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• Global SST is increasing but coastal re-
gional trends are not fully understood

• SST changes along the Western Iberian
Coast were assessed using 40 years
of data.

• SST has been increasing along theWestern
Iberian Coast (0.10–0.25 °C/decade).

• The SST increase has been decelerating in
recent decades along this region.

• No changes were observed near shore,
likely due to upwelling and NAO/WeMOI
effects.
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Climate change is causing mean sea surface temperatures (SST) to increase worldwide. However, this increase has not
been temporally or spatially uniform, with variations observed depending both on the period considered and the geo-
graphic region. In this context, this paper aims to quantify relevant changes in SST along the Western Iberian Coast
over the last four decades, through the calculation of trends and anomalies of long-term time series of in situ observa-
tions and satellite-derived data. Potential drivers of SST changes were considered using atmospheric and
teleconnections time series. Changes in the seasonal cycle of SST were also evaluated.
We show that SST has increased since 1982, with regional variations between 0.10 and 0.25 °C per decade, with an
increase in air temperature appearing to drive the SST trends along the Iberian coast. In the near-shore area, no signif-
icant trends or changes in the seasonal cycle of SSTwere observed, which is likely due to a buffer effect caused by the
seasonal upwelling that characterizes the region. Recent decades show a slowdown in the increase rate of SST along
the Western Iberian Coast. An upwelling intensification could justify this observation, along with the effect of
teleconnections on the regional climate, such as the North Atlantic Oscillation (NAO) and theWestern Mediterranean
Oscillation Index (WeMOI). Our results suggest that theWeMOI plays a more important role in coastal SST variability
than the other teleconnections.
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The present study quantifies regional changes in SST and enhances knowledge of the role of ocean-atmosphere inter-
actions in regulating climate and weather conditions. Moreover, it provides a relevant scientific context to the devel-
opment of regional adaptative and mitigation actions in response to climate change.
1. Introduction

Global mean sea surface temperature (SST) has been increasing in past
decades, as anthropogenic pressures induce climate change (IPCC, 2021).
Between 1993 and 2017, the rate of ocean warming, and thus heat uptake,
rose to 6.28±0.48 ZJ/year (for the first 700m), approximately equivalent
to a warming of 0.044 °C for the first 100 m of water depth (IPCC, 2019).
Wu et al. (2020) found an increase of 0.035 °C/decade between 1854 and
2017 for the surface of the global ocean, that has been accelerating in the
most recent years (0.102 °C/decade between 1988 and 2017 and
0.274 °C/decade between 2008 and 2017). This temperature increase, at
the surface and at depth, is driving ocean acidification, sea level rise, ma-
rine heat waves and the growth of the number of weather hazards on the
ocean, which directly affects coastal populations and ecosystems (Wu
et al., 2020). SST variations influence ocean circulation, nutrient fluxes
and primary production, which consequently affect carbonfluxes. It can im-
pact species abundance, distribution and behavior, affecting coastal popu-
lations that depend on fisheries or maritime tourism (Minnett et al.
(2019); Hastings et al. (2020); EPA (2022a)). SST also regulates climate
and provides information about ocean-atmosphere interactions. Therefore,
as all processes in nature show a relation with temperature (Minnett et al.,
2019), monitoring SST variations is critical, especially in the context of cli-
mate change, withmodels predicting that SSTwill continue to increase into
the future (Ruela et al., 2020).

Although it is well-established that mean SST is increasing in the global
ocean, far less focus has been given to changes in the coastal zone. In the
coastal zone, a wider range of variation in trends has been observed and re-
gional variations are still not fully understood. Furthermore, changes in the
seasonality of SST have been shown to be important, as they can induce var-
iations in seasonal activities and in the timing of seasonal life cycles (phe-
nology) of several species (IPCC, 2019, 2021). It is the finer detail of
regional analysis that allows an improved understanding of climate change,
choice of adaptation strategies andmitigation plans tailored to the different
ecosystem and populational contexts. Some studies in the past have focused
on studying coastal SST trends, recognizing that not all coastal regions
show the same patterns as the open ocean. It was identified that regional
differences in the coastal warming rate could be explained by local and re-
mote forcing factors, such as the wind regime, freshwater inputs, upwelling
events, and thermohaline circulation (Prigent et al., 2020; Santos et al.,
2011). For example, Varela et al. (2018) found that upwelling depresses
heating rates regardless of the region being considered. Opposite trends
in SST can even be obtained when considering different spatial scales or
temporal periods (Santos et al., 2011). Even though coastal or regional
analyses focused on changes in SST seasonality are scarce, some studies
have been conducted globally. Jo et al. (2022) predicted that the global sea-
sonal cycle of SSTwill have an amplitude increase of 30%±20%until the
end of 21st century. Through a global analysis, Lima and Wethey (2012)
found that 46 % (38 %) of the coastline has experienced a significant de-
crease (increase) in the frequency of extremely cold days (hot days) and
that the onset of the warm season is advancing significantly earlier in the
year in 36 % of the temperate coastal regions.

