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Abstract

:

Understanding the causes of global sea level rise is considered as an important goal of climate research on a regional scale, especially around islands, owing to their vulnerability to this phenomenon. In the case of the Canary Islands, these alterations entail an increase in territorial risks. The Canary Islands span the transitional zone linking the Northwest African upwelling system and the open ocean waters of the subtropical gyre. Here, we used satellite altimeter data to perform a detailed statistical analysis of sea level anomaly from 1993 to 2019. A seasonal study was carried out at two different regions and sea level anomaly was compared with temperature variability in the area. A total rise in the sea level of around 7.94 cm was obtained for the last 27 years in both areas. Sea level anomaly was strongly influenced by sea surface temperature, as expected. In addition, we found differences between the annual cycle in the open ocean and the upwelling zone, showing different patterns in both sites. The expected increase in sea level for the year 2050 in the coastal zone of the archipelago was estimated to be 18.10 cm, affecting the coastal economy of the islands, which is strongly based on the use of beaches for tourism.
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1. Introduction


The global sea level has been rising over the past century, and the rate has increased in recent decades [1]. Understanding twentieth-century global and regional sea level changes is of paramount importance because they reflect both natural and anthropogenic changes occurring in the Earth’s climate system (through changes in land-ice and ocean heat uptake). Moreover, sea level rise affects the livelihood of hundreds of millions of people in the world’s coastal regions [2,3,4], being a serious socioeconomic problem.



Sea level changes occur because of a variety of factors including ocean tides, changes in ocean circulation, and changes in atmospheric pressure, among others. However, the long-term sea level is mainly influenced by changes in the heat content of the oceans (thermal expansion) and the exchange of water between oceans and continents [2]. Currently, the rate of global mean sea level (GMSL) rise is 3.2 mm/year, mainly due to thermal expansion and the melting of Greenland, Antarctica, and mountain glaciers [3]. However, this rate is expected to accelerate in the coming decades [1,3]. The IPCC estimates GMSL could rise between 0.28 and 0.98 m during this century depending on how greenhouse gas emissions change in the future. Recent predictions indicate a sea level rise between 0.7 and 1.2 m [5] and 0.75–1.9 m [6,7] in high warming scenarios. On the other hand, assuming a rapid melt of global icesheets, as reported for past global warming periods in the Pleistocene, up to more than 6 m could be expected by the end of the century [8]. Moreover, recent satellite-based ice loss detections [9], updates of glacier retreat, ice drainage velocity in Antarctica [10], and new data on glacial valley depth and subaqueous glacier melting in Greenland [11] suggest that sea level rise projections might have to be corrected upwards. The uncertainties in these projections will depend on our ability to understand the magnitude and factors affecting this phenomenon.



As indicated, several studies reveal changes in global sea level [5,6,7,12,13,14,15,16], but very few provide those changes at the regional scale owing to a lack of data continuity. Regional sea level change could be quite different from the global mean owing to different climatic and oceanic conditions. In addition, the regional pattern of sea level change may offer clues to the cause of these changes, which is important for predicting their magnitude and regional variations in future changes.



In this sense, the Canary Current System (CCS) is part of the North Atlantic subtropical gyre and is mainly formed by two contrasting zones: an oceanic area, which is part of the North Atlantic subtropical gyre, and the coastal upwelling zone, supporting one of the most productive areas of the world [17,18]. A main feature of this oceanic boundary area is the presence of the Canarian Archipelago, forming a barrier of more than 600 km in the path of the Canary Current [19]. The archipelago consists of seven main islands zonally distributed across the eastern branch of the subtropical gyre of the North Atlantic, at a latitude near 28° N [17]. In particular, islands, archipelagos, and coastal zones are vulnerable areas to sea level change because of significant environmental, social, and economic fragility, being able to promote significant alterations as a result of climate change [20,21,22].



