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Abstract. Marine heatwaves (MHWs) are defined as discrete
periods of anomalous ocean warming. In the most commonly
used MHW determination method, the threshold over which
a certain temperature is considered to be an MHW is calcu-
lated using a fixed baseline constructed from a common cli-
matology (1982–2011). By this definition, these phenomena
have been increasing in frequency and intensity due to global
warming, and this is expected to ultimately lead to a satura-
tion point. Significant efforts have been directed towards de-
veloping new ways of defining marine heatwaves, motivated
by the need to differentiate between long-term temperature
trends and extreme events. The Mediterranean Sea serves as
an ideal backdrop for comparing different MHW detection
methods due to its rapid response to climate change, with
higher warming trends than the global ocean. In this work,
we evaluate sea surface temperature trends in the Balearic
Sea, a subregion of the western Mediterranean, and com-
pare the fixed-baseline MHW detection method with two re-
cently developed alternative methodologies. The first alter-
native employs a moving climatology to adjust the baseline,
while the second method involves detrending the tempera-
ture data before detecting MHWs with a fixed baseline. For
the period between 1982 and 2023, our analysis reveals a sta-
tistically significant warming trend of 0.036 ± 0.001 °C per
year, which represents an increase of ∼ 10 % compared to
previous studies in the same region due to the inclusion of
two particularly warm recent years, 2022 and 2023. Regard-
ing MHWs, all three methods identify major events in 2003
and 2022. However, the fixed-baseline method indicates an
increase in MHW frequency and duration over time, a ten-
dency not detected by the other methodologies, since we iso-
late the extreme events from the long-term warming trend.
This study underscores the importance of selecting an appro-

priate MHW detection method that aligns with the intended
impact assessments. Studies performed with a moving base-
line or detrended data could be more appropriate to analyse
species with higher adaptability, while a fixed baseline could
be a better option to study species that are less adaptable and
more sensitive to exceeding a critical temperature threshold.

1 Introduction

Oceans play a critical role in regulating Earth’s climate
through the transport of heat and carbon across the globe. It
is calculated that the ocean uptakes over 90 % of the anthro-
pogenic excess heat (Gleckler et al., 2016) and around 30 %
of the anthropogenic carbon (Gruber et al., 2019) produced
since the Industrial Revolution. This comes accompanied by
an increase in the overall ocean temperature, which, in turn,
can modify the sea level and ocean circulation (IPCC, 2022).
Understanding how the oceans respond to global change and
how they impact the climate system is one of the biggest
challenges scientists face nowadays (Pascual and Macías,
2021).

One consequence of ocean warming is the increase in
the frequency and intensity of marine heatwaves (MHWs)
(Oliver, 2019; Marcos et al., 2025). The study of MHWs is
relatively new and has evolved into a rapidly growing field of
research (for reviews, see Oliver et al., 2021; Capotondi et al.,
2024). The term was introduced by Pearce et al. (2011), and
the first widely accepted definition was proposed by Hob-
day et al. (2016). MHWs are defined as discrete periods
of anomalous warming of the sea. In the past half-decade,
significant efforts have been devoted to characterizing their
main drivers, a challenging task due to their complexity and
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diversity. The processes influencing their formation are in-
terconnected and operate across a broad range of temporal
and spatial scales, from local dynamics affecting the mixed-
layer temperature budget to large-scale climate modes that
enhance their frequency and persistence (Holbrook et al.,
2019; Bian et al., 2024).

The increase in MHW frequency over time has been
demonstrated in several studies. For instance, Oliver et
al. (2018) reported an increment of up to 54 % in MHW
days per year from 1925 to 2016. Projections of future ocean
temperatures indicate that this increase will continue un-
der global warming scenarios (Oliver, 2019; Rosselló et al.,
2023). Moreover, recent research by Oliver et al. (2021) sug-
gests that MHWs may reach a saturation point in the near
future. All the studies previously mentioned apply the stan-
dard approach to detect MHWs, which involves calculating
sea surface temperature (SST) anomalies over a fixed histor-
ical climatology constructed from a common baseline, often
based on the 1982–2011 period (Hobday et al., 2016). This
method is sensitive to ocean warming because it is based on
a historical climatology; as a result, events of recent years
appear to be more magnified due to the underlying ocean
warming (Oliver, 2019; Amaya et al., 2023). Reaching sat-
uration is not inherent to the fixed-baseline method. By ex-
tending the baseline to 30 years or more (e.g. Ibrahim et al.,
2021; Juza et al., 2022; Darmaraki et al., 2024), saturation
can be avoided. However, as MHW characteristics remain in-
fluenced by long-term ocean warming, this induces an appar-
ent upward trend in both duration and intensity (Mohamed et
al., 2022, 2023).

