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Abstract The global upper ocean has been warming during the last decades accompanied with a
chlorophyll-a (Chl-a) and productivity decrease. Whereas subtropical gyres show similar trends, Eastern
Boundary Upwelling Systems are thought to increase in productivity due to increased trade winds. This
study analyzes recent trends in sea surface temperature (SST), Chl-a, net primary production (NPP) and
meridional wind stress in the Eastern North Atlantic subtropical gyre (NASE) in order to examine if

the global trends can be detected in open ocean and upwelling areas and how the ocean biota responds.
Satellite data of such variables of the last 15-40 years were analyzed to calculate mean trends in upwelling
areas in the Canary upwelling system and open ocean areas around the Azores, Madeira and the Canary
Islands. Our results show significant warming in the area with a maximum of 2.7°C per century for

the Azores. Moreover, a general decreasing trend for Chl-a and NPP seems to be more evident in the
permanent upwelling areas, which will be responsible for a loss of 0.13% of the global NPP per century.
Our results also highlight a significant expansion of the oceanic desert area of 10% with an increase in
unproductive days of up to 84 days in the last 20 years. The competitive relationship of stratification

and wind stress in the Canary upwelling system might be a more plausible explanation for the decrease
in Chl-a and NPP in upwelling areas linked to the increase in upwelling favorable wind stress and the
surface warming.

Plain Language Summary The increase in global sea surface temperature (SST) is
accompanied with a decrease in chlorophyll-a (Chl-a) and primary productivity. Microscopic algae called
phytoplankton and their pigment Chl-a are responsible both for the production of organic material made
available for larger animals as food source and the production of oxygen. Different oceanic areas such

as the open ocean or coastal so-called upwelling areas in the Eastern North Atlantic Subtropical show
characteristic production regimes linked to ocean temperature or wind stress. The main goal of this
study was to analyze trends based on satellite data of SST, Chl-a, productivity and wind stress in different
oceanic areas in order to identify the biological response to the physical forcing. Our study shows that the
highly productive upwelling area along Northwest Africa and Western Iberia is warming at a slower pace
than open ocean areas around Madeira, the Canary Islands and the Azores where a maximum increase
of 2.7°C per century was found. Similarly, the Chl-a and the productivity is decreasing faster in the same
coastal areas and slower in open ocean areas. If the rate continues it will be responsible for a global loss of
0.13% of the global productivity per century.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has identified the role of the ocean as being crit-
ical to understand the variability of Earth's climate system (IPCC, 2007, 2013, 2019). A significant increase
of global warming trends has been evident in most oceanic regions, both at surface and deep layers (Gouret-
ski & Koltermann, 2007; Johnson & Lyman, 2020; Levitus et al., 2005). Changes in sea surface tempera-
ture (SST) have major implications on ocean circulation patterns and ecosystem functioning (Hékkinen

SIEMER ET AL.

1 of 20


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-8676-2388
https://orcid.org/0000-0002-4281-6804
https://orcid.org/0000-0002-8683-9370
https://orcid.org/0000-0002-0190-6950
https://orcid.org/0000-0001-5445-9878
https://orcid.org/0000-0001-7293-9584
https://orcid.org/0000-0003-2404-5679
https://orcid.org/0000-0002-4883-8123
https://orcid.org/0000-0003-4250-4445
https://doi.org/10.1029/2021JC017268
https://doi.org/10.1029/2021JC017268
https://doi.org/10.1029/2021JC017268
https://doi.org/10.1029/2021JC017268
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JC017268&domain=pdf&date_stamp=2021-08-03

A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021JC017268

& Rhines, 2004; Parmesan, 2006; Timmermans & Marshall, 2020; Winton et al., 2012). The global ocean
warming signal is accompanied with a decreasing trend in chlorophyll-a (Chl-a) during the last decades
(Behrenfeld et al., 2006; Boyce et al., 2010; Signorini et al., 2015; Steinacher et al., 2010). The photic layer
is of high scientific concern as at least 50% of the global net primary production (NPP) is oceanic (Linde-
man, 1942). Marine phytoplankton not only provides fixed carbon for higher trophic levels and releases
oxygen but also constitutes the base of most oceanic food webs (Field, 1998). Global warming effects on phy-
toplankton and other marine species have already been reported as changes in growth rate, latitudinal hab-
itat displacement and species extinctions (Behrenfeld et al., 2006; Parmesan, 2006; O'Conner et al., 2009;
Xiu et al., 2018).

Satellite observations are useful, cost-effective, and time-efficient measures to retrieve and analyze a wide
range of different remotely sensed data series of large spatial oceanic areas (Arabi et al., 2020; Davidson
et al., 2019; Good et al., 2006). Specific oceanographic areas such as the subtropical gyres and the Eastern
Boundary Upwelling Systems (EBUS) exhibit different spatial and temporal trends in SST, Chl-a, NPP, and
meridional wind (Demarcq, 2009; Gémez-Letona et al., 2017; Polonsky & Serebrennikov, 2018; Polovina
et al., 2008). The subtropical gyres are one of the largest marine ecosystems covering 40% of the global
surface ocean. Although productivity in these subtropical gyres is generally low, their immense size makes
them a large contributor to global primary production. Decreasing Chl-a concentrations have been recent-
ly reported in all five subtropical gyres (Martinez et al., 2020; Signorini et al., 2015; Vantrepotte & Mé-
lin, 2009). Moreover, it has been reported that the oligotrophic areas in the subtropical gyres are expanding
with an accelerating rate (Irwin & Oliver, 2009; Meng et al., 2021; Polovina & et al., 2008). In general, the
warming of the surface ocean is expected to increase stratification resulting in limited vertical exchange
with lower layers of the ocean and reduced nutrient availability in the photic layer which, in turn, results in
low primary production rates (Behrenfeld et al., 2006; Bonino et al., 2019).

EBUS, on the other hand, are highly productive areas contributing to approximately 20% of the global fish-
eries production despite covering only 1% of the global ocean (Cropper et al., 2014; Santos et al., 2012). Dur-
ing the last decades, the four major upwelling systems (California, Benguela, Peru, and Canary) have shown
an increase in SST (Demarcq, 2009; Seabra et al., 2019). Moreover, equatorward upwelling-favorable winds
were observed to be increasing their strength in most EBUS (Bakun, 1990; Garcia-Reyes et al., 2015; Syde-
man et al., 2014). However, while increasing concentrations of Chl-a have been observed in most EBUS,
large areas in the Canary upwelling system showed recent decreasing trends in Chl-a, NPP (based on ocean
color models) and meridional wind (Betancort et al., 2020; Demarcq, 2009; Gémez-Letona et al., 2017).
The Eastern North Atlantic subtropical gyre (NASE) comprises the perfect natural habitat to study recent
trends in SST, Chl-a, NPP, and meridional wind stress in specific oceanographic settings such as upwelling
and oligotrophic areas. Although several authors have focused some research on trends in such variables
in the NASE detecting a variety of important changes (Aristegui et al., 2009; Cropper et al., 2014; Lem-
os & Sansd, 2006; Martins et al., 2007; Ould-Dedah et al., 1999; Polonsky & Serebrennikov, 2018; Sambe
et al., 2016; Santos et al., 2005, 2012; Taboada & Anadon, 2012), there is a lack of analysis of recent long-
term high-resolution time series and how those changes might affect specific sensitive areas in the NASE.

This study presents a combined analysis of remotely sensed data sets of SST, Chl-a, NPP, and meridional
wind stress and their trends in different oceanographic areas in the NASE over the last 4 decades. Fur-
thermore, the temporal evolution and spatial distribution of productive areas (Chl-a > 2 mg m™) and
unproductive so-called oceanic desert areas (Chl-a < 0.07 mg m™?) are examined. Finally, this study aims
to evaluate whether the local trends in the Eastern North Atlantic subtropical gyre correspond with those
observed globally. We do so by studying satellite-derived estimates of SST, surface Chl-a, NPP, and equator-
ward winds, in two contrasting environments, the Eastern North Atlantic subtropical gyre and its Eastern
Boundary Upwelling System.