Despite this research base, more evidence and understanding of coastal
changes in SST under a warming climate is needed (Xu et al., 2021). This is
particularly the case for the Western Iberian Coast, the focus area of this
paper. The Western Iberian Coast is an internationally relevant region
from a social and economic perspective, which is still underexplored re-
garding the quantification and characterization of SST changes. Although
projections suggest increasing trends in SST in the region, only a few studies
have provided long-term evidence to support this (e.g., Santos et al., 2011;
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Santos et al., 2012; Varela et al., 2018). Varela et al. (2018) framed the Ibe-
rian Coast as an upwelling regionwith depressed heating rates. However, to
our knowledge, there is no available long-term assessment of SST variabil-
ity with the resolution to allow a regionalized analysis of the Iberian Coast
that directly relates the observed variations to atmospheric data and cli-
mate teleconnections. Moreover, there is currently still little information
available about changes in the timing of SST maximums/minimums or in
their variability for theWestern Iberian Coast. The lack of recent studies fo-
cusing on changes on the seasonality of SST represent a relevant knowledge
gap. Therefore, the overall aim of this paper is to quantify changes in SST
along the Western Iberian Coast over the past four decades. The objectives
of this analysis are to: (1) determine variations in the seasonality of SST, by
assessing changes in amplitude, maxima and minima, the timing of the
maxima and minima and in the number of days where SST is above
average; (2) quantify long-term SST trends and assess if these vary spatially
along the coast; and (3) examine the main drivers of the observed
SST changes, integrating atmospheric datasets and different climate
teleconnections. We consider the longest Portuguese in situ datasets avail-
able and long-term observations gathered along the Spanish coast. These
datasetswere also used to validate the quality of SST satellite data retrievals
that were used to obtain a more complete temporal and spatial coverage of
the study area.

1.1. Western Iberian Coast

The Iberian Peninsula is located at the most southwesterly point of
Europe, with the Atlantic Ocean bordering it to thewest (Fig. 1). Its western
area encompasses mainland Portugal and Galicia, an autonomous region of
Spain. According to the Köppen climate types, the Western Iberia has a
Mediterranean climate with warm/hot summers (Santos et al., 2023),
From Cape Espichel northwards, Portugal presents a shelf 20–50 km wide
and a continental slope from 6 % to over 20 %. Southwards, the shelf is
narrower, 10–20 km wide and a continental slope of about 4 %
(Fortunato et al., 2002) (Fig. 1).

The territory is part of the Eastern North Atlantic Boundary system
(Mantas et al., 2019) and during spring and summer (April/May–Septem-
ber/October), it is characterized by northerly jet stream winds that force
a longshore equatorward jet that transports cold and nutrient rich upwelled
water (Relvas et al., 2007). About a month after the northerly winds be-
come predominant, cold water filaments begin to develop associated to off-
shore currents of up to 0.5 m/s. These filaments can often extend >200 km
offshore (Relvas et al., 2007). In contrast, during the winter, westerly and
southerly winds prevail, originating a surface current that transports
warmer and saltier waters to the north, known as the Iberian Poleward Cur-
rent (IPC) (Relvas et al., 2007; Teles-Machado et al., 2015; Sousa et al.,
2017). Please see Peliz et al. (2005), Criado-Aldeanueva et al. (2009) and
García-Lafuente et al. (2006) for detailed information about the circulation
regime along the Western Iberian Coast and the south of Portugal.

2. Data and methods

2.1. Sea surface temperature (SST)

Two different sources of SSTwere used, in situ and satellite-derived, and
these are described in detail below.

In situ SST observations were collected using coastal oceanographic
buoys managed by the Instituto Hidrográfico (Portugal, https://www.
hidrografico.pt) and Puertos del Estado (Spain, https://www.puertos.es).
The data collection process, treatment and subsequent distribution was

https://www.hidrografico.pt
https://www.hidrografico.pt
https://www.puertos.es


Fig. 1.Representation of theWestern Iberian Coast and its context in the European continent. Coloring and contour lines represent the bathymetry (blues) and the topography
(greens) of the region in meters. Major rivers are represented in light grey. The oceanographic and meteorological stations considered are also represented in black dots and
orange triangles, respectively. Bathymetry and topography data source: GEBCO Compilation Group (2022) GEBCO 2022 Grid (doi:https://doi.org/10.5285/e0f0bb80-ab44-
2739-e053-6c86abc0289c).
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carried out by these institutions, who kindly provided their datasets for this
study. The station names and locations are shown in Fig. 1 and listed in
Table 1. The duration of the datasets is also listed in Table 1. The earliest
record is at Faro and covers the period 1986–1992 and 2000–2020. Origi-
nally, the time series had an hourly temporal resolution but daily averages
were calculated and used in this analysis.

Given the lack of longer time series of in situ data, to expand the tem-
poral and spatial coverage of this study, satellite remote sensing prod-
ucts were used. Three products were tested to see which one was most
suitable for the analysis. The first was a product which provides daily es-
timates of global SST depth (≈20 cm) based on observations from mul-
tiple satellite sensors, produced by the ESA Climate Change Initiative
(CCI) and the SST CCI project (Good et al., 2019; Merchant et al.,
Table 1
Designation, location and temporal coverage of the oceanographic stations.

Oceanographic stations Responsible institution Lati

Estaca de Bares Puertos del Estado (Spain) 44.1
Villano Sirsagas Puertos del Estado (Spain) 43.5
Cabo Silleiro Puertos del Estado (Spain) 42.1
Leixões Instituto Hidrográfico (Portugal) 41.3
Nazaré Instituto Hidrográfico (Portugal) 39.5
Sines Instituto Hidrográfico (Portugal) 37.9

Faro Instituto Hidrográfico (Portugal) 36.9

Cádiz Instituto Hidrográfico (Portugal) 36.4
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2019). The level-4 SST dataset with a spatial resolution of 0.05° was
used, covering the period from the 1st of January 1982 to the 31st of De-
cember 2021. The second was a GHRSST MUR product, a Level-4 SST
dataset provided by the JPL Physical Oceanography DAAC using wave-
lets as base functions in an optimal interpolation approach on a global
0.01° grid (Chin et al., 2017; JPL MUR MEaSUREs Project , 2015). The
dataset has a daily coverage since the 1st of June 2002. For the purpose
of this analysis, only data until the 31st of December 2021 was consid-
ered. The third was a ERA5 product, the fifth generation ECMWF reanal-
ysis for the global climate and weather (Hersbach et al., 2018). The SST
dataset was used from the 1st of January 1979 to the 31st of December
2021. The product also has a daily temporal resolution with a spatial
resolution of 0.25°.
tude (° N) Longitude (° W) Temporal coverage of dataset