To address this limitation, efforts have been made in re-
cent years to develop new methods for defining MHWs that
distinguish between long-term temperature trends and ex-
treme events (Capotondi et al., 2024; Smith et al., 2025).
Two approaches have been proposed as alternatives to the
fixed-baseline method. The first alternative uses a moving
baseline, meaning that the climatology is updated annually
(Jacox, 2019; Rosselló et al., 2023). With this approach, the
baseline shifts to only include data from the 20 years prior
to the year under study. This ensures that the climatology re-
flects conditions characteristic of that specific period, allow-
ing the identification of MHWs relative to recent climate con-
ditions. The second approach involves detrending the SST
data prior to applying the MHW detection process (Martínez
et al., 2023). By removing the long-term warming trend, this
method ensures that MHWs are identified independently of
progressive ocean warming.

The Mediterranean Sea is considered to be a region with
a rapid response to climate change, with warming trends
∼ 20 % higher than in the global ocean (Lionello and Scaras-
cia, 2018; Juza and Tintoré, 2021). Under a warming-
ocean scenario and using the fixed-baseline MHW detec-
tion method (Hobday et al., 2016), it is expected that the
frequency and intensity of MHWs will undergo a progres-
sive increase (Rosselló et al., 2023). This pattern has already

been observed in the Mediterranean Sea, as noted by Juza
et al. (2022), showing an increase of 78.4 MHW days per
year from 1982 to 2020. In their comprehensive review, Dar-
maraki et al. (2024) gather the findings about MHWs events
and their drivers in the Mediterranean Sea, also comment-
ing on known impacts across diverse marine organisms. The
authors argue that, despite many advances in the field, a sin-
gle, uniform detection framework remains both technically
challenging and, despite its benefits for study comparabil-
ity, potentially inappropriate since it should be adapted to the
intrinsic local conditions. MHWs in the Mediterranean Sea
are mainly generated due to long periods of anomalously
high atmospheric pressure that lead to weakened values of
wind speed (Darmaraki et al., 2024; Simon et al., 2023). The
wind reduction can alter the local air–sea heat fluxes and pro-
duce a decrease in ocean heat loss, resulting in the formation
of MHWs. Furthermore, these events can be intensified or
modified by local oceanic and weather processes (Darmaraki
et al., 2024). Regionally, MHWs in the western Mediter-
ranean basin are generally more intense and frequent, while,
in the eastern basin, they are typically longer (Hamdeno and
Alvera-Azcaráte, 2023; Simon et al., 2022). In the western
basin, the events are usually driven by large positive heat flux
anomalies (enhanced shortwave radiation and reduced latent
heat loss), whereas, in the east, they often coincide with de-
creased upward longwave radiation (Hamdeno and Alvera-
Azcaráte, 2023; Simon et al., 2023). In the Mediterranean
Sea, MHWs can impact the growth, survival, fertility, mi-
gration, and phenology of both pelagic and benthic organ-
isms, even leading to mass mortality events (Marbà et al.,
2015).This study focuses on the Balearic Sea, a subregion
of the western Mediterranean that surrounds the Balearic Is-
lands (Fig. 1). This area is one of the ecoregions with the
greatest risk of species loss due to climate change (Chatz-
imentor et al., 2023), and processes occurring around the
Balearic Islands (Aguiar et al., 2022) can impact commer-
cially important fish stocks (Heslop et al., 2012), including
the Atlantic blue-fin tuna (Alemany et al., 2010; Reglero et
al., 2018). The objective of this study is to evaluate sea sur-
face temperature (SST) trends and MHWs detected using dif-
ferent methods in the Balearic Sea through the analysis of
42 years (1982–2023) of SST satellite observations. To the
best of our knowledge, a quantitative comparison of the se-
lected MHW detection methods has never been done before.