2. Data and Methods
2.1. Study Area

A study area covering the NASE (20°N-45°N; 30°W-5°W) was selected for this work (Figure 1). In order
to examine spatially linear trends in key regions, eight significant sub-regions were identified: four located
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Figure 1. Map of the Eastern North Atlantic subtropical gyre (NASE)
with areas of interest indicated by polygons. Four polygons are located

in upwelling areas: the Permanent Upwelling area (PU), Cape Juby

Weak Permanent Upwelling area (CJWPU), Cape Ghir Weak Permanent
Upwelling area (CGWPU), and the Seasonal Upwelling area (SU). Four
polygons in the open ocean represent the Canary Islands area (CI) and the
Open ocean Areas (OA1-3). Locations where upwelling filaments occur
(Cape Ghir, Cape Juby, Dhakla, and Cape Blanc) and the Macaronesia
Islands (Azores, Madeira, and Canary Islands) are also shown. Dots
indicate CTD locations of RaProCan cruises (blue: open ocean and red:
upwelling area) and show locations of “Puertos del Estado” buoys (green).

at productive upwelling areas and four at oligotrophic open ocean are-
as. The upwelling areas were delimited with regards to their upwelling
intensity and seasonal behavior as previously described in the literature
(Cropper et al., 2014; Gémez-Letona et al., 2017; Van Camp et al., 1991;
Wooster et al., 1976). The Permanent Upwelling area (PU) extends from
20°N to 26°N and is characterized by active upwelling throughout the
whole year. In the Weak Permanent Upwelling (WPU) area, upwelling
occurs also permanently but with lower intensity than in the PU. In both
upwelling areas the intensity changes throughout the year, peaking dur-
ing summer months due to the latitudinal migration of the trade winds
(Cropper et al., 2014).

The WPU was divided into two subregions: the Cape Juby Weak Perma-
nent Upwelling area (CJWPU) and the Cape Ghir Weak Permanent Up-
welling area (CGWPU). CJTWPU covers the area from 26°N to 30°N while
the CGWPU stretches from 30°N to 33°N. Upwelling filaments are com-
mon features in the permanent and weak permanent upwelling areas and
are likely to occur at Cape Ghir, Cape Juby, Dakhla and Cape Blanc due to
changes in coastal topography such as headlands (Aristegui et al., 2009;
Davenport et al., 2002).

The fourth upwelling area selected is located off the coast of Portugal
and Spain (Galicia) between 37°N and 43.5°N. Although the region has
been sometimes divided into two subregions in other studies (Aristegui
et al., 2009), here it was analyzed as one combined upwelling area. This
area was called the Seasonal Upwelling area (SU) because it is charac-
terized by a seasonal upwelling with its peak occurring in the summer
months due to changes in atmospheric circulation (Wooster et al., 1976).

In addition, four open ocean areas were selected including three Open
ocean Areas (OA1-3) and the oceanic area around the Canary Islands (CI)
where complex oceanic circulation patterns such as eddy fields and fila-
ments have been described previously (Fraile-Nuez & Hernandez-Guer-
ra, 2006). OA1 is located in the oligotrophic area southwest of the Canary
Islands archipelago; OA2 is situated around the Azores; finally, OA3 is
the largest area and it stretches from 30°N to 36°N including the region
of Madeira.

From a dynamical point of view, the selected areas comprise the Eastern Boundary of the North Atlantic
subtropical gyre. The OA2 lies in the path of the Azores Current System mainly by the westward Azores
Countercurrent that flows north of the eastward Azores Current (Comas-Rodriguez et al., 2011; Pérez-Her-
nandez et al., 2013). The OA3 and CI are located in the southwestward flow of the Canary Current parallel to
the African coast (Casanova-Masjoan et al., 2020; Hernandez-Guerra et al., 2017; Vélez-Belchi et al., 2017).
The Canary Current separates from the African coast and feeds the North Equatorial Current that flows to
the west through OA1 (Hernandez-Guerra et al., 2005; Martinez-Marrero et al., 2008).

2.2. Sea Surface Temperature Data

The SST data were provided by the National Oceanic and Atmospheric Administration (NOAA) and pro-
duced with their optimum interpolation method applied on remotely sensed satellite data and in situ data
from buoys (moored and drifting) and ships (https://www.ncei.noaa.gov/data/sea-surface-temperature-op-
timum-interpolation/v2/access/avhrr-only/). The satellite instrument used for the SST measurements is the
Advanced Very High Resolution Radiometer (AVHRR). The SST in situ data used for the interpolation were
obtained from the International Ocean-Atmosphere Data Set (ICOADS). The spatial grid resolution of the
analyses is 0.25° and the temporal resolution is daily. Irregularly spaced SST data were transformed into a
regular grid (Reynolds, 1988; Reynolds & Marsico, 1993; Reynolds & Smith, 1994; Reynolds et al., 2007). The
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original SST time series covers a length of 39 years, from 1981 to 2019. Since the year 1981 is incomplete,
the final time series were adjusted to start on January 1, 1982 and end on December 31, 2019 (38 years).
Additionally, for each polygon, the days per year when the SST values are above its mean were counted.

Regional validation of the remote sensing SST record provided by NOAA was carried out for this study using
independent in-situ data sets from those assimilated on the reanalysis of Reynolds et al. (2007). The com-
parison between in-situ and satellite measurements was made both for the open ocean and the upwelling
area taking into account that lower sensibility has been reported near the coast (Meneghesso et al., 2020).
The slope coefficients of the linear regression of both areas are statistically significative (0.8412 and 0.6186,
respectively), allowing us to proceed using satellite data on the analysis (Figures SI1 and SI2).

2.3. Chlorophyll-a Data

Chl-a data were provided by Copernicus Marine Environmental Monitoring Service (CMEMS). The product
was based on the Copernicus-GlobColour processor that merges three algorithms (Garnesson et al., 2019;
Gohin et al., 2002; Hu et al., 2012). Different sensors (SeaWIFS, MODIS Aqua, MODIS Terra, MERIS, VIIRS
NPP, VIIRS-JPSS1 OLCI-S3A, and S3B) were used to produce the observations. The original 4 km resolution
data was re-gridded to 0.25° resolution with daily temporal resolution. The data used correspond to the L4
“cloud free” day and night interpolated product. The original data set covered the period from September
1997 to June 2019 (Garnesson et al., 2019; https://resources.marine.copernicus.eu/). For processing pur-
poses, the time series were set to start on January 1, 1998 and end on December 31, 2018. Additionally,
the actual extension of each pixel of the spatial grid was computed taking into account the variation in
distance with longitude in order to calculate the productive extension (pixels with Chl-a > 2 mg m™®) in
upwelling areas (PU, CJWPU, CGWPU, and SU) and the unproductive, so-called desert areas (pixels with
Chl-a < 0.07 mg m™) in the open ocean areas (OA1-3). The methodology to obtain the desert area was
adapted from that described by Polovina et al. (2008). An additional metric was calculated by counting
the number of days per year when the upwelling areas and open ocean areas were productive (days with
Chl-a > 2 mg m™) and unproductive (days with Chl-a < 0.07 mg m™?) respectively. Chl-a satellite data
could not be validated with in situ-data of the RaProCan cruise since no Chl-a samples were available.

2.4. Net Primary Production Data

The NPP data were obtained from the carbon-based production model (CbPm) provided by the Oregon
State University (http://orca.science.oregonstate.edu/). In contrast to other chlorophyll-based models, the
CbPm model is based on organic carbon estimates that take the physiological state of the primary pro-
ducers into account. The phytoplankton carbon can be computed from an empirical relationship with the
particulate backscattering coefficient. The growth rate is calculated from the chlorophyll-to-carbon ratios.
Finally, NPP can be deduced from the phytoplankton carbon and the growth rate (Behrenfeld et al., 2006;
Westberry, et al., 2008). The raw satellite data are available from MODIS or SeaWiFS. For this work, MODIS
data were used since according to Gomez-Letona et al. (2017) MODIS CbPm provided NPP trends with the
highest statistical significance in the Canary upwelling system. The temporal resolution was monthly, and
the spatial resolution was 1/12°. The original grid was recalculated to the same resolution as SST and Chl-a
(0.25°). The data set starts on January 1, 2003 and ends on December 31, 2018.