2 7.68 2001–2021
0 9.21 2001–2021
2 9.43 2001–2021
2 8.98 1998–2021
6 9.21 2010–2021
2 8.93 1996–2021

0 7.90
1986–1992;
2000–2020

9 6.96 2002–2021

https://doi.org/10.5285/e0f0bb80-ab44-2739-e053-6c86abc0289c
https://doi.org/10.5285/e0f0bb80-ab44-2739-e053-6c86abc0289c
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Validation of SST remote sensing products were performed using coin-
cident in situ observations (nearest neighbor, single pixel matchup analy-
sis). Several statistical tools were used, as described in Sent et al. (2021),
including: (i) linear regression parameters, with the coefficient of determi-
nation (R2), and the slope and intercept; (ii) rootmean square error (RMSE);
and (iii) bias (BIAS). The results of the comparison are given in the Supple-
mentary Materials (Figs. S1 and S2). The SST product provided by CCI was
considered the one with the best agreement with the in situ observations for
the Western Iberian Coast (R2 > 0.89; RMSE < 0.45; BIAS < 0.40). There-
fore, this was the product selected for all SST analysis in this study.

2.2. Atmospheric data

Atmospheric in situ time series of air temperature, u and vwind compo-
nents (horizontal and vertical components, respectively) and total precipi-
tation were provided by Instituto Português do Mar e da Atmosfera (IPMA,
https://www.ipma.pt/pt/index.html) for 9 stations distributed along the
Portuguese coast. Two meteorological stations from the Galician coast
were also considered (Ferrol and Ribeira), with historical data provided
by MeteoGalicia (https://www.meteogalicia.gal/web/inicio.action).
These hourly atmospheric time series were converted into daily averages.
The locations of these stations are shown in Fig. 1 and are described in
Table S1 in the Supplementary Materials.

ERA5 was also used to complement the in situ atmospheric data. From
this product, surface temperature (measured at 2 m), u and v-components
of wind (measured at 10 m) and total precipitation were used. The quality
of this data was tested in a single-pixel matchup-analysis (supplementary
materials, Figs. S3-S6) as described in Sub-section 2.2. After validation,
the data was used for further analysis. The Upwelling Index (UI) was calcu-
lated following the equations described in Ferreira et al. (2022) using the
ERA5 u and v-components of wind. Positive values indicate favorable con-
ditions for the occurrence of upwelling.

ERA5 net shortwave radiation (SWnet), net longwave radiation (LWnet),
latent heat flux (Qlat) and sensible heat flux (Qsen) data was used for a net
surface heat flux (Qnet) analysis. Net heat flux was calculated following the
formulation Qnet = SWnet + LWnet + Qlat + Qsen (Hu et al., 2020), as-
suming downwards fluxes (into the ocean) as positive, according to the
ECMWF convention.

2.3. Methods

2.3.1. Analysis of SST seasonality variations
To quantify variations in the seasonality of the SST along the Western

Iberian Coast, thewhole period of the CCI dataset (1982–2021)was consid-
ered. For comparison purposes, this analysiswas also conducted for air tem-
perature using the ERA5 dataset. The variability of the following
parameters was assessed in a trend analysis: (i) Amplitude; (ii) Maximum
and minimum monthly values; (iii) Week of occurrence of the maximum
and minimum values; and (iv) Number of days above average and timing
of the first day above average. The amplitude was calculated considering
monthly means and the difference in °C between the maximum and mini-
mum values of each year. The monthly maximums/minimums obtained
for each year were calculated in order to evaluate inter-annual variability.
For each year, the week of the year in which the maximum/minimum
value was observed (considering weekly averages) was determined, with
the purpose to identify if trends of delays or advances of these moments
had occurred within the studied period. The number of days per year
with SST above the average of the whole time series was calculated; like-
wise, the first day of the year above that average was identified for each
year of the time series.

2.3.2. SST time series analysis
To avoid interpreting natural variability as part of the trends, the sea-

sonality of all the time series (in situ, CCI and ERA5 datasets of SST, atmo-
spheric data and UI) was first removed. 5-year average seasonal cycles
with daily resolution were calculated, using a moving average approach.
4

This period was chosen, as it allowed the removal of the intra-annual
variability as well as inter-annual changes in seasonality. All trends were
determined using linear regressions and their significance was assessed
considering p-values lower than 0.05 (i.e., 95 % confidence). Simple linear
regression analysis is one of the most widely used trend detection tests
worldwide (Meshram et al., 2017; Singh et al., 2021). CCI trend analysis
was focused on the period between 1984 and 2019 while ERA5 trends
were considered for the years 1981 to 2019.

To study the occurrence of changes along the SST series, the Pettitt test
was applied to the CCI datasets. The Pettitt test is a nonparametric method
(rank-based and distribution-free test), widely used on hydro-
meteorological variables, to determine the occurrence and timing of abrupt
and significant changes in the mean of a time series (Li et al., 2014;
Serinaldi and Kilsby, 2016). Following Pettitt's test, a series of dataset Y1,
Y2,…, Yn, has a change-point at “n” such that Y1, Y2,.., Yn has a distribution
function F1(y) that is dissimilar from the distribution function F2(y) of the
subsequent portion of the sequence yn-1, yn-2, yn-3 …, yn (Getahun et al.,
2021).

To better understand the interannual and spatial variability of SST and
the results of the Pettitt test, the annual andmonthly anomalies of SSTwere
determined by calculating the difference between the mean value of a spe-
cific year/month and the climatological mean of the time series.