2 Data and methods

2.1 Sea surface temperature observations

The SST satellite-based observations analysed in this
study are obtained from a level-4 (L4) product and,
consequently, produced by the optimal interpolation of
different sensors’ observations. We use a product dis-
tributed by the Copernicus Marine Monitoring Service
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Figure 1. Bathymetry of the Balearic Sea. Its position relative to the Mediterranean Sea is indicated with a red box in the inset. The
topography was obtained from the GEBCO 15 arcsec 2024 grid (https://doi.org/10.5285/1c44ce99-0a0d-5f4f-e063-7086abc0ea0f).

(CMEMS) (Le Traon et al., 2019), with the identi-
fier SST_MED_SST_ L4_REP_OBSERVATIONS_010_021
(https://doi.org/10.48670/moi-00173). This SST product is a
daily nighttime dataset consisting of a regular grid with a res-
olution of 0.05° over the Mediterranean Sea (Merchant et al.,
2019). The temporal extent of this product is from 25 August
1981 to 1 month before the present day. For the purpose of
this study, the data used range from 1 January 1982 to 31 De-
cember 2023, therefore obtaining 42 complete years of SST
data.

2.2 Computation of SST trends

The SST trends were determined with the Theil–Sen slope
estimator (Helsel et al., 2020) after removing the seasonal cy-
cle from the original SST data. Their statistical significance
(p value < 0.05) was assessed using the modified Mann–
Kendall test, which accounts for autocorrelation within the
time series (Yue and Wang, 2004). The standard errors of the
SST trends were calculated as the residual standard error di-
vided by the square root of the sum of squared differences in
the independent variable (James et al., 2023).

2.3 Detection of marine heatwaves

2.3.1 Fixed-baseline method

Following the definition proposed by Hobday et al. (2016),
an MHW is described as a high-temperature event where a
threshold value is exceeded for a minimum of 5 consecutive
days. The threshold is usually set at the 90th percentile of
the distribution at each grid point over a specific climatology

constructed using at least 30 years of data. The fixed baseline
refers to the use of a common climatology in the MHW iden-
tification process, computed here using data from the period
between 1982 and 2011 (Hobday et al., 2016). Considering
the fact that the fixed baseline is the most widespread defi-
nition, we will use it as a benchmark to compare with other
methodologies.

2.3.2 Alternative methods: moving baseline and
detrending

Two alternatives for detecting MHWs are the moving-
baseline method (Rosselló et al., 2023) and the detrending
approach (Martínez et al., 2023). In the moving-baseline
method, the climatology is updated annually, using data from
the 20 years preceding the year under study (Rosselló et al.,
2023). For instance, the climatology used to detect MHWs
in 2002 is computed with data from 1982 to 2001, while,
to detect MHWs in 2023, the climatology is computed with
data from 2003 to 2022. Following this approach, the thresh-
old is adapted to account for evolving climate conditions. To
account for the initial 20 years required to build the climatol-
ogy, we begin detecting MHWs in 2002 and continue through
2023. The 20-year reference period was chosen to enable a
longer analysis period (Rosselló et al., 2023), and, for consis-
tency, this is also used as the length of the reference periods
in the other methods. The second approach consists of de-
trending the SST data prior to applying the MHW detection
process (Martínez et al., 2023). The detrending is performed
by subtracting the trend computed at each grid point from
the original SST data. After the detrending, the MHWs are
detected using a fixed baseline (1982–2011).
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2.4 Marine heatwave metrics

For each MHW event, we compute its duration and its mean,
maximum, and cumulative intensity (Hobday et al., 2016).
The mean intensity is defined as the average SST anomaly of
an MHW event, the maximum intensity is the highest SST
anomaly reached during an MHW episode, and the cumula-
tive intensity is the sum of the daily SST anomalies during
an MHW event. We also compute the total number of days
per year with MHWs. These metrics are derived at each grid
point. When computing spatial averages we use a weighted
mean, which allows us to consider the varying areas of the
grid cells that change with latitude. Following Hobday et
al. (2018), MHWs are classified into four categories accord-
ing to the extent to which they exceed the 90th percentile
threshold: moderate (1–2 times), strong (2–3 times), severe
(3–4 times), and extreme (more than 4 times).

