates of the satellite tracks. This method ensures a
point-to-point alignment between the model-derived data and
the satellite altimetry observations.

Figure 3 shows the maps of mean SWH values computed
from ERAS interpolated on satellite ground tracks for coral
reefs (a), closest SWH values to the reef border (b), and
the differences between them along the same track (c). The
average SWH values and their differences extracted from the
ERAS5 dataset show consistency with the results observed
in along-track altimetry data. A reduction in SWH values is
visible as the waves travel from the open water across coral
reefs. This major attenuation in wave heights is particularly
notable in Fig. 3c illustrating calculated SWH differences.

The spatial patterns of high and low average SWH show
strong agreement between the two datasets. When analyzing
the difference maps in Figs. 2c¢ and 3c, areas with sig-
nificant positive change, such as the East Asian Seas and
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Australian regions, are consistent across both datasets. Sim-
ilarly, regions with smaller or negative changes, such as the
Tropical Pacific and West Indian Ocean, also show a compa-
rable pattern. However, the difference maps generated from
ERAS data interpolated on altimetry tracks appear more
homogeneous and faint, indicating lower average SWH atten-
uation derived from the model.

A comparison of a number of locations exhibiting neg-
ative SWH attenuation between Figs. 2c and 3c reveals a
high degree of consistency. Specifically, 14.7% and 15.9% of
locations, respectively, show persistent negative attenuation
over the years. Despite this consistency, a large percentage of
points displaying negative attenuation requires further anal-
ysis.

Figure 4 presents the spatial distribution of points exhibit-
ing negative attenuation relative to coral reef structures in
the Tropical Pacific. This data is derived from both along-
track altimetry observations (a) and ERAS interpolated on
altimetry tracks (b). The locations of negative attenuation
points align for both datasets in most cases, suggesting that
the source of negative attenuation is likely physical rather
than an artefact of observation or modelling techniques.

The location of observation points significantly affects the
calculated attenuation values. As shown in Fig. 4, many of
these negative points are located within the reef structure
itself or in narrow regions of open water between sections
of the reef, where the wave heights are already reduced. The
geometry of the reef border can also influence the percent-
age of points with constant negative attenuation. For instance,
the border observation may occur within a small bay between
reef edges, where the sea state is comparable to or even lower
than the reef edge, resulting in apparent SWH attenuation
below zero. These cases highlight the potential for further
algorithm refinement to account for such points. Improve-
ments could include filtering out or adjusting data points
in these complex areas to provide more accurate attenua-
tion estimates and avoid erroneous results caused by spatial
proximity rather than wave dynamics.

The summary of the comparison between the altimetry
and ERAS in its gridded format and interpolated on satel-
lite tracks is presented in Table 1, showing SWH attenuation
statistics. Overall, the statistical comparison of datasets for
global SWH attenuation reveals alignment in central ten-
dencies and shows a high degree of agreement between
along-track satellite altimetry and ERAS interpolated on
satellite tracks, with a correlation coefficient equal to 0.724.

While the percentage of observed positive differences is
very similar among all three datasets, the mean attenuation
value computed from the ERAS on satellite tracks is smaller
than that from satellite altimetry. This results from the coarser
spatial resolution of the model and generally smother repre-
sentation of a wave field in different reef regions stemming
from the interpolation process.
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Fig.3 Mean SWH produced from ERAS data interpolated on altimetry tracks over coral reefs (a), on the reef border (b), and differences between

them (c¢)

The reanalysis grid resolution highly influences the inclu-
sion of coral reefs and their parts into the SWH attenuation
analysis with ERAS data. In the context of ERAS, the spatial
resolution of oceanic variables stands at 0.5° by 0.5°. Conse-
quently, the notable implication is that the fine structures of
coral reefs and some smaller reefs remain entirely excluded
from the analysis of SWH changes. An additional compli-
cation stemming from the spatial resolution of the ERAS

dataset, obvious even for larger coral reefs, is that an entire
reef can be represented only by a single data point. The loca-
tion of this singular point within the reef structure exerts
a substantial influence over the observed degree of SWH
attenuation in the analytical results, considering the nuanced
interactions of waves with various segments of coral reef
structures [2].
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An additional assessment of SWH attenuation trends and
distributions is illustrated in the histogram presented in Fig. 5.
The histogram highlights the similarities in central tenden-
cies between the two datasets, exhibiting peaks at the right
side of zero. This indicates that SWH attenuation values
derived from satellite altimetry and ERAS reanalysis are gen-
erally positive but close to zero.