2.3.3. Main drivers of SST changes
To investigate the main drivers of SST, the correlations between the

daily SST and the atmospheric timeseries were calculated. Similarly, annual
SST anomalies were correlated with the annual averages of the different at-
mospheric variables. To allow the comparison of the products, the ERA5
spatial grid was converted to the spatial resolution of CCI, through an inter-
polation using the nearest neighbor method.

Additionally, time series of North Atlantic Oscillation (NAO)
(https://www.ncei.noaa. gov/access/monitoring/NAO/), East Atlantic
teleconnection pattern (EA) (https://www.cpc.ncep. noaa.gov/data/
teledoc/ea.shtml), Atlantic Multidecadal Oscillation (AMO) (https://
psl.noaa.gov/data /timeseries/AMO/; smoothed version), Southern Os-
cillation Index (SOI) (https://www.ncei.noaa. gov/access/monitoring/
enso/soi#calculation-of-soi) and Western Mediterranean Oscillation
Index (WeMOI) (https://crudata.uea.ac.uk/cru/data/moi/) were also
considered as potential drivers of the SST changes. These time series
presented monthly averages that were interpolated to daily data or aver-
aged to annual values, to allow the comparison with the CCI SST time se-
ries or the SST annual anomalies, respectively. NAOwas chosen as is the
leading mode of atmospheric variability in the North Atlantic-European
sector (Dalelane and Wetterdienst, 2019; Jing et al., 2019). Similarly,
EA was studied as it is the second most prominent mode of low-
frequency variability over the North Atlantic. It has a similar structure
to that of NAO and plays an important role in regulating weather
along Europe (Krichak and Alpert, 2005; NOAA, 2012). AMO forces
long-term temperature changes that affects the North Atlantic ocean-
atmosphere interactions, with cooling and warming phases every
50–80 years (Knight et al., 2006; NOAA/ESRL , 2022). SOI is an indica-
tor of the development and intensity of El Niño and La Niña events in the
Pacific Ocean, which was selected for the present analysis as it has been
observed to sometimes influence SST in some areas of North Atlantic
(Commonwealth of Australia, 2022; Jiang and Zhang, 2022). WeMOI
was chosen as it is the teleconnection with the strongest effects on the
climate variability over the eastern Iberian Peninsula, when compared
with the NAO or the AMO (Lana et al., 2016).

3. Results

3.1. Changes in the seasonality of SST

Maps with the linear trend of the amplitude and the maxima and min-
ima are shown in Fig. 2a, b and c, respectively. Only grid cells with statisti-
cally significant trends (95% confidence interval) are colored. As is evident

https://www.ipma.pt/pt/index.html
https://www.meteogalicia.gal/web/inicio.action
https://www.ncei.noaa
https://www.cpc.ncep
http://noaa.gov/data/teledoc/ea.shtml
http://noaa.gov/data/teledoc/ea.shtml
https://psl.noaa.gov/data
https://psl.noaa.gov/data
https://www.ncei.noaa
https://crudata.uea.ac.uk/cru/data/moi/


Fig. 2. Change in the seasonal patterns fromCCI SST between 1982 and 2021. Significant trends (95% confidence interval) are presented for changes in: a) amplitude; b and
c) the maximum and minimum monthly values; d and e) the week of occurrence of the maximum and minimum values (weekly averages); f) the number of days above
average; g) the occurrence of the first day above average.
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in Fig. 2b, an increase between 0.025 and 0.050 °C/year was observed in
the annual maximum of SST off the coast of Western Iberia. However, sig-
nificant trends were not observed along the coastal strip. For most of
5

Western Iberia, the variation in the annual minimum of SST, shown in
Fig. 2c, was not statistically significant. However, an increasing trend was
seen in the northern and southern region of the peninsula. No significant



Fig. 3. Sea surface temperature trends from CCI, after a seasonality removal. Time coverage between 1984 and 2019. Only significant trends (95 % confidence interval) are
presented. The black points represent the location of the in situ buoys.
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changes in the amplitude of the SSTwere observed in the studied region, as
shown in Fig. 2a. A significant increase in the amplitude was only seen on
the northern coast of Galicia and along the Algarve (south) shore.

The linear trend of the timing of SSTmaxima and minima is mapped in
Fig. 2d and e, respectively. As it is possible to see in Fig. 2d, the minimum
annual value (considering weekly averages) is currently tending to occur
by about 0.15 weeks/year (1 day/year) earlier than in the beginning of
the period of study, mainly along the coast of Galicia, but with some disper-
sion. No significant patterns of anticipation or delay in the timing of the
maximum annual values were observed, as shown in Fig. 2d.

Lastly, Fig. 2f and g shows the trend of the number of days per year in
which the SST was above the average and the trend of the first day of the
year with that characteristic, respectively. The number of days above the
average increased outside the coastal region (Fig. 2f). Similarly, the first
day of the year where the SST exceeded the average appeared early regard-
ing the beginning of the studied period, in some regions about 1.5 days/
year, as it is possible to see in Fig. 2g.

Comparatively, the same analysis was performed for air temperature,
and the changes in seasonality were much less evident, as shown in
6

Fig. S9 in Supplementary Materials. A significant increase in the value of
the annual maximum has been observed, but only over the southeastern re-
gion of Portugal and over the Galician coastal ocean. For air temperature,
the timing of the annual maximum presented a significant trend to appear
earlier in the order of 1.5 weeks/year (1 day/year), mainly over a large
part of the mainland.

The strongest trends of increase in the number of days per year on
which the air temperature was above average were observed over the
Alentejo and Algarve regions. Over the coastal ocean this pattern was not
so strong and only showed significant variations at offshore locations, al-
most 200 km from the coast (except on the southern margin of the penin-
sula) (Supplementary Materials, Fig. S9).