3 Sea surface temperature trend

Sea surface temperature trends computed in the Balearic
Sea reveal a generalized warming between 1982 and 2023
(Fig. 2). These trends have spatial variability, with minimum
values of 0.030 ± 0.001 °C yr−1 to the southwest of Ibiza
and maximum values of over 0.039 ± 0.001 °C yr−1 in two
warming hotspots (Fig. 2a). The first hotspot is located north-
west of Mallorca, centred at 40.6° N and 2.25° E, and the
other one is located south of Menorca, centred at 39.2° N and
4° E. The hotspot south of Menorca presents the maximum
trends, reaching 0.041 ± 0.002 °C yr−1. The spatially aver-
aged SST trend for the Balearic Sea is 0.036 ± 0.001 °C yr−1

(Fig. 2c).
The reported SST trends were calculated at each grid point

after removing the seasonal cycle through a harmonic anal-
ysis (Sect. 2.2, Fig. 2). To compare the values obtained with
this method to those derived from other methods described
in the literature, we have performed a sensitivity analysis
of the trend. When computing trends with a linear regres-
sion and considering complete years, the results indicate
that, using either the annual mean or a 365 d running aver-
age, the spatially averaged linear regression slope is 0.036–
0.037 °C yr−1. However, when using the original (raw) data,
the trend increases to 0.042 °C yr−1. This discrepancy is due
to the high sensitivity of linear regression to temporal ex-
tremes in the data, such as minimum and maximum values.
If, instead of using complete years, the slope is calculated
from the original SST data but starting and ending the time
series at its yearly mean (May 1983 to May 2023), the result-
ing slope is 0.030 °C yr−1 – a 30 % difference. We opted for
using the Theil–Sen (TS) estimator on the residuals to com-
pute the slope. Using the TS estimator allows for a larger
sample size compared to annual mean values while account-
ing for data autocorrelation by incorporating the effective
sample size from the modified Mann–Kendall test (Yue and

Figure 2. (a) SST trends computed from 1982 to 2023 in the
Balearic Sea. (b) Spatially averaged time series of SST (yellow)
and SST residuals from the harmonic analysis (blue), with the mean
value of the seasonal cycle added for readability. (c) Spatially aver-
aged deseasonalized SST. For clarity, a 365 d running mean is ap-
plied (thin solid line), and the shaded areas represent the standard
deviation of the mean. The SST trend is shown by a thick dashed
line (trend ± standard error).

Wang, 2004). This approach provides more realistic statisti-
cal significance and standard error than the 365 running av-
erages while producing trends consistent with both annual
mean values and 365 d averages.

Previous studies in the broader western Mediterranean
basin have reported SST trends consistent with those
obtained in this study for the Balearic Sea. From
1982 to 2012, Shaltout and Omstedt (2014) reported
a trend of 0.035 ± 0.007 °C yr−1. More recent studies
by Pisano et al. (2020) and Pastor et al. (2020) re-
ported trends of 0.036 ± 0.006 °C yr−1 for 1982–2018
and 0.035 °C yr−1 for 1982–2019, respectively. In the
Balearic Sea, Juza and Tintoré (2021) identified a warm-
ing trend of 0.033 ± 0.003 °C yr−1 for 1982–2020, which is
0.003 °C yr−1 lower than the trend computed in this study
(representing an increase of ∼ 10 %). The higher trends de-
tected in our analysis can be attributed to the inclusion of
data from 2 particularly warm years, 2022 and 2023, during
which SST and ocean heat content reached record levels in
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the Mediterranean Sea (Cheng et al., 2024). Including SST
data from 2020 to 2023 in the analysis increases the trend
from 0.033 ± 0.001 to 0.036 ± 0.001 °C yr−1.