However, a notable difference is observed in the distribu-
tion of SWH attenuation values. The ERAS data interpolated
on altimetry tracks displays a narrower distribution with a
sharper peak, suggesting that ERAS tends to detect lower
overall SWH attenuation compared to satellite altimetry. This
can be attributed to its coarser spatial resolution and the inher-
ently smoother representation of wave fields in reanalysis
data.

Table 1 Mean and standard deviation of SWH attenuation recorded by
satellite altimetry and ERAS

Calculation Altimetry ERAS on ERAS on
satellite tracks  a grid
Mean SWH attenuation [m] 0.48 0.31 0.34
Standard  deviation [m] 0.46 0.44 0.26
Positive attenuation [%] 78.8 81.7 89.6
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3.2 Dependency on Sea State

Subsequently, a detailed analysis was conducted to exam-
ine SWH attenuation across sea states ranging from 0.5 to
9m. The objective was to assess the capability of along-
track satellite altimetry in capturing variations in wave height
under different offshore conditions and to derive statistical

Histogram of SWH differences
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(=]
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Fig.5 Histogram of SWH differences derived from along-track altime-
try observations and ERAS on satellite tracks
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Table 2 Number of altimetry and interpolated ERAS5 points used for
the analysis of each sea state

Sea state Altimetry ERAS on satellite
observations tracks estimates

Sea state 3 (0.5-1.25 m) 63,044 69,492

Sea state 4 (1.25-2.5 m) 76,921 66,454

Sea state 5 (2.5-4m) 15,056 9960

Sea state 6 (4—6m) 1141 873

Sea state 7 (6-9m) 44 18

data on SWH attenuation for various sea states. Table 2
presents the total number of valid altimetry observations and
estimates from interpolated ERAS used in the analysis of
each sea state. The number of points differs between the data
sources due to the filtering of NaN values. The interpolated
ERAS dataset contains a higher number of NaNs, primarily
due to the presence of invalid fill values in the original grid-
ded ERAS data and the propagation of NaN values during
the interpolation process.

Sea state 3 (0.5-1.25 m)

Sea state 4 (1.25-2.5 m)

Figure 6 shows the histograms comparing SWH attenu-
ation for different sea states observed by satellite altimetry
and interpolated from the ERAS5 data on the satellite track.
For lower sea states, where wave heights are relatively small,
the attenuation is minimal. This is illustrated in the first his-
togram, corresponding to SWH values at the reef border
ranging from 0.5 to 1.25 m. The attenuation values for this
sea state are predominantly clustered between —1.5 and 1.5
m, with most values centered around zero. This symmetrical
distribution suggests little to no difference in SWH before
and after the coral reef at the lowest sea states.

However, as offshore sea states increase in intensity, the
histograms show a progressively right-skewed distribution,
indicating increased attenuation. For the highest sea states,
ranging from 4 to 9 m, there are nearly no instances of neg-
ative attenuation, implying that larger waves are more likely
to experience a significant reduction in height as they interact
with coral reefs. The wider distribution of attenuation values
across all sea states reflects the substantial variability in the
wave attenuation process.
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Fig.6 Histograms of SWH attenuation observed by along-track satellite altimetry and ERAS interpolated on satellite tracks for different sea states

@ Springer



940

Remote Sensing in Earth Systems Sciences (2025) 8:931-944

In addition to the right-skewed distribution observed for
higher sea states, a distinct plateau is evident for sea states 4
and 5, corresponding to wave heights between 1.25t0 2.5 m
and 2.5 to 4m, respectively. This plateau begins just at the
right side of zero and extends up to a value slightly below
the lower boundary of the respective sea state. It indicates
a high occurrence of attenuation values between 0 and the
lower bound of each sea state.