In this context, satellite altimeter measurements have revolutionized the field of sea level science, and thus they provide a valuable instrument for assessing the impacts of local sea level changes. In this study, we present an exhaustive analysis of sea level variability over the last 27 years in the CCS. In this study, we distinguished the two main areas, the open ocean around the Canary Islands and the coastal upwelling zone off Northwest Africa. Seasonality of temperature is rather different in these two zones owing to differences among seasons and their effect on the coastal upwelling owing to the variability in the Trade Winds promoting Ekman transport. Thus, we aimed to study the changes in the rate of sea level increase, its seasonality, and their relationship to natural and long-term variability in this area of the Atlantic Ocean. We also extended our study to the coastal zone as the economy of the archipelago is mainly based on the use of beaches for tourism.




2. Materials and Methods


We mainly used satellite altimeter data from TOPEX/Poseidon (1992), Jason-1 (2001), and Jason-2 (2008) missions, providing a record of sea level change with a 10-day temporal resolution. These missions deliver the most accurate long-term robust sea level data at global and regional scales [23,24]. The GMSL record from these missions has provided a fundamental indicator of how climate change is affecting the Earth system [3].



The monthly mean sea level anomaly (MSLA) data used in this study were produced by SSalto/Duacs and distributed by Archiving, Validation, and Interpretation of Satellite Oceanographic data (Aviso+) and Copernicus Marine Environment Monitoring Service (CMEMS) (https://www.aviso.altimetry.fr (accessed on 1 September 2021)). These products are derived from a process integrating data from several altimeter missions: Haiyang-2A, Saral/AltiKa, Cryosat-2, OSTM/Jason-2, Jason-1, Topex/Poseidon, Envisat, GFO, and ERS-1&2. The MSLA used corresponds to the global daily maps of delayed-time sea level anomalies averaged monthly from January 1993. Data are available on a Cartesian grid, with a geographical resolution of 1/4° × 1/4° ≈ 25 km × 25 km. For our study, the period between January 1993 and December 2019 was chosen, covering a total of 27 years.



On the other hand, night sea surface temperature (NSST) products are produced and distributed by the NASA Goddard Space Flight Center Ocean Data Processing System (OPDS) (https://oceancolor.gsfc.nasa.gov/ (accessed on 2 October 2021)). NSST data are standard mapped image (SMI) products that are created from the corresponding Level 3 binned products generated from Aqua sensor, installed on the MODIS satellite. Products represent a mean at each global grid point. This product is a two-dimensional array of an equidistant cylindrical (also known as Plate Carrée) projection of the globe, with a geographical resolution of 4 km.



Figure 1a shows the location of the study area. From the MSLA and NSST global products, we extracted the subset of interest for this study corresponding to the area between 25° and 31° N and 10° to 20° W (Figure 1a). To carry out a detailed analysis of the complete area, we also selected a grid of 14 equidistant points, which included the Canary Archipelago and the Northwest African upwelling. Blue dots correspond to the open ocean analysis, while the red dots correspond to the upwelling area (Figure 1b). With the aim to study the relation of MSLA with different ocean parameters and global climate patterns, we selected a location to the north of the archipelago (29.52° N, 15° W; Figure 1b, black dot), away from the coast, to avoid disturbances due to island orography and because it is close to the European Station for Time-Series in the Ocean (ESTOC), north of the Canary Islands [25]. In addition, we analyzed the long-term trend in MSLA in the most important urban beach of the archipelago, located north of Gran Canaria Island (Figure 1b, green dot).




3. Results


We carried out two separate analyses to discern between the oceanic (blue dots in Figure 1b) and upwelling (red dots in Figure 1b) zones, as their oceanographic climate is rather different in both areas. Sea level values in the oceanic area of the Canary Current intensified during the last decade, showing the most remarkable anomalies in 2012 and 2017 (Figure 2).



Because of the different oceanographic scenarios observed around the Canary Islands, we discerned between the north of the islands, characterized by low mesoscale activity, the middle of the islands, and the south of them, with the latter being characterized by the presence of cyclonic and anticyclonic eddies (Table 1). We also analyzed the upwelling zone because of the sharp difference in oceanographic conditions (mainly temperature). According to Table 1, we observed the highest average values in samples located in the middle of the islands (stations 7, 8, and 9, Figure 1b). However, the maximum values were obtained in the upwelling area (stations 6, 10, and 14, Figure 1b). In contrast, the lowest values were observed in the north of the islands (stations 1, 2, 4, and 5, Figure 1b). However, regressions analyses were similar for all zones, implying that sea level rise was not statically different in all studied areas (p > 0.001, Student’s t-test). We found a total sea level variation of 7.94 cm for the entire period of study in both zones.