3.2. Long-term trends of SST and their spatial variability

A map with the results of the trend analysis is presented in Fig. 3. SST
has been increasing in the past decades, as shown in Fig. 3. This increase
is generalized to the coastal oceanic region, but its magnitude differs lo-
cally. The magnitude of the trend increased with distance from the coast



Fig. 4. Trend analysis of the CCI time series from the in situ sampling stations, after a seasonality removal. Temporal coverage between 1984 and 2019. The coefficient of
correlation (R) and significance of the trends (p-value<0.05) are also presented.
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(Fig. 3). About 200 km from the west coastline, an increase of nearly
0.000044 °C/day (0.16 °C/decade) was observed. The North and South
margins of the Peninsula showed the strongest trends, with the North
coast achieving an increase of 0.000063 °C/day (0.23 °C per decade).
Fig. 4 presents the CCI time series extracted from the in situ stations, with
the respective trend analysis, whose results are listed in Table 2.

Despite the generalized increase, decreasing trends in the SSTwere also
observed near the coastline, as shown in Fig. 3 (spatial average
≈ − 0.000014 °C/day; −0.05 °C/decade). This pattern mainly covered
the region of Finisterre (Galicia) and the continental margin between the
following sections: i) Minho to Douro; ii) Figueira da Foz to Lisbon. It
7

should be noted that the coastline on the southern margin of the peninsula
showed positive trends throughout its area.

To quantify the evolution of the SST trends and understand whether
they have accelerated or decelerated in recent years, the trend assessment
was repeated only considering decadal periods. Maps of the SST trends ob-
tained between 1990 and 1999, 2000–2009 and 2010–2019 are shown in
Fig. 5a, b and c, respectively. The increasing trends observed over the
whole period have been weakening along the coast in the last 3 decades,
as shown in Fig. 5.Moreover, the patterns have reversed, and significant de-
creasing trends were observed in almost the entire Iberian coastal region
over the last 10 years (Fig. 5c). Whereas between 2000 and 2009, only



Table 2
Sea surface temperature trends (change per day and change per decade) between
1984 and 2019 in the location of the sampling stations from the CCI dataset (with-
out seasonality).

Stations Change/day (°C) Change/decade (°C)

Estaca de Bares 0.0000628 0.223
Villano Sirsagas 0.0000442 0.161
Cabo Silleiro 0.0000259 0.095
Leixões 0.0000144 0.053
Nazaré 0.0000054 0.020
Sines 0.0000047 0.017
Faro 0.0000227 0.083
Cádiz 0.0000470 0.172

Fig. 5. Sea surface temperature trends fromCCI, after a seasonality removal. Time coverage between 1990 and 1999 (a), 2000–2009 (b) and 2010–2019 (c). Only significant
trends (95 % confidence interval) are presented.
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the Northwest Galician coast showed significant decreasing trends, as it is
observed in Fig. 5b.

Monthly anomalies of SST between 1984 and 2019 are shown in Fig. 6;
years are plotted on the x-axis andmonths on the y-axis. There was a strong
temporal evolution of the spatially averaged SST anomalies. Between 1990
and 1999, the Iberian coast went from 5 years with mostly negative anom-
alies to 5 years of stronger positive anomalies, as observed in Fig. 6, which
could suggest an increase in SST over the 10 years. This increase was not as
pronounced in the following decade, despite the existence of mostly posi-
tive anomalies through the period. Between 2010 and 2019, although
mostly positive anomalies were observed, the decade ended with an in-
terim of negative anomalies in some months between 2018 and 2019,
which has led to the observed downward trends. It also seems that winters
got increasingly warmer, as shown in Fig. 6, which corroborates the re-
gional trends of increasing minimum monthly values (Fig. 2).

From the anomalies analysis we see overall positive anomalies from
1995 onwards throughout the area (Fig. 6 and Fig. S10). Negative anoma-
lies were observed in some years and regions near the coast through the pe-
riod, but framed in a scenario of mostly positive anomalies, as shown in
Fig. S10 of the Supplementary Materials. Continuous negative annual
8

anomalies were observed along thewest shoreline of the peninsula between
2015 and 2019 (Fig. S10). The year with the strongest positive anomalies
was 1997.

A mapwith the results of the Pettitt test is shown in Fig. 7, and it allows
us to identify the abrupt changing point in the time series that caused their
heterogeneity. Different periods are represented in different colors. For
most oceanic waters, the probable significant point of change was observed
between 1994 and 1995, as observed in Fig. 7. This period is within the
phase of the AMO inversion, whichwent from negative to positive anomaly
stage. Near the coastline, a muchmore recent changing point was observed
in 2018. When observing the annual SST anomalies (supplementary mate-
rials, Fig. S10), 2018was the yearwith the strongest andmost spatially gen-
eralized negative anomalies among the studied period, that mostly affected
the near coastal region. This was also the year with the strongest positive
NAO index ever recorded.

3.3. Main drivers of SST changes

Several parameters were considered as potential drivers of the SST var-
iations. Themean seasonal cycle of each atmospheric variable, as well as of
the SST, is illustrated in Fig. 8, to give an insight on the variability of the
data. Fig. 8 presents only the most northerly atmospheric station and its
closest oceanographic station as an example. The average seasonal cycles
of the ERA5 atmospheric variables for all the stations can be found in Sup-
plementary Materials (Figs. S7- S8).