4 Marine heatwaves: the effect of different detection
methods

4.1 MHW days and mean duration

When using a fixed baseline to detect MHWs, the total num-
ber of days per year during which the Balearic Sea undergoes
MHWs increases over time (Fig. 3a). The annual number of
MHW days is at its maximum in 2022 and 2023. In 2022,
over half of the year (194 d) was under an MHW, with a third
of these days being classified as strong (category II; Fig. S1
in the Supplement). With a moving baseline, MHW days in
the first part of the period (up to 2011) are slightly higher
than those obtained using a fixed baseline (Fig. 3a). How-
ever, in the latter half, the values do not increase as they do
with the fixed baseline. There is no discernible tendency in
the number of days experiencing MHWs or in their mean
duration (Fig. S1). Years with a high number of days un-
der MHWs include 2003, 2011, 2016, 2022, and 2023, with
the highest being 2022, when 39 % of the year was under an
MHW. Among these years, the highest proportion of strong
(category II) MHWs occurred in 2003 (Fig. S1). Using the
detrended method, the number of MHW days is the lowest
across all of the years analysed (Fig. 3a). The years with the
highest number of MHWs days detected with this method
are 2003, 2022, and 2023, with 70, 107, and 65 d, respec-
tively. The largest proportion of strong MHWs is also de-
tected in 2003 (Fig. S1). A comparison of the MHW days
detected with the three methods highlights differences in cer-
tain years. In 2016, both the fixed- and moving-baseline ap-
proaches show a high number of MHW days compared to
neighbouring years, whereas the detrended method shows a
dip in MHWs days. Similarly, in 2011, the detrended method
detects a high number of MHWs, but this is relatively low
compared to the importance this year has with the other
methods.

The annual mean duration of MHWs also experiences an
increase over time when using a fixed baseline (Fig. 3b). Two
large peaks in duration are detected in 2003 and 2022, con-
tinuing, with a slight decrease, in 2023, with mean durations
of 29, 39, and 30 d, respectively. Using a moving baseline,
the mean duration in 2022 was 29 d, while in 2003 MHWs
had an average duration of 50 d. With the detrended method,
the highest mean duration appears in 2003, with values of
23 d, followed by 2022 with 23 d. Consistently with the re-
sults for MHW days, the detrended approach generally shows
the lowest values for MHW duration when compared to the
fixed and moving baselines.

Figure 3. Spatially averaged metrics of the MHWs detected in the
Balearic Sea from 2002 to 2023 using three detection methods:
fixed baseline, moving baseline, and detrended data. (a) Annual
number of days under MHWs. (b) Annual mean duration of the
MHW events.

4.2 Intensity of marine heatwaves

The annual averages of the mean, maximum, and cumula-
tive intensity of MHWs averaged over the study region are
shown in Fig. 5 (and Table S2). With the fixed baseline, the
highest mean intensity appears in 2003, with an average of
2.44 °C, followed by the values obtained in 2022 at 2.41 °C
and in 2023 at 2.19 °C (Fig. 4a). Despite this, the maximum
intensity in 2003 (3.92 °C) is exceeded in 2017, 2022, and
2023 (4.18, 4.42, and 3.97 °C, respectively) (Fig. 4b). The
cumulative intensity in 2003 is exceeded in the previously
mentioned years and in 2015 and 2020 (Fig. 4c). This can
be attributed to the higher mean intensity of the MHWs that
occurred in 2003 compared to other years. The mean inten-
sities of MHWs in 2017 and 2022 were not as high as in
2003; however, these MHWs exhibited larger temperature
anomaly peaks, resulting in these years having the highest
maximum intensities. With respect to cumulative intensity,
it depends not only on the temperature anomalies associ-
ated with each MHW but also on the duration of each event.
In 2015, 2017, 2020, 2022, and 2023 the mean duration of
MHWs was longer than in 2003 (Fig. 3b). As a result, these
years had higher cumulative intensities than 2003 (Fig. 4c),
even though their mean intensities were lower (Fig. 4a).