2.5. Wind Data

Wind data were provided together with the CMEMS product. The data were provided as the reprocessed
time series of surface wind analyses containing a global 6-hourly averaged field of several variables such
as surface wind speed (wind velocities at 10 m), wind zonal component, wind meridional component and
associated errors. The variables were presented on a gridded map with a spatial resolution of 0.25°. Op-
timum interpolation and kriging methods were applied to enable continuous wind speed and direction
measurements for the global ocean. The satellite data were derived from the following institutions and
sensors: IFREMER (ERS-1 and ERS-2), NASA/JPL (QuikSCAT and RapidScat), EUMETSAT OSI (AS-
CAT-A and ASCAT-B), CNSA (HY-2A), ISRO (OceanSat-2), and Remote Sensing System (SSM/I SSMIS,
and WindSat). A detailed description of data retrieval and processing methods can be found in Bentamy
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et al. (2012, 2013, 2016) and Desbiolles et al. (2017). The time series used here were adjusted to start on
January 1, 1992 and to end on December 31, 2018. Although only the equatorward wind (negative v-compo-
nent) is favorable for upwelling, both poleward (positive v-component) and equatorward wind are included
in the analysis. The wind direction was almost exclusively equatorward around the whole year in the per-
manent upwelling areas and from April to October in the seasonal upwelling area (Wooster et al., 1976).
Positive values were therefore not removed to maintain a continuous time series without gaps. Both the me-
ridional and zonal wind stress intensity were calculated from the original wind speed. Besides, and in order
to obtain the maximum upwelling-favorable with stress, the wind stress data were projected 25° clockwise
to the angle of maximum variance at the African upwelling system (PU, CGWPU, and CTWPU).

An additional metric was calculated by counting the number of days when the wind direction was favorable
to upwelling at every upwelling region. Notice, that for this purpose, at PU, CJWPU, and CGWPU, data in
the range of 210°-270°W and for SU in the range of 240°-300°W were used (counting counterclockwise
from the East-0°).

2.6. Linear Fits

Robust fit linear regression (Dumouchel & O'brien, 1991; Holland & Welsch, 1977) and simple linear regres-
sion (Chatterjee & Hadi, 1986; Draper & Smith, 1981) were used to assess the temporal trends for different
variables. Robust fit linear regression was used for Chl-a data (Chl-a trends, productive and unproductive
days trends) since it is less sensitive to outliers (Demarcq, 2009). Simple linear regression was used for the
SST, productive and unproductive areas, NPP and meridional wind data. A statistical significance of 95%
confidence level was set for the analysis of all variables.

These linear fit methodologies were applied to the anomalies of the different variables which were obtained
by subtracting the seasonal mean component from the original time series. The seasonal mean component
was obtained as an annual series containing the daily means (monthly for the NPP data) of the data for all
the years in the study. Finally, temporal trends were computed using the slope and the intercept of the linear
regression of the anomalies of each variable. Anomalies were used for calculating the trends of all variables
except for the productive/unproductive days per year and upwelling-favorable wind days per year.

3. Results
3.1. Sea Surface Temperature Trends

In order to study the recent temporal and spatial variability in the NASE, temporal trends of SST, Chl-q,
NPP, and meridional wind at four upwelling areas and four open ocean areas were analyzed.

Figure 2a illustrates the spatial distribution of the SST trends (°C yr™") from 1982 to 2019 (38 years) in the
NASE. Although the overall spatial variability is clearly marked by positive values in the whole study area
(general warming of +0.201°C dec™"; p < 0.05), some zones in the permanent upwelling areas (PU and CG-
WPU) show remarkable negative trends. The most intense cooling trend located in the northern part of the
PU area (blue area) represents a decadal rate of —0.139°C dec™; p < 0.05.

The temporal variability of the temperature anomaly is shown in Figure 2b. The temperature anomalies in
all the analyzed areas exhibit a similar distribution with time. All the time series show an increasing ten-
dency from 1982 to 2019. However, the magnitude of these increases varies for each area (Table 1). Warming
trends in the open ocean are generally steeper than in the upwelling areas (Figure 2a; Table 1). OA2 showed
the maximum SST increase with a rate of +0.269°C dec™, doubling that observed in CI, OA1, and OA3
which showed comparable warming rates. Some parts of the upwelling areas showed a remarkable cooling
tendency but the overall trends in the upwelling areas were also positive but warming was much slower
as compared to the open ocean areas. Among the upwelling areas, SU showed the fastest warming ratio,
+0.139°C dec™, followed by CTWPU with a value of +0.114°C dec™". Relatively lower warming rates were
found in PU and CGWPU, the latter presenting the lowest SST increase with +0.066°C dec™". It is noticeable
that the lowest trends were found in areas where cooling areas are present (Figure 2a). All the SST trends
were significant with p-values <0.05 (Table 1).
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Figure 2. (a) Spatial distribution of the sea surface temperature (SST) trend (°C yr™") from 1982 to 2019 in the NASE. The eight polygons show the study areas:
four upwelling areas (PU, CJWPU, CGWPU, and SU) and four open ocean areas (CI, OA1-3). Red/blue colors indicate positive/negative SST trend values,
respectively. (b) and (c) Smoothed time series (365-days moving average) of the temporal variability of the temperature anomaly as the result of the sum of the
temperature anomaly and the mean value of the seasonal SST for CGWPU, OA2, and OA3 in (b) and PU, CJWPU, SU, CI, and OALl in (c) from 1982 to 2019. The
trend for each area is indicated by a dashed line. The y-intercept of the regression line and the y-axis represents the seasonal mean. The colors for each anomaly
and trend correspond to the colors of the polygons in (a).

SST trends were also assessed for a shorter time period (27 years from 1992 to 2018 as for the wind data time
series). The warming rates from 1992 to 2018 are less intense compared to the warming rates evaluated over
the longer time period. However, the general feature of more intense warming in the open ocean, with OA2
having the maximum SST increase of 0.162°C dec™" and less intense warming rates in upwelling areas is still
present. As for the longer time period the permanent upwelling and weak permanent upwelling areas (PU,
CIWPU, and CGWPU) show less intense SST increases.

Besides, the number of days when the SST raised above the seasonal mean were counted for each polygon
for each year and this index was used as further evidence of warming in open ocean and upwelling areas. As
expected, all areas exhibited positive rates indicating that the number of days per year when SST values rose
above the mean has increased (Table SI1). In fact, all areas show increases in the range of 4-10 days dec™
meaning that those areas have become warmer for 16-40 days over the last 40 years. In general, values
calculated from this approach reflect the SST warming rates having lower increases in upwelling areas
(4-6 days dec™") and higher increases in open ocean areas (up to 10 days dec™). It should be noted that
trends in the upwelling areas are statistically non-significant.

3.2. Chlorophyll-a Trends

Remotely sensed Chl-a is a commonly used proxy for photosynthetic biomass in the ocean surface, and
trends of Chl-a have been used to get insights into the temporal changes in the productivity of the upper
ocean layer (Demarcq, 2009). For the analysis of Chl-a a shorter time period from 1998 to 2018 (21 years)
was used than for the SST due to limitations in satellite data availability.

Figure 3a displays the spatial variability of the Chl-a trends (mg m ™ yr™") in the NASE from 1998 to 2018.
Chl-a rates of change in the entire NASE were mostly negative and relatively small when observed over the
whole analyzed area with a mean value of —0.009 mg m ™ dec™". The decrease in Chl-a concentrations was
more evident in coastal areas, especially in the permanent upwelling.

SIEMER ET AL.

6 of 20



A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2021JC017268

Wind
direction days

Wind
1992-2018

NPP 2003-2018

Productive ~ Unproductive  Productive
area days days

Unproductive
area

SST Chl-a
1992-2019 1998-2018

SST
1982-2019

Mean Trends of SST, Chl-a, Productive/Unproductive Area, Productive/Unproductive Days (for Upwelling/Open Ocean Areas, Respectively), NPP, Meridional Wind Stress Intensity and Upwelling

Favorable Wind Direction Days of Open Ocean and Upwelling Areas

Table 1

Trend
(days yr™)

Trend

Trend
(mgCm*day 'yr") (mNmyr?)