Maps showing the trends of the atmospheric datasets are presented in
Fig. 9. Panels a, e, i and m of Fig. 9 consider the whole period of data and
the panels b-d, f-h, j-l and n-p consider each one of the last three decades.
When considering the whole period analyzed, air temperature increased
significantly, as shown in Fig. 9a. This increasing trend was of greater mag-
nitude over land (almost 0.000055 °C/day or 0.2 °C/decade) than over the
ocean (≈0.000027 °C/day, 0.1 °C/decade). In contrast, along the coastline,
it was almost negligible. For this same period (1981–2019), an increasing



Fig. 6.Monthly anomalies from CCI SST between 1984 and 2019 considering a spatial average of the region.
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trend in the u-component of the wind was observed for most of the Portu-
guese mainland and offshore ocean, as seen in Fig. 9e. Similarly, also the
wind v-component increased mainly over the central and southern
Fig. 7. Significant probable changing point of the CCI time series along the Western I

9

Portugal and the adjacent ocean (Fig. 9j). This indicates an increase in the
frequency and intensity of winds from the West and North in the past de-
cades. These wind patterns promoted an intensification of the upwelling
berian Coast, based on Pettitt tests. Temporal coverage between 1984 and 2019.



Fig. 8. Mean seasonal cycle of air temperature, total precipitation and wind u and v-components of ERA5 data between 1979 and 2021, for the location of Ferrol in situ
sampling stations. SST mean seasonal cycle of CCI data between 1982 and 2021, for the location of Estaca de Bares in situ station, the closest one to Ferrol. Standard
deviation colored in purple.
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index in part of the Northern region of Galicia and along the Portuguese
west coast from Aveiro southwards, as shown in Fig. 9n. No significant
trends in total precipitation were observed either over the mainland or
the coastal ocean (data not shown).

Considering the last 3 decades separately, all atmospheric variables
showed higher magnitude trends in the last decade than when considering
the whole period, as observed in Fig. 9d, h, l and p, albeit with some local
differentiation. In the case of air temperature, significant decreasing trends
were obtained along the coast between 2010 and 2019 (Fig. 9d), which
match the decreasing trends detected for SST. On the other hand, Fig. 9d
also shows that between 2010 and 2019, air temperature increases of
around 0.05 °C/year were simultaneously observed over land. The decreas-
ing SST temperatures recorded in the Finisterre zone between 2000 and
2009 corresponded to an increase in Northerly winds in that region during
that period.

To further clarify the drivers of the SST trends obtained, maps showing
correlations between the SST annual anomalies and the different atmo-
spheric variables and indices are presented in Fig. 10. Once more, only sig-
nificant correlations are colored (95 % confidence interval). The variation
in air temperature appeared to strongly justify the SST anomalies observed
10
throughout the region, as observed in Fig. 10a. Also, positive correlations
were observed between SST anomalies and mean annual precipitation in
the coastal region between Aveiro and Ria Formosa, showing that positive
values of SST anomalies were indirectly associated with higher values of
precipitation in that region (Fig. 10b). The NAO index has also influenced
the SST, as shown in Fig. 10f, with negative correlations mainly in the
southwest region of the Peninsula. Near the coast, there was no significant
relationship between the two variables. The teleconnection that presented
the highest correlation with the SST anomalies was the WeMOI (mean
R = -0.47; stronger correlation along the coast of the Algarve, R ≈ 0.70),
as shown in Fig. 9j. However, this correlation was not observed in two
areas of the Galician coastal zone. The EA was shown in Fig. 10i to be not
responsible, at least directly, for the SST anomalies observed near the coast.

Wind v-componentwas very relevant in driving SST variations along the
coastal region, with positive correlations extending to about 200 km in
front of Lisbon, as observed in Fig. 10c. This shows that stronger negative
SST anomalies, particularly at the coast, were associated with stronger
Northerly winds. The only part of the coastline that showed no correlation
with the wind v-component was the north margin of Galicia. Conversely to
the v-component of wind, only the south margin of the peninsula showed a
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significant correlation with the u-component of wind, as observed in
Fig. 10d, relating higher negative SST anomalies with stronger winds
formwest. As expected, theUI clearly relates with the SST anomaly patterns
obtained from the correlation with the wind components (Fig. 10k). Wind
speed presented significant correlations with the SST anomalies, mainly
along the west coast of the studied region, as shown in Fig. 10e. Both the
AMO and the SOI did not show any patterns of significant relationships
with the SST anomalies, which suggest that they do not drive any of the
seen variation (Fig. 10g and h). The correlation between the daily SST
data and the different variables, as well as the daily SST and the temporal
evolution of the spatially averaged anomalies of the different atmospheric
variables, can be found in Supplementary Materials, Figs. S11 and S12.
11
4. Discussion

The present study quantified changes in SST over the last four decades
by evaluating changes in seasonality, calculating the long-term trends of
SST and determining the factors that drove those changes. Except in part
of the Galician coast, no significant changes in the SST amplitude between
1984 and 2019 were observed, which is consistent with the findings of
Kessler et al. (2022). Lima and Wethey (2012) showed that the Eastern At-
lantic margin has been registering an increase in extreme hot days (8.4 ±
6.6 additional hot days per decade) and a decrease in cold days in the
past decades (11.2±7.1 days per decade). The authors found that seasonal
warming has been occurring earlier in most of the temperate regions of this



Fig. 9. Air temperature, wind components and upwelling index trends from ERA5, after a seasonality removal. Time coverage between 1981 and 2019, 1990–1999,
2000–2009 and 2010–2019. Only significant trends (95 % confidence interval) are presented.
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area, in a rate of 5.6 ± 4.3 days per decade. However, all these changes
(yearly frequency of extreme hot and cold days, and average change on
the occurrence of seasonal warming) were found to be not significant
along the Western Iberian Coast in the study (Lima andWethey, 2012). De-
spite the difference in the spatial resolutions considered in that study and in
the present study, it was also found here that, overall, the timing of season-
ality has not undergone significant changes. On the other hand, we show a
significant increase in the number of days per year in which the SST was
above the average, with an increase rate that fits the average value of
Lima andWethey (2012). The changes in the seasonality of air temperature
were much less pronounced than those of SST, mainly over the oceanic re-
gion. This indicates that the ocean appears to bemore sensitive to seasonal-
ity changes than the atmosphere at sea level, in theWestern Iberian Coastal
region.