Regarding the MHWs detected with a moving baseline,
only 2003, 2005, and 2022 exhibit mean intensities over
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Figure 4. Spatially averaged metrics of the MHWs detected in the
Balearic Sea from 2002 to 2023 using three detection methods:
fixed baseline, moving baseline, and detrended data. (a) Annual av-
erage of the mean intensity of MHW events. (b) Annual average of
the maximum intensity of MHW events. (c) Annual average of the
cumulative intensity of MHW events.

2.00 °C, with values of 2.62, 2.06, and 2.15 °C, respectively
(Fig. 4a). Notably, with this method, the maximum intensity
detected in 2003 (4.46 °C) exceeds that of all other years by
at least 0.80 °C (Fig. 4b). Despite this, the cumulative in-
tensity for 2022 surpasses that of any other year, reaching
a value of 306.83 °C (Fig. 4c). This indicates that, while the
MHWs in 2003 had the largest mean and maximum intensi-
ties, the higher mean duration of MHWs in 2022 (Fig. 3) con-
tributes significantly to its cumulative intensity, even though
its mean and maximum intensities are lower than those in
2003.

With the detrending method, 2003 and 2017 are identified
as the years with the highest mean intensities, with values of
2.31 and 2.17 °C, respectively (Fig. 4a). These years are fol-
lowed by 2022, with a mean intensity of 2.08 °C. The high-

est cumulative intensity is detected in 2022 (222.42 °C), fol-
lowed by 2003 (163.42 °C) and 2023 (126.48 °C) (Fig. 4c).
These 3 years showed cumulative intensities at least 55 °C
higher than those of the rest of the years.

In terms of mean intensity (Fig. 4a), the detrended ap-
proach shows the greatest variability across years, while
mean intensities calculated using the moving baseline are
consistently lower than those obtained with a fixed base-
line from 2009 onwards. Mean intensities in 2006 and 2017
are higher when computed with detrended data than with
the other methods, whereas, in 2015, 2020, and 2023, the
mean intensity from the detrended approach exceeds only the
moving-baseline values. For maximum intensity (Fig. 4b),
the moving baseline provides the highest values until 2008.
From that year onwards, MHWs detected with the fixed base-
line have greater maximum intensity. Detrended intensities
are lower and only equal those from the moving baseline in
2017 and 2022. Cumulative intensity (Fig. 4c) shows an in-
creasing trend with the fixed-baseline approach, not present
with the other methods (Fig. S1).

4.3 Spatial variability of marine heatwaves

The spatial distribution of the annual number of days with
MHWs on average and for 2003, 2022, and 2023 is repre-
sented in Figs. 5 (fixed baseline), 6 (moving baseline), and 7
(detrended data). The temporally averaged number of MHW
days obtained with a fixed baseline (Fig. 5a) and with a mov-
ing baseline (Fig. 6a) shows slightly higher values around the
islands and to the northwest of the study region. This is not
detected by the detrended method (Fig. 7a), where the higher
number of MHW days is located north of Mallorca, around
41° N. With the fixed baseline, 10 %–30 % of the days of the
year undergo MHWs; this value is reduced with a moving
baseline and detrended data to 9 %–16 % and 3 %–8 %, re-
spectively (note the different colour scales used in Figs. 5–7).

The 2003 MHWs detected with a fixed baseline were more
frequent to the south and southwest of Ibiza, with maximum
values of 140 d under MHWs (Fig. 5b). The 2022 MHWs
were more frequent in the area along the Iberian Peninsula,
with a total of 290 d under MHW conditions (Fig. 5c). For
this same baseline, the 2023 number of days under MHWs
shows similar maximum values to those in 2022, but, in this
case, the area with the highest number of days with MHWs
is in the eastern part of the study region (Fig. 5d). Both 2022
and 2023 maximum values of MHW days are double the
highest values obtained in 2003 (Fig. 5b).