Trend
(days yr™)

Trend
(days yr™)

Trend (%

Trend
(mgm~>yr™") Trend (%yr )

Trend
Ccyr
+0.0023
+0.0056
+0.0024

Trend

Size

—1

yr
—0.4892

(Cyr
+0.0105
+0.0114
+0.0066
+0.0139
+0.0162
+0.0155
+0.0269
+0.0151
+0.0210

(km?)

Area

+1.3834
+1.0159
+1.4029
+1.4695

0.1823
0.2551
0.4234
0.3941

—4.0961

—2.8364
+0.0496

—0.0311

99,800
39,000
27,000
74,700

115,000

283,000

386,000

404,000
7,740,000

PU

—9.1985
—8.4379
—2.4389
—5.2170

—0.0288

—0.0042

CIWPU

—0.0199
+0.0262

—0.0017

CGWPU
SU
CI

+0.0002

+0.009

+0.0637
+0.4834
+0.2278
—0.3291

—0.0001

+0.0141
+0.0161
+0.0162
+0.0129

—3.0085
—4.0527
—4.6776

+4.1603
+0.8339
—1.0698

—0.0002
—0.0003

+0.0004
—0.0009

OA1l
0OA2
OA3

—3.7163

NASE

Note. Values in bold are statistically significant and values in italics are statistically non-significant.

Abbreviations: CGWPU, Cape Ghir Weak Permanent Upwelling area; CI, Canary Islands area; CJWPU, Cape Juby Weak Permanent Upwelling area; NASE, Eastern North Atlantic subtropical

gyre; NPP, net primary production; OA, Open ocean Areas; PU, Permanent Upwelling area; SU, Seasonal Upwelling area.

The temporal distribution of the Chl-a anomaly and the corresponding
trends from 1998 to 2018 are shown in Figure 3b. The trends are less
homogeneous than for the SST, showing positive and negative values.
Nevertheless, it is easy to identify that PU shows the strongest decrease
with a value of —0.311 mg m ™ dec™" (Table 1). Negative rates were also
detected in the weak permanent upwelling areas (CJWPU and CGW-
PU), though with less intensity. SU is the only upwelling area showing
a slight but not significant (p > 0.05) increase in Chl-a. The open ocean
areas OA1-3 presented relatively slower trends as compared to the up-
welling areas. Whereas Chl-a in OA1 and OA2 is slightly declining, a
small but significant increase in photosynthetic biomass was detected
in OA3. Trends were statistically significant (p < 0.05) both in the open
ocean areas (OA1-3) and in the permanent upwelling areas (PU, CJW-
PU, and CGWPU).

Similar results were evidenced in the analysis of the productive and un-
productive area in the upwelling and open ocean areas, respectively (Ta-
ble 1). The results are expressed in the change of the productive or the
unproductive area in percent referenced to the whole area. That is, how
much of the whole area of each polygon is becoming more productive
or unproductive per decade. As seen in the Chl-a trends, the productive
area in the permanent upwelling areas (PU, CJWPU, and CGWPU) de-
creased while in the seasonal upwelling (SU) there was an increase in
the area with higher productivity. It should be noted that the productive
area in PU shows the strongest decrease with a rate of —4.89% dec™,
more than one order of magnitude lower than the other upwelling are-
as. In close agreement with the evolution of Chl-a concentrations, the
unproductive areas in CI, OA1l, and OA2 were expanding while OA3
became more productive. Interestingly, the fastest expansion rate was
found in OA1 with the unproductive area growing at 4.83% dec™".

An additional metric was calculated to characterize the productivi-
ty of the upwelling and the open ocean areas. The highly productive
(Chl-a > 2 mg m™*) or unproductive (Chl-a < 0.07 mg m™) days per
year were counted and used to compute new linear regressions. The re-
sults for the open ocean areas closely follow the previous findings and
highlight the strong increase in unproductive days for OA1 with an in-
creasing rate of 42 days dec™". In other words, during the last 2 decades
the area OA1 has become unproductive for 84 more days (almost a full
season) as compared to 1998. In the upwelling areas, only the PU shows
a trend with statistical significance with a decrease in productive days
up to 28 days dec™". The other upwelling areas and CI did not contain
enough values with either Chl-a > 2 mg m™> or Chl-a < 0.07 mg m~>
respectively, to calculate the change in days per years. Again, this result
emphasizes the sharp decrease in highly productive days in PU as com-
pared to the other upwelling areas.

We furthermore examined the productive and unproductive days per
season (Table SI1). Assessing the seasonal productive days in the up-
welling areas was only possible for PU. Although PU productive days
were decreasing during every single season along the time series, the
most intense decrease was detected during summer with a yearly rate
of —1.157 days (24 days in 21 years). For the open ocean areas, the un-
productive days were obtained for spring, summer and fall in OA1, OA2,
and OA3. The winter season and the CI area did not provide any results
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Figure 3. (a) Chlorophyll-a (Chl-a) trends (mg m™ yr™") in the Eastern North Atlantic subtropical gyre (NASE) from 1998 to 2018. The four upwelling areas
Permanent Upwelling area (PU), Cape Juby Weak Permanent Upwelling area (CYWPU), Cape Ghir Weak Permanent Upwelling area (CGWPU), and Seasonal
Upwelling area (SU) and the four open ocean areas Canary Islands area (CI) and OA1-3 are indicated by different polygons. White areas correspond to trends
with values close to 0, and blue tones reflect the intensity of the negative trends. (b) Smoothed time series (365-days moving average) of the Chl-a anomaly

as the result of the sum and the seasonal mean value and corresponding trends (dashed lines) from 1998 to 2018 for areas shown in (a) (same colors as the
polygons). The seasonal mean value is represented by the intercept of the trend with the y-axis.

due to a lack of values. The unproductive days were increasing during each season in OA1 and OA2. For
both areas we found the strongest increases during spring followed by summer. Conversely, OA3 was de-
creasing in unproductive days (hence increasing in productivity) in each season. The most intense decrease
was detected during summer with a yearly rate of —0.9242 days (decrease of 19 days in 21 years).

3.3. Net Primary Production Trends

Measuring Chl-a is the most common proxy used to estimate the NPP of the photic layer. Nevertheless, the
physiological state of the phytoplankton is often neglected which results in severe deviations between the
Chl-a standing stocks and the actual rates of production in marine environments. From the different mod-
els designed to produce an estimate of NPP we used the CbPm, which uses the carbon:Chl ratio to derive the
NPP (Behrenfeld et al., 2006; Westberry et al., 2008) to complement our Chl-a analysis with a more realistic
estimate of actual productivity.

Figure 4a shows the spatial distribution of the NPP trends from 2003 to 2018 (15 years) in the NASE. Most
of the studied area presents a decrease in NPP, with a mean average of 37.163 mg C m™> day* dec™. Still,
some pixels with increasing values are present. The intensity of the trends (both positive and negative) is
highest in coastal areas where the highest production rates were found.

The temporal variability and linear regressions of the NPP anomaly for each area can be seen in Figure 4b.
As expected, negative trends were found in all areas of interest. In the upwelling areas, the intensity of
the NPP decrease is rather variable. The strongest trend (=91.99 mg C m™> day ™' dec™; p-value < 0.05)
was detected in CJWPU followed by a slightly less intense decrease in CGWPU (—84.38 mg C m > dec™;

p-value < 0.05). Values for PU and SU are relatively higher than for CJWPU and CGWPU. SU is the area
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Figure 4. (a) Representation of the net primary production (NPP) trends (mg C m™ day™" dec™) from 2003 to 2018 in the Eastern North Atlantic subtropical
gyre (NASE). Blue/red areas indicate a decrease/increase in NPP, respectively. Eight areas of interest were selected in upwelling areas (Permanent Upwelling
area (PU), Cape Juby Weak Permanent Upwelling area (CJWPU), Cape Ghir Weak Permanent Upwelling area (CGWPU), and Seasonal Upwelling area (SU))
and in open ocean areas (Canary Islands (CI), OA1-3) in order to spatially analyze mean trends. (b) Smoothed time series (12-months moving average) of result
of the sum of the NPP anomaly and the seasonal mean value and their regression lines for each area. The mean of each polygon is represented by the intercept
of the trend line with the y-axis. The colors correspond to the ones used for the boxes in (a).

with the mildest decrease with a mean value of —24.39 mg C m™ day™' dec™. It is noteworthy that both
SU and PU show high p-values as compared to other areas and the trend of PU is statistically non-signifi-
cant (p > 0.05). The open ocean areas (CI and OA1-3) show significant trends but generally not as steep as
those in the weak permanent upwelling areas, ranging from approximately —30 mg C m™> day ' dec™" to
—52mg C m~*day ' dec™ (p-value < 0.05).