Any change in the seasonality of SST can trigger changes in the seasonal
behavior of various living creatures, which in turn affects the functioning of
marine ecosystems and human activities dependent on those systems. Sea-
sonality changes should be considered in future projections and examined
with climate models (Caputi et al., 2009). Although the ocean seems
more susceptible to seasonality changes, for certain regions of the coast,
the air temperature showed increasing trends of twice the magnitude of
the SST trends obtained between 1984 and 2019 (Table S2 of supplemen-
tarymaterials). Moreover, the temperature of the air over land increased al-
most twice as much as over the ocean and the last decade presented the
strongest air temperature trends. This provides further evidence that the
ocean has an important climate-regulating effect and works as a more effi-
cient heat absorber than the land, which was supported by our heat flux
analysis (Supplementary Materials, Fig. S13) (IPCC, 2019; Hu et al., 2020;
Cheng et al., 2021).

Apart from the near-coastal region, the values obtained in the trend
analysis are corroborated by those presented by Kessler et al. (2022) and
the results of E.U. Copernicus (2022). The increase in SST is not uniform
worldwide, with the Northeast Atlantic being previously characterized
with temperature increases of a lower magnitude than those of the global
ocean, between 1960 and 1990 (Casey and Cornillon, 2001). However,
we show that, in some regions of the Iberia, namely along the North and
Southern margins, higher trends were found than those observed for the
northern hemisphere or the global ocean (Hartmann et al., 2013; Wu
et al., 2020). The high spatial resolution of the present study provides
strong support to the framing of the North coast of Iberia within the “super-
fast” warming category (>0.21 °C/decade) on the scale of the North
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Atlantic according to the classification followed by Kessler et al. (2022).
As such, this can be considered an at-risk region and, therefore, attention
should be focused in assessing the vulnerability of its systems. In the global
context however, the trends obtained for the study region are lower than
those observed in some of the fastest warming regions, such as the Mediter-
ranean (Pastor et al., 2020; García-Monteiro et al., 2022), the Black (Sakalli
and Başusta, 2018), North (Kessler et al., 2022) and the northern Red Seas
(Chaidez et al., 2017), the Arabian Gulf (Hereher, 2022) or the Northeast
U.S. Continental Shelf (Kessler et al., 2022).

An intensification of the rate of increase in the SST near the coast was
not observed in the Western Iberian Coast, in contrast to what has been re-
ported for several other regions of the world (Pastor et al., 2020; Wu et al.,
2020; Garcia-Soto et al., 2021). In fact, a decrease in SSTwas observed dur-
ing the last decade, strongest along the shore but still significant up to
200 km from the coast. This decreasing trend was probably caused by ab-
normal events of recent years, namely the lower SST that characterized
the year 2018 (Figs. 6 and 7; supplementary materials, Fig. S10). In fact,
2018 had the strongest positiveNAO index ever recorded (Fig. S1 of supple-
mentary materials). A positive NAO leads to a stronger westerly flow into
Western Europe and a northward shift of the midlatitude storm track.
This causes decreased storminess and below-average precipitation along
southern Europe (Visbeck et al., 2001). Westerly winds got stronger in
theWestern Iberian Coastal region in 2018, withwind velocity also increas-
ing during some months of the year (supplementary materials, Fig. S11).
However, it is not possible to conclude that the NAO was fully responsible
for the observed anomaly, and, to our knowledge, there are not many stud-
ies mentioning the common effect of the NAO in the SST of the southwest-
ern European region to help with that assessment. Moreover, the present
analysis showed that theNAO did not fully explain the SST annual variabil-
ity near the coastal region of the peninsula.

In fact, our results suggest that the WeMOI is more important than the
NAO in regulating the SST variability in this particular region. Therefore,
it is possible that the strong negative anomalies obtained in 2018 could
have been the result of the combined effect of the NAO and the WeMOI,
that has skewed the last decade's analysis to a decrease in temperature.
The decreasing SST trends observed near the shore were also probably en-
hanced by the negative SST anomalies observed along the west coast of the
peninsula since 2016. An upwelling intensification could possibly justify
the observed patterns, as trends point to an increase in the frequency/inten-
sity of these events in the last decades. As seen, upwelling had a significant
correlation with negative SST anomalies near the coast. During the last



Fig. 10. Correlation coefficients between the CCI SST annual anomalies and annual averages of the different atmospheric variables and teleconnections. Only significant
correlations (95 % confidence interval) are presented.

B. Biguino et al. Science of the Total Environment 888 (2023) 164193
decade, there was also an intensification of the wind intensity increasing
trends along the region. Zeng et al. (2019) also detected that wind speed
rapidly increased across the globe, particularly in Europe, and justified
this change with ocean–atmosphere oscillations, rather than increased sur-
face roughness. The described increase was presented as a rebound of the
global downward trend commonly referred to as stilling, that has been ob-
served since the 1980s (Zeng et al., 2019). For the specific case of the Ibe-
rian Peninsula, it has previously been reported that the wind stilling
ceased since the 2000s (Utrabo-Carazo et al., 2022), which highlights the
importance of regional analysis. The authors were not able to explain the
cause of this reversal phenomenon, but they hypothesized that it could be
linked to the WeMOI. The decrease in SST observed in the last decade
was also observed in the air temperature at the coastline, even though in
the rest of the region, air temperature was increasing at its strongest rate.
13
The cause of this air temperature decrease is left unknown and will be the
focus of future work.