In the oceanic zone, positive anomalies were centered in autumn, reaching values up to 12 cm in October, while negative values were observed during spring (April) (Figure 2a). The positive sea level anomalies increased during the whole study period, but remarkably since 2010, encompassing summer, autumn, and winter. Negative anomalies covered the period from January to August during the 1990s (dark blue color in Figure 2a), decreasing through the study period, especially after 2010. In recent years, the negative anomalies almost disappeared. This interannual variability showed sea level height displaying an annual cycle, as clearly observed in the frequency analysis using the wavelet transforms (Figure 2b).



MSLA values in the time series of the upwelling region (red dashed line in Figure 3) showed higher values than in the oceanic zone (blue line). This fact is consistent because of the physical scenario of the upwelling system. Trade Winds blow parallel to the coast, promoting Ekman transport and displacing the coastal surface water mass towards the ocean, allowing the upwelling of colder subsurface water. As observed, the sea level has not stopped rising in both studied areas (Figure 3), although the behavior of the MSLA is different for both zones. Despite the 2015 anomalous year in the upwelling region, MSLA behavior appeared similar in both regions during recent years.



We also observed a clear time lag between both MSLA time series in the upwelling and open ocean areas during the annual cycle, with the former area being delayed with respect to the latter (Figure 3). Positive anomalies were centred in October in the oceanic zone (Figure 2a), while in the upwelling region, the highest values appeared in November (Figure 4a). This fact explained the time lag observed in Figure 3. Moreover, positive sea level anomalies were sharper in the upwelling zone, reaching values up to 15 cm in recent years. The intensification of positive anomalies increased since the 2010s, as well as the monthly range of occurrence. This phenomenon also occurs in the open ocean, but with lower MSLA values. Similarly, monthly negative anomalies range of incidence also decreased over the years for both zones. The sea level in the upwelling zone, by contrast, showed a bi-annual cycle (Figure 4b). The horizontal red band indicates a persistent annual periodicity throughout the years of this study. However, a diffuse and intermittent 6-month frequency was also observed (light-blue in Figure 4b).



To study the seasonality in both the upwelling and oceanic areas, we selected the central months for each season (February for winter, May for spring, August for summer, and November for autumn). The most intense anomalies were found during autumn (Figure 5d), being more pronounced in the upwelling region (red dashed line). Similar trends were observed in both areas during winter and spring (Figure 5a,b). However, anomalies during summer were higher in the oceanic zone with respect to the upwelling zone (Figure 5c). This was due to the temperature difference between the open ocean and the upwelling zone during the Trade Wind season, promoting Ekman transport in the coastal area.



Slope values (Table 2) were positive during all seasons. Steep slopes were found during winter in the oceanic zone and during summer in the upwelling area, reaching values around 0.34 cm·y−1 in both zones, which implies a total sea level variation of 9.18 cm for the entire period of study in such seasons. In the oceanic zone, the lowest anomalies of −4.53 and −5.61 cm occurred during winter and spring, respectively, owing to colder SST during this period. Conversely, the maximum values were found during autumn in both the oceanic and upwelling areas, as expected (Figure 2a, Figure 4a and Figure 5b and Table 2).



We compared our sea level data with climate indices such as the North Atlantic Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO) (Enfield et al., 2001), Sea Surface Temperature (SST), and Chlorophyll-a (Chl-a) as an index of productivity (Table 3). We did not find significant correlations between the different variables (NAO, AMO, and Chl-a) and sea level data for the oceanic and upwelling areas. As expected, SST and MSLA were closely related (Figure 6) as changes in sea level are primarily driven by changes in the ocean heat content (thermal expansion). We found a significant correlation between both parameters in oceanic and upwelling areas (r = 0.7525, p < 0.001, r = 0.6522, p < 0.001, respectively). We found the highest correlation between sea level anomalies and SST with a time lag of 2 months in both areas (r = 0.8350, p < 0.001, r = 0.7752, p < 0.001, respectively).