To put our results in a global context, we calculated the worldwide rate of NPP by multiplying the original
NPP data (mg C m™* day™") by the area of each pixel in the original grid of coordinates to obtain a global
rate (mg C m > day™"). Similarly, we calculated the NPP rate of the Canary upwelling system by combining
the four upwelling areas (PU, CJWPU, CGWPU, and SU). We obtained the entire time series of NPP rate
(2003-2018) and calculated trends following the same approach as with all the variables in this study. In this
way, the first and last point of the trend line can be understood as the mean of the NPP rate at the beginning
and the end of the time series.

At the beginning of our NPP time series (January 2003), the global rate of NPP was 1.89 x 10° t C day™',
while at the end of the time series (December 2018) this rate was 1.67 x 10° t C day™, which represents a
11.6% decrease in 15 years. In the Canary upwelling system, the rates were 2.63 x 10° t C day ™" at the begin-
ning and 2.29 X 10° t C day " at the end, representing a decrease of 13.2%. These percentages suggest that
the NPP rate in the Canary upwelling system is decreasing at a similar pace as the global NPP. Furthermore,
the loss in the Canary upwelling system in 15 years (0.34 X 10° t C day™") represents a decrease of 0.02%
respect to the initial global NPP rate (1.89 x 10° t C day™ in January 2003). If this trend continues, this
would mean that the Canary upwelling system, which represents 0.11% of the global oceanic area, would be
responsible for the loss of 0.13% of the global NPP rate per century.
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Figure 5. (a) Meridional wind stress trend (mN m ™ yr™") from 1992 to 2018 in the Eastern North Atlantic subtropical gyre (NASE). Polygons for three
permanent upwelling areas (Permanent Upwelling area (PU), Cape Juby Weak Permanent Upwelling area (CJWPU), and Cape Ghir Weak Permanent
Upwelling area (CGWPU)) and one seasonal upwelling area (SU) were selected for the analysis of spatial mean trends. Wind roses show the general wind
direction and wind speed for each polygon. (b) Smoothed time series (365-days moving average) of the sum of the meridional wind stress anomaly and the
seasonal mean value of the meridional wind stress trend of four upwelling areas. The meridional wind stress has been projected for PU, CJWPU and CGWPU
by 25° clockwise. Dashed lines represent the trends for each area. The colors of each time series and trends correspond to the polygons and their colors used in

(a).

3.4. Meridional Wind Trends

The meridional wind stress component was used to analyze the upwelling-favorable wind along the coast
of western Iberia and Northwest Africa. In Figure 5a the spatial distribution of the meridional wind stress
trends (N m ™2 yr™") from 1992 to 2018 (27 years) in the NASE is shown. Open ocean areas (CI, OA1-3) are
not included in this analysis because the aim is to detect the prevalence of coastal upwelling-favorable
wind. Although both increases and decreases in wind stress are present in the whole NASE, positive trends
predominate, especially in coastal areas.

In addition, wind roses are displayed to illustrate the general wind direction and wind speed for each up-
welling area. The wind direction in PU and the weak permanent upwelling areas (CYWPU and CGWPU)) is
predominantly south-west. CJWPU and CGWPU show slightly more variation in wind direction and wind
speed than PU. The wind direction and wind speed in the SU exhibits greater variability. Nevertheless, the
predominant wind direction is to the South.

Figure 5b shows the temporal variability of meridional wind stress anomaly. All four upwelling areas
(PU, CJWPU, CGWPU, and SU) show similar temporal variabilities with positive trends of different in-
tensities. The maximum increase in meridional wind stress was found in CGWPU with a mean value of
4.23 mN m™* dec™". CJWPU and SU show relatively lower increases, and PU presents the smallest change
in wind speed (1.82 mN m > dec™"). All trends are statistically significant.

Asin the case of SST above mean days and the productive and unproductive days we developed another met-
ric to analyze the change in days per year of upwelling favorable wind direction. All upwelling areas show
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Table 2

List of SST Trends Related to the Period, Region and Data Sources Found by Published Works in the Literature

Study

Results

Period

Region

Data

Polovina et al. (2008)
Demarcq (2009)

Signorini et al. (2015)
Good et al. (2006)
Gomez-Letona et al. (2017)
Demarcq (2009)

Belkin (2009)

Hansen et al. (2006)

Santos et al. (2012)

Casey and Cornillon (2001)
Casey and Cornillon (2001)

Polonsky and Serebrennikov (2018)

This study

This study

This study

Padro et al. (2011)

Padro et al. (2011)
Ould-Dedah et al. (1999)
Carson and Harrison (2008)
Levitus et al. (2000, 2005)
Baptista et al. (2017)

Lemos and Sanso (2006)

+0.36°C dec™*
+0.35-0.44°C dec™*

+0.18°C dec™
+0.17-0.18°C dec™"
Warming and cooling

+0.5°C dec™

+0.22°C dec™*

+0.2°C dec™
Warming and cooling
+0.09-0.14°C dec™
+0.05-0.06°C dec™
+0.12°C dec™
+0.066-0.114°C dec™"
+0.139°C dec™
+0.151-0.269°C dec™’
+0.3°C dec™
+0.21°C dec™
Cooling
Warming
Warming
+0.1-0.2°C dec™

Warming

9 years, 1998-2007
9 years, 1998-2007

15 years, 1998-2013
19 years, 1985-2004
21 years, 1993-2014
22 years, 1985-2007

24 years, 1982-2006

26 years, 1980-2006
28 years 1982-2010
30 years, 1960-1990
30 years, 1960-1990
34 years, 1982-2016
38 years, 1982-2018
38 years, 1982-2018
38 years, 1982-2018
39 years, 1970-2009
39 years, 1970-2009
42 years, 1946-1988
48 years, 1955-2003
50 years, 1950-2000
60 years, 1950-2010
100 years, 1900-2000

North Atlantic subtropical gyre

Canary upwelling system

North Atlantic subtropical gyre

Global
Permanent upwelling areas

Canary upwelling system

Canary Current

Global

Permanent upwelling areas
Global

Northeast Atlantic
Permanent upwelling areas
Permanent upwelling areas
SU

NASE, open ocean

SU

Permanent upwelling areas
Permanent upwelling area
Canary upwelling system
Global

SU

SU

NOAA OI SST

ICOADS, AVHRR Pathfinder version
5.1

NOAA OISST
AVHRR Pathfinder version 4.1
NOAA OI SST

ICOADS, AVHRR Pathfinder version
5.1

UK Meteorological Office Hadley
Centre SST climatology

Satellite, ship-based, paleoclimate data
AVHRR Pathfinder version 5.2
WOA94, COADS

WOA94, COADS

NASA PO, DAAC, AVHRR
NOAA OISST V2

NOAA OI SST V2

NOAA OI SST V2
NCEP/NCAR

NCEP/NCAR

COADS

‘WODO05

World Ocean Database 1998
ICOADS

World Ocean Database 2001

increases in the number of days of upwelling-favorable wind direction in the range of 10-14 days dec™ with
a larger effect in the weak permanent upwelling areas (CJWPU and CGWPU).

4. Discussion

In order to place our results into a wider context, trends of SST, Chl-a, productivity and wind stress are
compared to previously published studies. The large variations in time coverage and data sources should be
considered. Natural interannual and interdecadal climate variability (e.g., induced by oscillations such as
the Atlantic-Multidecadal Oscillation (AMO) or the North Atlantic Oscillation (NAO)) play an important
role in the magnitude of trends and can influence the signal of relatively short time periods (Polonsky &
Serebrennikov, 2018). Hence, documented long-term trends are the most reliable and most suited ones to
compare to our results. In addition, the quality, coverage, and reliability of data sources have changed sig-
nificantly over the last decades and should also be taken into account. It should also be noted that although
Chl-a and NPP trends are discussed in one section, both data sets are independent and extracted from two
different sources.