For the highest sea states 6 and 7, spanning from 4 to 6 m
and from 6 to 9 m, a secondary peak emerges just before the
lower boundary of the sea state, particularly noticeable in the
histograms derived from the altimetry dataset. This suggests
that, in many observed cases, wave heights are reduced by up
to 3 m for sea state 6 and up to 5 m for sea state 7, effectively
resulting in nearly full attenuation or wave breaking due to
the reef’s influence. The presence of this secondary peak for
the highest sea states emphasizes the significant role coral
reefs play in attenuating larger waves. This observation is
consistent with the meta-study findings by [7], which showed
that, on average, coral reefs can attenuate up to 89% of the
initial wave height.

Notably, the analysis of datasets exhibits fewer observa-
tions for higher sea states from 4 to 6 m and from 6 to 9m.
This is due to the infrequency of high sea states in coastal
zones, where coral reefs are predominantly located.

Overall, the histograms reveal consistent patterns in terms
of central tendencies and skewness, regardless of whether
SWH attenuation is derived from satellite altimetry or inter-
polated ERAS data along satellite tracks. However, a key
difference between the CCI and ERAS datasets is that, for all
sea states, ERAS5-derived attenuation exhibits less variabil-
ity, sharper peak around zero, and less prominent secondary
peak for higher sea states. This reduced variability can be
attributed to the smaller set of spatial points in ERAS, result-
ing from coarse grid resolution. While the interpolation
process improves the coverage, it fails to fully capture the

influence of coral reefs located between model grid points.
Moreover, ERAS appears to underestimate attenuation, as
the majority of its sea state histograms display a narrow, pro-
nounced peak just to the right of zero. In contrast, this peak is
less prominent in the satellite altimetry data. These findings
suggest that satellite altimetry may provide a more detailed
and accurate representation of wave behavior over coral reefs
under varying offshore conditions.

The correlation between increased attenuation and higher
initial sea states is further illustrated in Figs. 7 and 8. Figure 7
presents mean wave attenuation as a percentage of the orig-
inal SWH and the percentage of positive differences, while
Fig. 8 highlights the mean attenuation in meters along with
the associated standard deviation for each sea state.

ERAS computed on altimetry tracks exhibits a notably
high degree of similarity with altimetry data. This solid agree-
ment is evident when inspecting the percentage of positive
attenuation in Fig. 7 for sea states ranging from 1.25 to 6m,
which differ only by a few percent between the two datasets.
Regarding the lowest and highest analyzed sea states, it is
important to interpret statistics derived from satellite altime-
try for very low and very high sea states with caution. The
relatively small number of samples for the highest sea state,
as seen from the last histogram in Fig. 6, does not allow for
statistical evaluation. Conversely, even though the altimetry
dataset provides enough data for low sea state (0.5-1.25 m)
it is important to consider the limited accuracy of satellite
altimetry in detecting very low SWH [24].

The analysis highlights large percentages of positive dif-
ferences, reaching approximately 80% for wave heights
between 1.25 and 6m and 100% for SWH values ranging
from 6 to 9m. This indicates that, in most cases, satellite
altimetry successfully captures the expected decrease in wave
height as waves pass over coral reef environments.

The mean attenuation data in Fig. 8 highlights slight dif-
ferences between altimetry and ERAS along satellite tracks,

Fig.7 Positive attenuation
percentage and mean attenuation
for different sea states computed
for satellite altimetry and
compared to ERAS interpolated
on satellite tracks
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Fig.8 Mean attenuation for

different sea states computed for

satellite altimetry and compared 51
to ERAS on satellite tracks. The
bars represent the standard
deviation of computed SWH
attenuation

mmm mean SWH attenuation altimetry
mean SWH attenuation ERAS on tracks

II Jnp Iﬁ 1

L
|

with ERAS consistently reporting lower attenuation values
across all sea states. However, drawing firm conclusions
about the relative performance of these datasets or the mean
attenuation for each sea state is challenging. This difficulty
arises primarily from the substantial variability in SWH
attenuation, as reflected in the standard deviation bars in the
figure. Such variability is driven by the varying initial phys-
ical characteristics of the incoming waves and the differing
health and structural complexity of coral reefs during the
observed years.