We selected a warm (2010) and a cold year (2012) to analyse the differences. During 2010, warm waters covered the entire Canary archipelago (compare Figure 7a,c), causing positive sea level anomalies around the archipelago (Figure 7b) due to thermal expansion. However, during 2012, the sea temperature around the archipelago was colder, causing negative sea level anomalies for the entire study area (Figure 7d).



Additionally, we conducted a study on MSLA trends in the greatest urban beach of the Canarian archipelago, Las Canteras beach (28.1250° N, 15.3750° W), located in Las Palmas de Gran Canaria (Figure 1b, green dot). This is the largest and most densely populated municipality in the Canary Archipelago (about 400,000 inhabitants), and its beach represents a high socioeconomic value for the town [26]. In this zone, MSLA showed a similar pattern to the centre and south zone of the archipelago, and the slope of 0.026 cm/year implies a total rise of 8.42 cm over these 27 years of study. The average MSLA value was 3.49 cm and the most remarkable anomaly occurred during October 2014, reaching 14.43 cm. The main positive anomalies were found during autumn (red colour, Figure 8), specifically in October. These positive anomalies extend to June during the last years, increasing in magnitude and duration. Conversely, the negative anomalies disappear throughout the years of study. Considering the slope of the time series, the sea level prediction analysis for Las Canteras beach from 1993 to 2019 shows a sea level rise of about 18.10 and 33.40 cm for 2050 and 2100, respectively.




4. Discussion


In this study, we thoroughly analysed the monthly sea level change of the Canary Current and the eastern boundary upwelling system for the period from 1993 to 2019 using the MSLA product with the aim to visualize trends and changes in sea level. Over the last 27 years, MSLA experienced an increase in both study areas, implying a total average rise of 7.94 cm. There are no significant differences in the total average MSLA results between the two zones. To the best of our knowledge, this is the first time a detailed sea level analysis with satellite data has been performed in the Canary Current and the coastal upwelling area off Northwest Africa. Oceanic islands will suffer adverse consequences due to global warming and, in the Canary Islands, these alterations will entail risks derived from a foreseeable increase in the danger to certain meteorological phenomena [28]. Moreover, there are near coastal locations in Western Sahara some dozen meters below the sea level (e.g., Sebkha Tah). Thus, these areas will be highly impacted by future sea level increases as flooding of large areas of this territory will affect the population there.



However, regarding the annual cycle, there were changes between open ocean and the coastal upwelling region. The analyses carried out in open waters showed a marked annual pattern, reaching maximum values of MSLA in autumn, specifically during October. Thus, the ocean warms during summer and sea level reaches a maximum thermal expansion two months later, as observed from the lag between SST and MSLA in the time series analysis. However, the upwelling area showed a bi-annual pattern owing to the higher Ekman transport and the corresponding upwelling during summer. Our results clearly reflect the summer occurrence of the upwelling, as evidenced by lower sea level anomalies due to cooler waters during this period when compared with open ocean values. On the other hand, the most pronounced slopes were obtained during winter in the oceanic zone owing to warmer temperatures during this season after the mid-1990s (Figure 6). In addition, we obtained the most pronounced slope in the upwelling zone during summer, suggesting a decrease in the strength of the upwelling, as suggested in earlier studies [29,30,31,32]. In the Canary system, the negative trend in upwelling is closely connected to the low-frequency variability of the Atlantic Multidecadal Oscillation [33,34,35].



Regarding the local study in Las Canteras beach (Gran Canaria Island), the sea level continued to rise during this 27-year period (8.42 cm) and, if the same trend continues, it will reach 18.10 cm by 2050. Considering this, some areas of the beach will disappear during high tide, causing changes in coastal dynamics. Note that the economic growth of the Canary Islands, in general, and Gran Canaria in particular, is due to the development of the tourism industry. Since the arrival of mass tourism in the 1960s, beaches have been the showcase attraction. In this time span, the wide-ranging changes in the coastal occupation model have had a strong impact on the economy, society, culture, and the environment [36], with the landscape being a graphic representation of these changes [37]. For this reason, we consider this analysis to be of real importance because this is an area with significant environmental, social, and economic fragility. In addition, the local pattern is important for predicting the magnitude of regional variations of future changes.