4.1. Sea Surface Temperature Trends

Our results for the SST are spatially not homogeneous. In fact, the warming in the open ocean is more pro-
nounced than in upwelling areas. Although both higher and lower trends were detected by different authors
for different time periods for the open ocean, our results are in good agreement with the literature (Table 2).
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Cropper et al. (2014) and Taboada and Anadén (2012) reported general SST increases in the North Atlantic,
where warming rates in the open ocean lie in the range of +0.1-0.3°C dec™". Several authors found similar
warming rates in the range of +0.18-0.2°C dec™" for the open ocean in the NASE for different time periods
between the 1980s and 2000s (Good et al., 2006; Hansen et al., 2006; Signorini et al., 2015). Although the
trends of these authors are generally higher than our results, one of the open ocean areas analyzed in the
present study, OA2, exhibits an even higher average warming rate (+0.27°C dec™). It has already been em-
phasized that the temperature is now as high as in the Holocene maximum and it has been warned that a
global warming of 1°C higher than the average in 2000 would have adverse effects like sea level rise and spe-
cies extinctions. An even higher SST warming rate (+0.36°C dec™") for the open ocean than the maximum
that we found (40.27°C dec™) was evidenced by Polovina et al. (2008) in the North Atlantic subtropical
gyre from 1998 to 2007. This difference in intensity is probably due to the different length in time periods.

The signal of the trend can easily be affected by climate variability. If the time period selected for the data
set is too short, a false signal may be evidenced. For this reason, we tried to assess the trends of the longest
records possible. The long-term trends enable both to get more insights into the SST evolution over the last
40 years and may also indicate how the future warming will be affecting the area. However, the time period
of the SST time series was also set for 27 years (the same length as the wind data) in order to evaluate if the
intensity of the trends over a shorter time period changes significantly. The warming rates for the 27 years'
time period show a similar inhomogeneous pattern for open ocean and upwelling areas as the 38 year peri-
od. The same differences in warming for upwelling areas and open ocean areas were detected. It should be
noted however, that the trends are less intense than for the longer period. Nevertheless, the comparison of
both time periods implies that the long-term trend is still present for a shorter time period.

Sambe et al. (2016) found a net warming of the Canary upwelling system and highlight that out of all four
EBUS the SST increase in the Canary upwelling system is the strongest one. According to Carson and Har-
rison (2008), the upper 300 m of the Canary upwelling system have been subject to warming from 1955 to
2003. Warming rates of +0.21°C and +0.22°C were found for periods between 1970-2009 and 1982-2006,
respectively (Belkin, 2009; Pardo et al., 2011). Most of the SST increases reported in the literature are higher
than the warming rates that we obtained for the permanent upwelling areas. Nevertheless, Polonsky and
Serebrennikov (2018) showed that the SST in the active upwelling area increased by +0.4°C from 1982 to
2016 (a rate of +0.12°C dec™). This result reflects the findings of our study. The SST increases in the three
permanent upwelling areas vary slightly from the rate they found but are in good agreement with their
trend as an average value. Warming was also observed by Lemos and Sans6 (2006) in nearshore waters off
Iberia. Baptista et al. (2017) analyzed SST variability off Iberia over the last 60 years. The authors found a
positive trend in the range of +0.1-0.2°C dec™" which is in good agreement with the results from our study.
On the contrary, Pardo et al. (2011) found a higher warming rate from 1970 to 2009 of +0.3°C dec™" for the
Su.

Santos et al. (2012) analyzed SST from 1982 to 2010 in the permanent upwelling area and found a warming
trend which is increasing southward, noting that some specific areas show surface cooling. They emphasize
the spatial differences in open ocean and coastal areas concerning the magnitude of the trends, showing
that open ocean areas are subject to higher warming rates. Gémez-Letona et al. (2017) also encountered
warming in the permanent upwelling areas that is, higher offshore than in coastal areas. In addition, similar
negative trends in coastal areas in the permanent upwelling were detected. They further demonstrate that
these areas of cooling are situated at coastal locations where upwelling filaments are common features.
Such cooling trends in the permanent upwelling area had already been observed in 1999 by Ould-Dedah
et al. (1999), though it has to be noted that they analyzed a different time period (1946-1988).

The differences in warming rates in open ocean and upwelling areas and localized cooling trends might in-
dicate an upwelling intensification as the coastal waters are less warmed due to the cooler upwelled waters
(Polonsky & Serebrennikov, 2018). An upwelling intensification would also result in an increase in produc-
tivity and surface Chl-a. Our results, however, show negative Chl-a and NPP trends suggesting that there
has rather been a decrease in the upwelling intensity. Both Demarcq (2009) and Santos et al. (2012) suggest
that warming in coastal upwelling areas is limited due to upwelled colder waters. This limited warming
might be a more reliable explanation for the lower SST trends in the upwelling areas compared to the more
pronounced warming in the open ocean.
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IZ?IO‘} ?é'hl-a and NPP Trends Related to the Period, Region, and Data Sources Found by Published Works in the Literature

Study Results Period Region Data
Gregg et al. (2005) Increase 5 years, 1998-2003 Global, evident in coastal regions SeaWiFS Level 3
Gregg et al. (2005) Decrease 5years, 1998-2003  Subtropical gyres SeaWiFS Level 3
Behrenfeld et al. (2006)* Decrease 9 years, 1997-2006 Global VPGM

Gomez-Letona et al. (2017)
Aristegui et al. (2009)
Demarcq (2009)

Demarcq (2009)

Vantrepotte and
Mélin (2009, 2011)

Gomez-Letona et al. (2017)
Signorini et al. (2015)*
Gomez-Letona et al. (2017)*
Sambe et al. (2016)
Signorini et al. (2015)

Bode et al. (2009)

This study

This study

This study

This study*

Gregg and Conkright (2002)
Gregg and Conkright (2002)

—0.025 mg m > dec™
Decrease

—0.57 mg m > dec™"

Increase

Decrease

—0.38 mg m~> dec™

—73.18 mg C m > day " dec™’
Decrease
—0.137 mg m > dec™
—0.007-0.009 mg m~ dec™
Decrease
—0.311—0.017 mg m > dec™
0.002 mg m~> dec™
—0.001-+0.004 mg m > dec™

—24.39-91.99 mg C m~> day " dec™

Decrease

Increase

9 years, 1998-2007
9 years, 1998-2007
9 years, 1998-2007
9 years, 1998-2007
10 years, 1997-2007

12 years, 2003-2015
16 years, 1997-2013
12 years, 2003-2015
15 years, 1997-2012
16 years, 1997-2013
19 years, 1987-2006
21 years, 1982-2018
21 years, 1982-2018
21 years, 1982-2018
21 years, 1982-2018
30 years, 1980-1990
30 years, 1980-1990

CIWPU, CGWPU

Canary Current
Permanent upwelling areas
SU

Subtropical gyres

PU

North Atlantic subtropical gyre
Permanent upwelling areas
Canary Current

North Atlantic subtropical gyre
SU

Permanent upwelling areas

SU

NASE, open ocean

NASE

Global, high latitudes

Global, low latitudes

ESA, SeaWiFS
SeaWiFS Level 3
SeaWiFS Level 3
SeaWiFS Level 3
SeaWiFS

ESA, MODIS
CbPM

CbPM, MODIS
NOAA

SeaWiFS, MODIS
CPR, Radiales Program
CMEMS
CMEMS
CMEMS
CMEMS

CZCS, SeaWiFS
CZCS, SeaWiFS

Note. Studies that analyzed NPP trends are marked with an asterisk.

Distribution limits of tropical marine species are believed to shift poleward induced by future warming
of the ocean (Verges et al., 2014). The SST increase in the region of the Macaronesian Islands has already
resulted both in the arrival of thermophilic species of tropical origin and the geographic expansion of en-
demic thermophilic species around several islands (Afonso et al., 2013; Brito et al., 2014, 2017). If the SST
trend continues it might facilitate future tropicalization and enable the arrival of other tropical species and
the population increase of native thermophilic species (Brito et al., 2017). As a consequence, the tropicali-
zation of the environment might also cause the displacement or substitution of species that are adapted to
the relatively colder waters along the African shelf (Verges et al., 2014).