With a moving baseline, in 2022, the number of MHW
days is more evenly distributed throughout the region, with
minimum values north of Mallorca (Fig. 6c). The years 2003
and 2023 show a similar range of values for the number of
MHW days, but their spatial distribution differs significantly.
While, in 2003, the distribution is more homogenous, with
most areas having a total of between 80 and 100 MHW days,
in 2023, we can find greater spatial variability, with a higher
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Figure 5. Spatial distribution of the annual number of days with MHWs detected using the fixed-baseline method for (a) the temporal average
from 2002 to 2023, (b) 2003, (c) 2022, and (d) 2023.

number of MHW days in the south and a lower number of
MHW days in the north of the study region (Fig. 6b and d).

With the detrended method, 2003 had a similar number of
MHW days in all the Balearic Sea, but with slightly higher
values around the islands and to the northeast of the region
(Fig. 7b). In 2022, the area northwest of Mallorca shows the
highest values, with areas reaching more than 155 d under-
going MHW conditions (Fig. 7c). The MHWs in 2023 ex-
hibit slightly lower values than in 2003; the areas with the
highest MHW days are located around the island and to the
south of the region, but we also find a patch north of Mallorca
(Fig. 7d).

The spatial distribution of MHWs days in 2003 remains
relatively unchanged with the three detection methods, in op-
position to 2022 and 2023. In 2022, when using a moving
baseline, MHW days appear in the form of evenly dispersed
patches across the region. When using the other two meth-
ods, localized areas of higher numbers of MHW days are
present. With the fixed baseline, this area is near the coast
of the Iberian Peninsula, and with detrended data, this area is
northwest of Mallorca. In 2023, the easternmost part of the
study region is identified as the area with the highest number
of MHW days using the fixed baseline while also display-

ing one of the lowest numbers of MHW days when using
detrended data.

The areas where the warming trend is higher show, on av-
erage, more MHW days with a fixed baseline than what we
observe with the other two methods (Figs. 5a, 6a, and 7a).
This is the case for the warming spot in the eastern part of
the study region along the Iberian Peninsula coast.

4.4 Implications of different definitions

When comparing the MHWs detected using three different
methods (i.e. fixed baseline (Hobday et al., 2016), moving
baseline (Rosselló et al., 2023), and detrending (Martínez et
al., 2023)), we find differences amongst them. With the fixed
and moving baselines, we obtain similar results for all of the
metrics in the first part of the studied period until 2009. This
is expected since this period is when the baselines overlap
the most. The difference becomes larger after 2009 when the
fixed baseline yields higher MHW days, durations, and inten-
sities than the other methods. The 2003 MHWs are widely
considered to be one of the greatest extreme temperature
events to have occurred in the Mediterranean in the last few
decades (Holbrook et al., 2019), causing a mass mortality ef-
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Figure 6. Spatial distribution of the annual number of days with MHWs detected using the moving-baseline method for (a) the temporal
average from 2002 to 2023, (b) 2003, (c) 2022, and (d) 2023.

fect in benthic communities (Crisci et al., 2011; Marbà et al.,
2015). Using the year 2003 to compare later MHWs, when a
fixed baseline is employed, the annual number of MHW days
in 2003 is surpassed eight times (in 2011, 2015, 2016, 2017,
2018, 2020, 2022, and 2023) but only three times when us-
ing a moving baseline (in 2011, 2022, and 2023) (Figs. 3 and
4). This discrepancy is a consequence of the impact of the
warming trend on the fixed-baseline method. Detrended data
highlight 2017 as a year with short and intense MHWs, 2023
as a year with long and frequent events of lower intensity, and
2003 and 2022 as years with both intense and long events.
In general, this method shows lower frequency and duration
than the other two methods. Regarding intensity, there are
changes, but, depending on the year, the mean and maximum
intensity values are higher or lower than with the other meth-
ods. This is consistent with Oliver (2019), who found that the
warming trends mostly affected the frequency and duration
of the detected MHWs while having a lesser impact on their
intensity. Notably, the 2022 MHW was consistently detected
by the fixed-baseline, moving-baseline, and detrending meth-
ods, underscoring its strength. The 2022 MHW has been doc-
umented previously (Marullo et al., 2023; Juza et al., 2024;
Pirro et al., 2024; McAdam et al., 2024; Trigo et al., 2025)
and was linked to an exceptional anticyclonic atmospheric
blocking over the western Mediterranean; the anticyclonic

conditions persisted during the winter months, suppressing
wind-driven mixing during autumn and winter (Marullo et
al., 2023; Trigo et al., 2025).

