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Introduction
Over the past decades, the ocean has absorbed
approximately 90% of the excess heat generated by
greenhouse gases, leading to a significant rise in sea
temperatures. This warming has profound
implications for marine ecosystems, the water cycle,
and biodiversity. In aquaculture, water temperature
directly affects the growth, metabolism, and
reproduction of organisms—particularly mollusks.
Elevated temperatures can impair mussel filtration,
feeding, and development, while also promoting the
spread of pathogens.

Sea Surface Temperature (SST) is monitored using
satellite-based Earth Observation systems, which
provide critical data for climate models and
ecological assessments. This study analyzes SST
trends in the coastal waters of the Abruzzo region
(central Adriatic Sea) from 2008 to 2024, with a
focus on aquaculture areas. Special attention is given
to the occurrence of marine heatwaves (MHWs).
These extreme events are increasingly recognized
for their disruptive impact on marine ecosystems.

Farms Annual
increase p.value

1 0.029 0.149

2 0.029 0.127

3 0.029 0.108

4 0.029 0.077

5 0.030 0.064

6 0.037 0.029

7 0.040 0.023

8 0.040 0.023

9 0.040 0.029

10 0.042 0.036

11 0.040 0.019

12 0.042 0.015

13 0.043 0.029

All 0.036 0.022
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Conclusions
The analysis confirms a clear upward trend in SST over the study period, indicating a
progressive warming of coastal waters along central Adriatic coast on the Italian side. This
thermal increase, together with the growing frequency and persistence of marine heatwaves,
reflects a shift toward more stressful environmental conditions for marine ecosystems and the
organisms living there. Although the seasonal SST pattern has remained stable, the
intensification of warm anomalies—especially during summer—poses potential risks to
aquaculture systems, affecting animal welfare, productivity, and overall farm sustainability.
These findings underscore the urgency of integrating climate risk considerations into future
management and adaptation strategies for marine aquaculture.
The analysis supports hypotheses of climatic or environmental impact that warrant further
investigation, particularly in the context of sustainable aquaculture management.

Methods
Study area
The study area covers the coastal stretch of the Abruzzo region, where 13 aquaculture farms
(operational and under evaluation) are located along the coast (Figure 1). These farms,
positioned on average 3.8 km (about 2 nautical miles) from shore, are considered
representative of the general sea surface conditions in the coastal area.
Sea Surface Temperature dataset
Among the available satellite datasets, the SST product titled 'Mediterranean Sea High
Resolution and Ultra High Resolution Sea Surface Temperature Analysis' was selected as the
most suitable for spatial detail, frequency of acquisition, and historical depth (Buongiorno
Nardelli et al., 2013). The dataset, available in NetCDF4 format from the official Copernicus
Marine Service repository (CMEMS - https://marine.copernicus.eu/), was collected using the
CMEMS File Browser tool. The study spans 17 years (2008–2024) and uses the highest-
resolution dataset available, with a 1/100° grid.
The SST data used in the analysis are characterized by a daily temporal resolution and a spatial
resolution of 0.01° × 0.01°, projected with the WGS84 reference system (EPSG:4326).
Sea Surface Temperature data analysis
The data were processed using R software 4.4.1 with the Zonal statistics function (terra
package v1.7.3), to extract the daily mean SST values for each farm (Figure 2). To assess long-
term SST patterns, the time series was aggregated across all farms and decomposed into its
main components: trend, seasonal, and residual (Shumway and Stoffer, 2017). The trend
component was further evaluated both at the individual farm level and across the entire dataset
using the non-parametric Mann–Kendall test to detect the presence of monotonic trends
(Table 1).
The Sea Surface Temperature (SST) data series was also analyzed to identify marine heatwaves
(MHWs), defined as periods during which SST anomalies exceed the 90th percentile of a
climatological baseline. This baseline was established using standardized thresholds derived
from a reference climatology based on the first eleven years of data (2008–2018), and events
had to persist for at least five consecutive days (Garrabou et al., 2022).

Results
A total of 6,210 NetCDF4 raster files containing SST acquisitions were downloaded from the
CMEMS platform and processed to generate daily raster dataset in GeoTIFF format, with SST in
degrees Celsius.
Figure 3 shows monthly distributions of SST from 2008 to 2024 in aquaculture sites along the
Abruzzo coast. The plots reveal a gradual shift in central tendency over time, particularly in the
most recent years (2022–2024), during which the median and upper quantiles show a slightly
increase compared to earlier years.
Time series analysis in Figure 4 shows a clear annual SST seasonality, with recurring summer
peaks and winter troughs, consistent with the region's climate. The seasonal cycle is regular
and stable over time, indicating a consistent shape and intensity throughout the observation
period. Trend analysis reveals a clear and statistically significant increase in SST, in line with
findings from other studies (Salini et al., 2023; Pastor et al., 2020). Despite some interannual
variability, the overall trend is markedly positive, supporting evidence of progressive marine
warming at the monitored aquaculture farms. The trend component was estimated at an
average rate of +0.036 °C per year (p.value = 0.022), corresponding to a total increase of
approximately +0.62°C over the 17-year study period (see Table 1 for annual averages across
all farms).
To visualize daily SST variability across all farms, a heatmap was generated using a blue-to-red
color gradient to represent cooler to warmer temperatures, respectively. Marine Heatwave
(MHW) events are overlaid on the heatmap and marked by white circles, indicating the
occurrence of temperature extremes (Figure 5).
Furthermore, Figure 6 summarizes the annual number and cumulative duration of MHWs,
capturing interannual fluctuations in extreme thermal anomalies. This visualization highlights
both the increasing frequency and persistence of MHWs over time, reinforcing the broader
trend of progressive sea warming identified in the study.

Figure 1. Location of operational and potential aquaculture farms in the Abruzzo region.

Figure 5. Daily mean SST (°C) from 2008 to 2024, averaged across all aquaculture farms. The heatmap uses a blue-to-
red color scale to represent cooler to warmer temperatures, respectively. White circles indicate the occurrence of MHWs, 
highlighting periods of anomalously high SST conditions.

Figure 6. Interannual variability in both frequency and intensity of extreme heat 
events. Blue bars represent the annual number of heatwave events from 2008 
to 2024, while the white line indicates their average duration in days.

Table 1. Annual SST trends (°C) at each 
aquaculture operational/potential farm 
from 2008 to 2024. Estimated yearly 
rates of SST increase and 
corresponding p.values from the Mann-
Kendall trend test, assessing the 
statistical significance of monotonic 
trends over time.
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Figure 2. Workflow for the analysis of 
daily CMEMS SST data (2008-2024): the 
process includes data download, data pre-
processing, spatial extraction for target 
areas, statistical analysis of time series 
and marine heatwaves, for the production 
of final outputs. 

Figure 3. Monthly distribution of SST (°C) from 2008 to 2024, aggregated for all aquaculture farms in Abruzzo region.
Each violin plot represents the density and variability of SST values for a given month of a specific year.

Figure 4. Time series decomposition of observed daily mean SST (°C) across all aquaculture farms from 2008
to 2024. The time series is decomposed into its main components: long-term trend, seasonal pattern and
residual variability.