4.2. Chlorophyll-a and Productivity Trends

As in our study, several authors found global Chl-a and productivity decreases during the last decades (Ta-
ble 3). Gregg and Conkright (2002) compared global Chl-a variation from 1979 to 1986 (CZCS) and from
1997 to 2000 (SeaWiFS). They identified that global Chl-a means were decreasing. Behrenfeld et al. (2006)
used NPP (VPGM, chlorophyll-based) data from 1997 until 2006 in order to examine ocean productivity.
Similarly, they found a global decrease in productivity. They furthermore emphasized the correlation be-
tween stratification and productivity. These authors suggested that enhanced stratification in a warming
context suppresses nutrient exchange and productivity due to reduced vertical mixing. In that sense, our
results of general decreases in Chl-a and productivity are in good agreement with global trends from the
literature.

As for the SST trends both the results for Chl-a and NPP show significant spatial differences. The trends
evidenced in upwelling areas are generally more intense than in open ocean areas. In previous studies,
however, authors emphasized the decreasing trends in subtropical gyres. Both Gregg and Conkright (2002)
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and Vantrepotte and Mélin (2009, 2011) found a global increase in Chl-a for different time periods but Chl-a
decreases in all five gyres during the time period Vantrepotte and Mélin (2009, 2011) analyzed. Signorini
et al. (2015) detected significant negative trends in NPP and Chl-a for the North Atlantic subtropical gyre.
Although the values of NPP and Chl-a are 2-3 times lower than our findings, they are still consistent with
the decreases in both NPP and Chl-a that we found for the open ocean. Polovina et al. (2008) analyzed the
temporal and spatial evolution of the most oligotrophic areas in the subtropical gyres and found supporting
evidence of decreasing Chl-a concentrations and an expansion of oligotrophic waters. Indeed, the authors
detected that the oligotrophic area in the North Atlantic subtropical gyre appeared to be expanding most
rapidly (4.3% yr™"). This rate is about one order of magnitude higher than the maximum rate of expansion
that we found (OA1: 0.4834% yr™"). It should be noted however, that Polovina et al. (2008) and Signorini
et al. (2015) analyzed the oligotrophic area in the whole subtropical gyre whereas we focused on the eastern
part. In fact, the most oligotrophic areas of the North Atlantic subtropical gyre are located rather in the
western part of the North Atlantic due to its asymmetry (Munk & Carrier, 1950).

To our knowledge, this is the first time that an analysis based on productive/unproductive days per year
to assess the long-term changes in productivity was performed. We detected that the open ocean area OA1
has become almost 90 days more unproductive than 21 years before. This remarkable result, along with the
highest expansion rate for this area, suggests that the area is decreasing in productivity at higher rates than
other open ocean areas.

In the subtropical gyres the upper ocean is re-stratifying during summer months with shallow mixed-layer
depth and limited phytoplankton production that is reduced to ecosystem nutrient regeneration. Clima-
tological changes in the physical forcing such as surface warming/cooling may significantly alter these
processes (Signorini et al., 2015). Our results imply that these changes are already occurring leading to the
decreases in both Chl-a and NPP and the expansion of the most oligotrophic areas.

Several authors found that the Canary upwelling system has decreased in productivity and Chl-a over the
last 20 years (Aristegui et al., 2009; Demarcq, 2009; Gomez-Letona et al., 2017; Sambe et al., 2016). Although
the negative trends are generally in good agreement with our results, the decreases we found for Chl-a are
more intense. The Chl-a trends Gomez-Letona et al. (2017) found for the PU (—0.378 mg m~ dec™) and the
weak permanent upwelling areas (—0.025 mg m~> dec™), on the other hand, are in very good agreement
with our results (—0.311 mg m~> dec™" and —0.042 to —0.017 mg m > dec™"). These authors analyzed trends
in similar locations as in this study and found both increasing and decreasing Chl-a concentrations. The
NPP (CbPm, MODIS) trends, however, were exclusively negative as in our results, although our values are
generally smaller.

Similarly, the productive area and productive days in the permanent upwelling area are decreasing. Indeed,
our results show that the PU has lost about two months of high productivity over the last 21 years and the
productive area decreased by 10%. As for the open ocean areas this approach has not been used to assess the
productivity change over the last decades. Nonetheless, these results provide supporting evidence for the
productivity decrease in the permanent upwelling area.

The Canary upwelling system is a highly valuable large marine ecosystem providing ecosystem services
with an estimated amount of US$ 11.7 billion (Interwies & Gorlitz, 2013). Pelagic fish species are sensitive
to changes in the environmental forcing and the state of the environment. It has been hypothesized that
sudden environmental changes in 1997 were responsible for the collapse of the sardine stock in the Ca-
nary upwelling system. In the last decades, pelagic fish stocks have already been observed to be declining
(Sardine, Sardinella) which might be associated to the decreasing Chl-a and productivity trends (Sambe
et al., 2016). Our results add more evidence to the forecasted decline in pelagic fish stocks that eventually
might affect the resources of millions of people that depend on the fisheries activities in the Canary up-
welling system.

4.3. Wind Trends

Our results indicate meridional wind stress increases and increases in the days when the wind direction
was upwelling favorable. These increases are in alignment with previously published studies and especially
the upwelling intensification hypothesis (Table 4). In 1990, Bakun (1990) hypothesized that the upwelling
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IZ?IO‘} ‘I‘/Vind Trends Related to the Period, Region, and Data Sources Found by Published Works in the Literature

Study Results Period Region Data

Demarcq (2009) Increase 7 years, 2000-2007 SU Cersat, QuickSCAT
Decrease 7 years, 2000-2007 Permanent upwelling areas Cersat, QuickSCAT

This study Increase 27 years, 1992-2018 NASE CMEMS

Bakun (1990)
McGregor et al. (2007)
Cropper et al. (2014)

Polonsky and
Serebrennikov (2018)

Pardo et al. (2011)

Narayan et al. (2010)
Barton et al. (2013)

Lemos and Pires (2004)
Betancort et al. (2020)

Increase ~30 years, 1950s-1980s EBUS Wind reports from ships

Increase ~30 years, 1950s-1990s  EBUS, Canary upwelling system  COADS

Increase 31 years, 1981-2012 Permanent upwelling areas Stations, TWI, MERRA, 20Cr,
CFSR, NCEP-DOE II, ERA-I

Increase 34 years, 1982-2016 Canary upwelling system NCEP

Decrease 39 years, 1970-2009 SU NCEP/NCAR

Decrease 39 years, 1970-2009 Permanent upwelling areas NCEP/NCAR

Increase and decrease 40 years, 1960-2000 EBUS, Canary upwelling system  COADS, NCEP/NCAR, ERA-40

PFEL, NCEP/NCAR, ECMWF,
ICOADS, WASWIND

No significant increase 40 years, 1960-2000 Permanent upwelling areas

Decrease 40 years, 1960-2000 SU PFEL, NCEP/NCAR, ECMWEF,

ICOADS, WASWIND
Decrease 59 years, 1941-2000 SU Meteorological stations
Decrease 79 years, 1948-2017 Canary Islands NCEP/NCAR

favorable winds would intensify under global warming. Briefly, the Bakun hypothesis initiated from the
fact that trade winds in all four EBUS (Canary, California, Peru, and Benguela) had increased from the
mid-1900s to the 1980s. It was therefore proposed that upwelling in EBUS will be increasing during future
global warming scenarios. In fact, the author hypothesized that a global warming scenario with increased
CO, concentrations would reduce night-time cooling and increase daytime warming. Consequently, the
temperature difference at land and sea would cause greater pressure gradients leading to intensified along-
shore winds and enhanced upwelling.

However, a more recent study of Sydeman et al. (2014) who performed a meta-analysis of wind trends in the
literature emphasizes equivocal results for the permanent upwelling area in the Canary upwelling system.
Barton et al. (2013) support this discussion by underlining the variations in different data sets and locations
(even positive and negative trends for the same location). They therefore conclude no intensification in
winds off Northwest Africa.