Air temperature is driving the worldwide rise of mean sea surface tem-
perature (Liu and Yao, 2022), and we find that this is also the case for the
Western Iberia. However, we show that the Western Iberian Coast had no
significant changes in sea temperature patterns, and identify a weaker
SST increase than that observed offshore. This suggests that the west
coast of the Iberian Peninsula is acting as a buffer for SST increase, contrary
to the trends observed globally, likely due to the positive trends of upwell-
ing events seen in the latter two decades of the time period (seen in Fig. 9).
Upwelling in the Iberian coast has a seasonal occurrence, particularly in the
warmer months, and is manifested by a longshore equatorward jet
transporting cold and nutrient rich water from the subsurface, that ends
up moving offshore in filaments that can reach 200 km. Considering the



Fig. 11. Seasonal sea surface temperature trends fromCCI, after a seasonality removal (based on annual seasonal averages). Only significant trends (95% confidence interval)
are presented.
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whole period, a clear buffer effect was observed in the first 10 km to 20 km
of coastal ocean and appeared to cause an attenuation of the SST increase in
some regions up to 200 km offshore (Fig. 3). However, the extension of this
buffer zone has changed over the years. By considering the decadal trends
(Fig. 5), it is possible to have a better notion of the variation in the spatial
extension of the buffer effect though time. During the 1990s, the existence
of a buffer effect was not evident. In opposition, from the 2000s onwards,
this effect started to get more intense, matching the coincident increasing
trends in upwelling. Between 2000 and 2010, the area of buffer covered
the coast from Setúbal region northwards and showed a seaward extension
of about 30 km. For this same period, along the northwest region of Galicia,
the buffer effect was observed up to 120 km offshore. In the decade from
2010 to 2019, this effect became much more intense and spatially general-
ized, showing an extension of>350 kmoffshore, that got reduced along the
north and south margins of mainland. In addition to having decadal varia-
tions, this buffer for SST increase is present throughout the year along the
coast and its extension varies seasonally, as shown in Fig. 11. Fig. 11
shows the SST trends as change/year (unlike the remaining figures), to
allow a clearer observation of the spatial coverage of this phenomenon.
Winter and Autumn seemed to be the seasons with the smallest seaward
spatial extent of the buffer effect (maximum length of≈225 km). The spa-
tial extent of the effect along the southern coast of Portugal was particularly
uniform during summer (≈75 km offshore), while in winter the effect was
almost negligible along its easternmost region. The buffer effect achieved a
greater offshore extension during spring, extending over 320 km, once
again corroborating the possible influence of upwelling on this phenome-
non. As Varela et al. (2018) concluded in a global analysis, upwelling has
the potential to buffer ecosystems from climate change, depressing heating
rates regardless of the region being considered. They showed that 92 % of
the coastal upwelling areas presented lower warming than the adjacent
coastal ocean. Therefore, it is likely that the lower increase in SST observed
in this study is due to the buffering from upwelling that has been seen in
other regions (Varela et al., 2018). The same authors also stated that for
the Iberian Coast, differences between coast and ocean of−0.2 °C per de-
cade were obtained. These values are close to those obtained in the present
analysis. However, the dynamics of the underlying mechanism behind this
buffering effect remained unknown (Varela et al., 2018) and, by integrating
the analysis of atmospheric variables and ocean-atmosphere interactions,
the present work allows to deepen the knowledge on this topic and to iden-
tify potential drivers of the observed patterns.
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The present analysis has utilized high resolution long-term time series
of SST, identifying the main temperature changes that have been occurring
since 1982 along the Western Iberian Coast. The study constitutes a rele-
vant scientific evidence base for the development of regional adaptation
plans and to the implementation of local management and mitigation mea-
sures. This can be concretely translated, for example, into the management
offish stocks, such as sardines, an emblematic species of this region. SST in-
crease could lead to a decrease in the sardine stock in the long term, which,
would consequently have a negative socioeconomic impact on the Portu-
guese population (Ferreira et al., 2023). Understanding how these temper-
ature variations have been influencing Iberian ecosystems will be essential
to ensure the marine ecosystem's prosperity and food web structure.

5. Conclusions

This study quantified the main SST changes that have occurred along
the Western Iberian Coast during the past four decades, using long-term
in situ observations and satellite-derived time series. The first objective
was to determine variations in the seasonality of SST. Results show that
there has been an increase in the annual SSTmaximum for most of the off-
shore oceanic region. A delay in the timing of occurrence of the annual SST
minimum value was found, primarily off the Galician coast. There was an
increase in the number of days in which the SST was above average be-
tween 1982 and 2021, and in certain areas, the first day in these conditions
has been anticipated. No significant changes in the seasonality of SSTwere
observed near the coast.

The second objective was to quantify long-term SST trends and assess if
these varied spatially along the coast. SST has been increasing along the
Western Iberian coastal ocean, showing regional variations between
0.010 and 0.025 °C per year, for the period 1984–2019. Near the shore, sig-
nificant decreasing trends were observed. The overall SST increase has
been decelerating in recent decades in this region. This could be justified
by an intensification of upwelling events and the simultaneous influence
of several teleconnections, chiefly the NAO and the WeMOI.

The third objective was to examine themain drivers of the observed SST
changes. Increasing air temperatures have been driving SST trends along
the whole region of the Iberian Peninsula. The lack of significant changes
near the coast of Western Iberian, regarding the seasonality and
long-term trends, suggest that this region works as a buffer for SST changes
because of the frequent occurrence of upwelling episodes.
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This study is a valuable asset to the scientific evidence base supporting
regional adaptation plans and the implementation of climate change miti-
gation measures, which ultimately will contribute to the well-being and re-
silience of Iberian populations and the proper functioning of their
commercial and leisure activities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164193.
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