Previous studies have addressed the sea level rise over different time spans, geographical zones, and using different datasets. Specifically, according to Gouzenes et al. [38], the global sea level rise was 3.3 mm year−1, with an acceleration of 0.1 mm y−2 over 1993–2019 data. On the other hand, the South Atlantic reached a mean value of 2.91 mm year−1 [39] during the same period, and more specifically, in the Subtropical Atlantic, a value of 2.6 mm year−1 was obtained by Dangendorf et al. [4] over the 1993–2015 period. These results demonstrate that sea level is not a homogeneous variable, as observed in previous studies, carried out with both remote sensing data and with in situ data [40,41,42]. Moreover, a non-uniform increase in sea level was identified since 1993 [43] for different sub-regions. For instance, an increase of 2.05 mm year−1 was observed for the Bay of Biscay region, while it was 3.98 mm year−1 for the Baltic Sea. On the other hand, the Black Sea level has increased at the rate of 3.2 mm/year since 1993 [44], and in the particular case of Emilia-Romagna Coast (Italy), a value of 2.8 mm/year was obtained by Meli et al. [45]. For this reason, sea level rise must be studied at the regional level. Recent studies in the Canary Islands area basically use in situ measurements. For example, Marcos et al. [46] observed a sea level rise at Tenerife of 2.096 mm/year from 1927 to 2012 using tide gauges. The work of Valdes et al. [47] addressed the sea level variability for the Canary Current Large Marine Ecosystem region using existing data from both tide gauges and a satellite altimeter. However, the remote sensing analysis only covered three locations, used a shorter time period (1993 to 2013), and used altimeter data with 1/3° spatial resolution. In any case, the results followed a similar trend with a mean increase of around 3.7 mm/year.



Our results indicate that the period of incidence of positive sea level anomalies has increased since 2010, covering almost every month of the year, mainly in the open ocean zone. This result is worrying because of the long-term consequences for the Canary Islands and the Western Sahara region, in particular coastal areas at high risk of flooding. Moreover, during the last 3 years, the behaviour of the MSLA has been relatively similar in the Canary archipelago and in the upwelling system. This phenomenon needs to be studied and further research and monitoring should be performed.



Our study may help to identify specific research requirements for different islands, which is important considering the complex and variable risks from climatic alterations, and the lack of necessary data for adequate planning. Additionally, our research could notably support further studies, as well as future actions aimed at the coastal risk mitigation and sustainable development of the Canary Islands, especially Gran Canaria Island coast. In addition, the seasonal study and the novel analysis comparing open water and upwelling zones could encourage other scientists to monitor differences between both types of waters.