In contrast to our results, some authors have also evidenced negative wind trends for similar time periods.
Pardo et al. (2011) used the NCEP/NCAR data set and found a wind decrease in Iberia and Northwest Af-
rica which is most prominent from 1970 to 2009. Similarly, Betancort et al. (2020) detected a net decrease
of up to 1 m s™' in wind intensity north of the Canary Islands from 1948 to 2017 using the same data set.
Narayan et al. (2010) detected differences between data sets and concluded that COADS data provided the
most reliable results of significant increases in meridional wind stress in all four EBUS (in CCU from 28.5
to 33.5°N). In addition, they argue that the less reliable results derive from the NCEP/NCAR data. Smith
et al. (2001) showed that the NCEP/NCAR reanalysis data underestimate the global wind intensity. Narayan
et al. (2010) consequently suggested that the underestimation of the wind strength might be the reason for
the negative trends.

Several authors have indeed found increases in the meridional wind stress in agreement with our results.
Cropper et al. (2014) carried out a more holistic approach to analyze the changes in the wind state of the
last decades. They found further evidence of increases in upwelling favorable winds (from oceanic stations;
two out of four significant) during summer months from 1981 to 2012. Moreover, they computed the Trade
Wind Index (difference of sea level pressure from Azores and Cape Verde) which also suggests an intensifi-
cation of winds since 1973. They additionally represented the meridional wind trends from several data sets
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(MERRA, 20CR, CFSR, NCEP-DOE II, and ERA-I reanalysis) from 1981 to 2012. The pattern of meridional
wind trends and the intensity of the trends (up to 0.5 m s* dec™") are consistent with our results. Polonsky
and Serebrennikov (2018) examined the wind intensity (modulus and both zonal and meridional wind
components) in Northwest Africa during the last 30 years, also showing an increase in wind intensity for
the modulus and both the meridional and zonal components.

Santos et al. (2005) analyzed the Canary upwelling system from 1982 to 2001 and detected decadal shifts
in the upwelling intensity. They found that the variability in wind forcing provides reasonable explana-
tions for the shifts in upwelling intensity and their timing. Conversely, our results lead in some extent to
contradictory correlations. As suggested by Santos et al. (2005) we would expect a productivity increase in
relation to strengthened upwelling-favorable wind stress intensity. Nevertheless, our results show a gen-
eral decrease in Chl-a and productivity and an increase in meridional wind. Moreover, our findings both
support and contradict Bakun's hypothesis. On the one hand, the mostly decreasing trends in productivity
and Chl-a in upwelling areas do not agree with Bakun's upwelling intensification hypothesis. On the other
hand, the increases in upwelling favorable wind in Iberia and Northwest Africa upwelling areas support the
upwelling intensification hypothesis. Furthermore, the general warming in upwelling areas contrasts with
Bakun's hypothesis but is consistent with the decreasing productivity. Interestingly, some specific areas do
show cooling trends in the permanent upwelling areas, supporting the upwelling intensification hypothesis.

Bonino et al. (2019) pointed out that both the wind stress and the stratification should be considered in
order to evaluate future changes in coastal upwelling. Bakun (1990) did not consider the stratification and
other processes that might change the thermocline depth such as coastal trapped waves. Warming in coastal
areas increases the stratification and inhibits the vertical nutrient exchange limiting the productivity (Brady
et al., 2019; Di Lorenzo et al., 2005; Garcia-Reyes et al., 2015). Coastal trapped waves can also change the
water column stratification and cause anomalies affecting the productivity (Bachelery et al., 2016; Echevin
et al., 2014; Pietri et al., 2014; Rykaczewski & Dunne, 2010). In fact, both the wind stress and the stratifica-
tion are able to amplify or mitigate the upwelling intensity. Consequently, changes in wind stress and strat-
ification might be complementary or competitive for the upwelling intensity in a global warming scenario
(Bachélery et al., 2016; Pietri et al., 2014). Bonino et al. (2019) found that in the Canary upwelling system
the stratification and coastal trapped waves seem to have stronger effects on the upwelling intensity than in
other EBUS such as the Benguela system where a positive linear relationship exists between the upwelling
intensity and the wind stress.

5. Conclusions

Our study highlights the differences in warming trends in SST and decreasing Chl-a and NPP trends in open
ocean areas and upwelling areas. SST trends show significant variations in their magnitude with higher
warming trends in open ocean (+0.151 to +0.269°C dec™) than in upwelling areas (+0.066-+0.139°C dec™).
The SST above the mean days trends reflect the warming rates observed in the SST trends. One of the more
relevant results was evidenced in the open ocean area around the Azores (OA2), where an alarming maxi-
mum warming rate of +2.7°C per century was found.

Chl-a and NPP, however, show more intense decreases in permanent upwelling areas (Chl-a: —0.311-
—0.017 mg m~> dec”' and NPP: —91.96-—40.96 mg C m > day ' dec™") than in the open ocean (Chl-a:
—0.003-—0.001 mg m~ dec™" and NPP: —52.17-—30.09 mg C m~> day ' dec™") and during the last 15 years,
the NPP in the Canary upwelling system is decreasing more rapidly (—13.2%) than the global ocean
(—11.6%). If the current pace continues, the Canary upwelling system will contribute with a loss of 0.13%
to the global NPP.

In general, warming coincides with decreases in Chl-a, productivity, and productive area. Three areas in the
permanent and weak permanent upwelling (PU, CTWPU, and CGWPU) and three open ocean areas (CI,
OA1 and OA2) show warming trends accompanied with decreasing Chl-a and NPP trends.

Besides, the permanent upwelling area (PU) has become 60 days more unproductive and the productive
area has shrunken by 10% from 1998 to 2018. The oceanic area around the Azores (OA2) has become 17 days
more unproductive and the unproductive area has expanded by approximately 5%. The southernmost open
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ocean area (OA1) shows the greatest productivity decrease. The area has become up to 87 days more unpro-
ductive than in 1998 and the unproductive areas has expanded by up to 10%. Conversely, the open ocean
area around Madeira (OA3) exhibited a Chl-a increase (+0.04 mg m ™~ dec™") accompanied with an increase
of the productive days up to 22 days during the last 21 years together with an expansion of the productive
area by a +7%.

Increasing trends in the meridional wind stress intensity and the upwelling favorable wind direction
(around 40 days more upwelling favorable from 1992 to 2018) lead to contradictory conclusions. Although
the increase in meridional wind stress is in agreement with Bakun's upwelling intensification hypothesis,
it contrasts with decreases in Chl-a and NPP in upwelling areas. Interestingly, there are some specific loca-
tions in the permanent upwelling areas that exhibit cooling trends of up to —1.4°C per century coinciding
with locations where upwelling filaments are characteristic features. In one of these locations a small area
shows increases in productivity. These results would support Bakun's hypothesis as enhanced upwelling
forced by increasing winds would lead to a cooling of surface waters and an increase in productivity.

The warming in the open ocean and upwelling areas, however, appears to be in better alignment with the
decreases in Chl-a, productivity, the expansion of unproductive areas in the open ocean and the decrease of
productive area in the upwelling region than the increases in meridional wind stress and upwelling favora-
ble wind direction days. This relationship is supported by findings of other authors that the stratification
and coastal trapped waves which have not been considered by Bakun (1990) may have stronger effects on
the upwelling intensity (and productivity) in the Canary current upwelling system than the wind stress.

Both stratification and coastal trapped waves may reduce the productivity by limiting vertical exchange of
nutrients to the surface. Therefore, the upwelling intensity is regulated by the interplay of wind stress and
stratification. This relationship may be either complementary or competitive. In the case of our study;, it
seems to be rather competitive. We therefore suggest that the general warming of the upwelling system and
the resulting enhanced stratification might be the main forcing for the upwelling intensity and serve as a
more reliable explanation for the decrease in Chl-a and productivity than the increased upwelling favorable
wind stress.

These results emphasize even more the complex interplay of wind stress and stratification in upwelling
areas and their competitive or complementary consequences which will be especially important in future
climate change conditions. Further studies based on more holistic data sources should be carried out to get
more insight into the still controversial evolution of the Canary upwelling system during the last decades.
Furthermore, longer time series and reliable data of SST, Chl-a and productivity should be established and
analyzed in order to monitor the behavior of the upper ocean in upwelling and open ocean areas in prepa-
ration for future challenges in a climate change context.
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