3.3 Dependency on Reefs’ Structural Complexity

The ability of coral reefs to attenuate wave heights signifi-
cantly depends on the structural complexity of reefs, which
is in turn dependent on reefs’ health [3, 11]. The complex
and rough formations on the seafloor cause wave energy loss
through friction, turbulence, and resistance, while the reef
structures as a whole can cause wave reflection and refrac-
tion, processes changing the direction of waves and reducing
their height. Factors such as coral bleaching, ocean acidifica-
tion, pollution, and physical damage from storms or human

Table 3 Regional mean SWH attenuation with confidence intervals

1.25-2.5m 2.5-4m 4-6 m 6-9m

Sea states

activities can all contribute to reef health degradation, result-
ing in decreased wave attenuation capacity. Therefore, the
effect of coral reefs on wave energy and wave height is highly
variable over the years and in reef groups.

Table 3 presents the mean positive SWH attenuation on
coral reefs calculated using altimetry data across eight sig-
nificant regions for the years 2002, 2009, and 2018, each
characterized by differing levels of structural complexity.
The reasoning behind the choice of these specific years is
described in the Section 2.3. The calculated mean SWH atten-
uation analysis reveals an overall consistency over the years,
with a slight tendency for lower attenuation values in the
years following the El Nino events. This effect is the most
evident for the year 2018, the year with the lowest global
hard coral cover percentage according to [25].

Regions significantly impacted by the 2015-2016 El Nifio
event, such as Australia, the East Asian Seas, and the East
Tropical Pacific, experienced over a 20% reduction in their
wave attenuation capabilities between 2002 and 2018. For
instance, in the East Asian Seas region, coral reefs exhibited
a mean reduction in incoming wave heights of 34% in 2002,
which rose to 38% in 2009 before dramatically dropping to

Location Mean attenuation 2018 [%]

Mean attenuation 2009 [%] Mean attenuation 2002 [%]

East Asian Seas
Pacific region
Australian region
Caribbean region
West Indian Ocean
Red Sea

South Asia

East TropicalPacific

31.6 (34.4-35.5 %)
29.7 (29.1-30.3 %)
30.2 (29.5-32.2 %)
28.9 (28.3-29.5 %)
26.3 (25.4-27.1 %)
34.1 (32.5-35.7 %)
26.3 (24.9-27.6 %)
27.5 (26.6-28.1 %)

38.1 (37.5-38.7 %)
27.2 (26.6-27.8%)
33.7 (32.8-34.8 %)
31.1 (30.3-31.8 %)
26.9 (26.0-27.7 %)
38.2 (36.3-39.9 %)
23.7 (22.3-25.1 %)
31.6 (30.6-32.5 %)

34.8 (34.6-35.7 %)
27.1 (26.5-27.6 %)
31.1 (30.2-31.9 %)
29.1 (28.3-29.8 %)
27.3 (26.3-28.1 %)
37.4 (35.7-39.0 %)
25.8 (24.4-27.2 %)
28.2 (27.6-29.3 %)
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31%in 2018, following the intense 2015-2016 El Nifio event.
The increase in mean SWH reduction in 2009 likely reflects
a recovery in the attenuation ability of coral reefs as hard
coral cover rebounded during calmer periods.

Despite the relatively small scale of differences in SWH
reduction between years in a few regions, including the East
Asian Seas, Australian Region, Red Sea, and East Tropical
Pacific, these differences are statistically significant. These
findings suggest that our satellite altimetry-based analysis
may be capable of detecting changes in coral reef structure
and their influence on wave attenuation.

4 Conclusions

Comparative analysis was conducted between SWH attenu-
ations derived from along-track satellite altimetry and those
computed with ERAS data, both in its gridded form and inter-
polated on the satellite tracks, covering an 18-year period
from 2002 to 2020. The results demonstrated a strong corre-
lation between satellite altimetry and ERAS data interpolated
on satellite tracks, with a correlation coefficient of 0.724.
Both datasets exhibited similar percentages of positive atten-
uation, with 78.8% of observations showing attenuation for
altimetry and 81.7% for ERAS on satellite tracks. However,
the global mean attenuation differed, with altimetry showing
an average attenuation of 0.48 m, while ERAS interpolated
on altimetry tracks indicated a lower mean attenuation of
0.31 m. This discrepancy suggests that although the global
attenuation patterns are broadly similar between the datasets,
ERAS tends to underestimate attenuation due to the smooth-
ing effects of coarse spatial resolution and the interpolation
process, which limits its ability to capture the detailed wave
behavior over coral reefs.