These findings highlight the importance of selecting an
MHW detection method that aligns with the specific impacts
intended for the study (Amaya et al., 2023; Darmaraki et al.,
2024). In terms of ecosystems, this will depend on the adap-
tation ability of certain species or communities. A fixed base-
line can highlight when temperatures exceed critical thresh-
olds that historically have not been surpassed. For less adapt-
able species, which are more sensitive to specific tempera-
ture thresholds, a fixed baseline could better indicate when
these critical points are reached, signalling potential risks
to their survival. Moving baselines and detrended data ad-
just for the ongoing changes in the climate, and species with
higher adaptability might show resilience to gradual shifts in
the temperature but still be vulnerable when exposed to ex-
treme temperature rises.

To illustrate the ecological relevance of these methodolog-
ical choices, in the Mediterranean, Garrabou et al. (2022) re-
ported that mass mortality events from 2015 to 2019 affected
a similar number of taxa as in 2003, with Cnidaria and Bry-
ozoa being the most affected groups. A similar impact was
also detected in the study regions, where the intense summer
MHW of 2017 led to a proliferation of mucilaginous algae,
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Figure 7. Spatial distribution of the annual number of days with MHWs detected using the detrended method for (a) the temporal average
from 2002 to 2023, (b) 2003, (c) 2022, and (d) 2023.

which triggered mass mortality of gorgonian species and af-
fected sponge communities (Bensoussan et al., 2019). This
is relevant because both 2015 and 2017 are highlighted as
years with high intensity using the detrended method and the
fixed baseline, whereas, with a moving baseline, the most
prominent MHWs appear in 2016. Such effects had been
previously observed following the 2003 MHW, when the
same mucilaginous algae caused coral bleaching and necro-
sis in sponges and coralline algae in the Ligurian Sea, North-
west Mediterranean (Schiaparelli et al., 2007). During 2019,
Hamdeno and Alvera-Azcaráte (2023) found that anoma-
lously high temperatures coincided with a decrease in surface
chlorophyll in the western Mediterranean. Interestingly, 2019
is not a year where we detect high MHW activity. Future
work could compare chlorophyll concentrations from 2019
with those from strong MHW years such as 2017 or 2022.

5 Conclusions

This study provides an evaluation of sea surface tempera-
ture trends and marine heatwaves in the Balearic Sea from
42 years of SST satellite observations. We compare the re-
sults obtained by applying three different MHW detection
methods (fixed baseline, moving baseline, and detrended
data). The analysis reveals a significant warming trend of

0.036 ± 0.001 °C yr−1 in the Balearic Sea, with the high-
est increases observed south of Menorca and northwest of
Mallorca. The comparison of MHW detection methods high-
lights the impact of methodological choices on MHW char-
acterization. The fixed-baseline method indicates a substan-
tial increase in both the number and duration of MHWs over
time, peaking in recent years. In contrast, the moving base-
line shows less pronounced increases in MHW parameters
over time, suggesting that adjusting the baseline to recent
years can mitigate the apparent increase in MHWs detected
by the fixed baseline. The detrended-data approach further
isolates MHWs from underlying temperature trends, result-
ing in fewer detected MHW days and shorter event dura-
tions. With this method, the mean and maximum intensities
of MHWs were highest in 2003, 2017, and 2022. The cumu-
lative intensity, which considers both the duration and mag-
nitude of MHWs, was particularly high in 2022, reflecting
prolonged and intense heatwave conditions. But regardless of
the method employed, 2003 and 2022 stand out as the most
prominent events in the Balearic Sea over the last couple of
decades.

Overall, this study reveals the importance of method se-
lection in MHW detection, demonstrating that the choice
of baseline can significantly influence the annual number
of days under MHWs, as well as their duration and inten-
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sities. While a fixed baseline detects an increase in MHWs
over time, a moving baseline and the detrending method pro-
vide alternative approaches that aim to isolate extreme events
from long-term trends.
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