5. Conclusions


A thorough analysis of sea level variability over the last 27 years was performed around the Canary archipelago. Two different areas, the open ocean around the Canary Islands and the coastal upwelling zone off Northwest Africa, were considered, as well the annual and seasonal trends. The sea level has not stopped rising in both study areas, implying a total variation of ≈8 cm since 1993. Our results corroborate that sea level has a marked annual pattern in open ocean, linked mainly to changes in SST. By contrast, the upwelling zone showed a bi-annual cycle owing to the maximum intensity of Trade Winds, and thus Ekman transport, during summer. The SST and MSLA are closely related in both study zones (r = 0.753 and r = 0.652 for open ocean and upwelling, respectively). However, they reach the maximum level of correlation with a two-month lag. The most intense anomalies occur in autumn in both zones, indicating that the ocean warms up during the summer and, two months later, the sea level reaches its maximum thermal expansion. These results corroborate future consequences produced by climate change. We predict a sea level rise of 18.10 cm by 2050 in the city area of Las Palmas de Gran Canaria. Finally, we show the need to increase sea level characterisation at the basin and sub-basin scales, improving knowledge on regional climate change effects and the associated risks in coastal areas. Future research will focus on comparing altimeter data with in situ measurements in a specific location to analyse the correlation between both data sources. We also plan to process high-resolution optical and lidar imagery to perform a detailed study of the future effects of sea level rise in critical areas.
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Figure 1. (a) Geographical area of Atlantic Macaronesia during boreal summer season. Inset shows the study zone. The sea level anomaly (m) is coloured. (b) Sampling data around the Canary Islands are represented as blue dots for those used for the open ocean study of sea level, while the red dots are representative of the upwelling zone. The black dot was chosen as it coincides with the long-term temperature monitoring at the ESTOC time-series station. The green dot represents a coastal beach (Las Canteras) located in the most populated city of the archipelago (Las Palmas de Gran Canaria). 
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Figure 2. MSLA in the oceanic waters of the Canary Current. (a) Monthly variation in MSLA (m) over the years. (b) Wavelet analysis of the sea level anomaly. 
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Figure 3. Comparative analysis of time series of upwelling (red dashed line) and open ocean (blue line) sea level anomalies. 
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Figure 4. MSLA in the upwelling zone. (a) Monthly variation in MSLA (m) over the years. (b) Wavelet analysis of the sea level anomaly. 
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Figure 5. Time series of the sea level anomaly during the central months of each season in the oceanic zone (blue line) and the upwelling area (red dashed line). (a) Winter (February), (b) spring (May), (c) summer (August), and (d) autumn (November). 
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Figure 6. SST (left axis, red line) and MSLA (right axis, blue line) time series from 2003 to 2019. (a) Oceanic zone. (b) Upwelling zone. 
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Figure 7. (a) Mean SST (°C) averaged for 2010. (b) Mean MSLA (m) averaged for 2010. (c) Mean SST (°C) averaged for 2012. (d) Mean MSLA (m) averaged for 2012. 
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Figure 8. (a) Las Canteras beach. Adapted photo with permission from [27]. (b) Monthly variations in MSLA (m) in Las Canteras beach from 1993 to 2019. 
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Table 1. Statistical analysis of sea level anomaly (cm) over 1993–2019, both inclusive. Values are the result of averaging all subareas and each one independently. The average column is the mean of the 14 sampling points we used for the study.
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	Average
	North
	Centre
	South
	Upwelling





	Average
	3.483
	3.509
	3.586
	3.468
	3.351



	Max
	12.226
	13.942
	13.303
	14.883
	15.096



	Min
	−6.327
	−7.604
	−6.417
	−7.197
	−6.120



	Slope
	0.024
	0.024
	0.026
	0.025
	0.023



	Offset
	−0.502
	0.387
	−0.637
	−0.598
	0.462
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Table 2. Statistical analysis of sea level anomaly (cm) for open ocean and the upwelling area over the period from January 1993 to December 2019.
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Open Ocean

	
Upwelling




	

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn






	
Mean

	
0.678

	
0.212

	
5.881

	
7.357

	
0.763

	
0.183

	
2.934

	
9.697




	
Max

	
7.195

	
5.054

	
11.071

	
11.816

	
7.390

	
4.837

	
8.157

	
15.090




	
Min

	
−4.534

	
−5.614

	
−0.610

	
2.073

	
−2.900

	
−3.923

	
−3.417

	
4.113




	
Slope

	
0.348

	
0.279

	
0.270

	
0.277

	
0.197

	
0.297

	
0.336

	
0.279




	
Offset

	
−4.196

	
−3.539

	
2.096

	
3.481

	
−1.999

	
−3.980

	
−1.764

	
5.794
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Table 3. Correlation analysis of sea level anomaly with weather phenomena and different oceanic parameters for open ocean and upwelling areas. North Atlantic Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO), Chlorophyl-a (CHL), and Sea Surface Temperature (SST). Correlation values (r) are statistically significant for all variables (p < 0.001).
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Open Ocean

	
Upwelling




	
NAO

	
AMO

	
CHL

	
SST

	
NAO

	
AMO

	
CHL

	
SST






	
−0.1341

	
0.3542

	
−0.3566

	
0.7525

	
−0.0952

	
0.3303

	
−0.4687

	
0.6522
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