The analysis of SWH attenuation across different sea
states yielded results consistent with the global findings.
Altimetry data consistently exhibited higher attenuation val-
ues and greater variability across all sea states compared to
ERAS data interpolated on satellite tracks.

In addition to comparing the two datasets, this study pro-
vides new statistical insights into changes in SWH as waves
pass over coral reefs, a phenomenon not widely explored in
previous studies. As the sea state increases, the percentage
of positive attenuation observations and mean attenuation
both rise correspondingly. As the sea state increases, there
is a corresponding increase in the percentage of observed
positive attenuations and mean attenuation. For instance, for
the SWH between 4 and 6 m, corresponding to very rough
sea conditions, mean attenuation stands at 2 m. Both datasets
consistently show a substantial decrease of SWH over coral
reefs for higher sea states, highlighting reefs’ ability to atten-
uate wave height and their potential as natural barriers for
coastal protection.

@ Springer

Furthermore, the influence of varying coral reefs’ struc-
tural complexity on their ability to attenuate waves was
examined. The regional analysis was conducted in years char-
acterized by low hard coral cover following severe El Nifio
and in years with high structural complexity, observed a few
years after these destructive events. The findings revealed a
slight decrease in mean SWH attenuation in the years fol-
lowing the decrease in hard coral cover. This phenomenon
is especially evident for Australian, Pacific, and East Asian
regions, showing about a 20% reduction in mean attenua-
tions.

In conclusion, along-track satellite altimetry demonstrates
great potential as a tool for contributing to the coral reef
observation system. Its global coverage and high spatial res-
olution provide the capacity for a global examination of SWH
variations across coral reefs, enabling the detailed analysis
of changes on smaller reefs and in different parts of the reefs’
profile. The accuracy of altimetry data in coastal regions has
been substantially improved in recent years by developments
in coastal pre-processing techniques, enabling more accurate
observations in these challenging conditions. While the effec-
tiveness of satellite altimetry is slightly compromised when
coral reefs are situated between satellite tracks, the integra-
tion of multi-mission cross-calibrated altimetry effectively
addresses this limitation. The primary challenge remains the
revisit times for the same locations dictated by relatively long
repeat cycles of satellite altimetry. This limitation impacts the
observation of fast-changing or rarely occurring events, such
as very high sea states.

Numerous applications, including coastal protection, nat-
ural hazards management, and the wave energy industry, are
deeply concerned with changes in coral reef health, particu-
larly regarding their capacity to attenuate wave heights. This
study shows that satellite altimetry can be applied to this task
by implementing a more rigorous data selection process to
reduce variability caused by wind direction and the alignment
of satellite tracks relative to reef topography. By analyz-
ing changes in wave attenuation patterns along consistent
satellite ground tracks over time, we can draw meaningful
conclusions about shifts in reef structural complexity and,
consequently, reef health.

As satellite altimetry technologies continue to advance,
the prospects for studying wave height changes over coral
reefs are poised to significantly improve. The concurrent
operation of multiple satellite missions offers the advantage
of reduced revisit times for the same reef structure. The result-
ing enhanced temporal coverage increases the probability of
capturing of rare events and affords more detailed insights
into the changes of SWH on coral reefs during and after
destructive storms and anthropogenic hazards. Moreover, the
deployment of new satellite missions, such as SWOT [19],
featuring exceptionally high spatial resolution and accuracy
along the coast holds substantial potential for investigating
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SWH variations in different reef zones, such as lagoon, back
reef, reef flat, reef crest, and fore reef. These advancements
further facilitate the examination of changes in wave climate
in coastal regions shielded by coral reefs, in correlation with
changes in the structural complexity of these reefs.
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