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Abstract

:

Being a component of the Eastern Boundary Upwelling (EBU) ecosystem, Morocco’s Atlantic coast presents high biological production throughout the year, with seasonal variations in upwelling dynamics. This characterization reflects the inherent nature of EBU’s ecosystems. In this work, we develop a novel methodology to compute a new upwelling index based on the analysis of sea surface temperature (SST) images. Our new upwelling index is not only simple to calculate but also efficient. Indeed, it is limited only to the upwelling region, which has allowed the improvement of the quantification and analysis of the seasonal and interannual variability of the upwelling dynamics. The new proposed upwelling index is based on the application of a recent segmentation method that allows for the monitoring of upwelling dynamics using satellite observations. The proposed upwelling index is applied to a 40-year database of weekly SST images covering the period from 1982 to 2021, and the results are used to analyze seasonal and interannual variations of the upwelling in the region.
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1. Introduction


The Canary Current System is recognized as one of the four major eastern boundary currents worldwide, which are strongly influenced by the upwelling phenomenon [1]. The Moroccan Atlantic coast, situated within the central region of the Canary Current System, experiences a distinct and dominant upwelling pattern that persists throughout the year [2]. This region is characterized by persistent upwelling activity, with spatial variability throughout the year [3]. Upwelling is a phenomenon defined by the rise of deep ocean water to the surface, resulting in the emergence of cold waters enriched with essential nutrients such as nitrogen and phosphorus [4]. These nutrient-rich waters facilitate the growth of phytoplankton and the formation of cyanobacterial blooms, which serve as the primary food source for fish and other marine species [5].



The upwelling along the Atlantic coast of Morocco is primarily driven by strong equatorward trade winds. These trade winds blow across the sea surface, causing surface water to be displaced offshore and enabling the upwelling of cold, nutrient-rich water from the depths [6]. This process sustains high levels of productivity in the marine ecosystems along Africa’s west coast, where upwelling is particularly intense. The wind regime in this region, influenced by the seasonal migration of the intertropical convergence zone and the Azores high-pressure cell, plays a critical role in generating quasi-permanent Ekman pumping and coastal upwelling in the Canary Upwelling ecosystem, a typical Eastern Boundary Upwelling System [7]. The northwest African upwelling area experiences particularly vigorous equatorward trade winds that significantly influence the strength and duration of the upwelling phonomenon. These winds create a divergence of surface waters, allowing colder water from the deep to ascend to the surface. As a result, distinct physical and chemical properties are observed, along with higher nutrient concentrations [8]. Equatorward trade winds, driven by the seasonal migration of the intertropical convergence zone and the Azores high-pressure cell, are the primary driver of upwelling in this region, contributing to nutrient enrichment and the productivity of marine ecosystems [9,10].



Detecting upwellings is of great interest to oceanographers due to their implications for studying various physical processes in the ocean. Strong upwelling, for instance, can lead to phytoplankton blooms, which are essential for maintaining a healthy marine ecosystem [11]. Upwelling also transports nutrient-rich water from the depths to the surface, providing favorable conditions for fisheries. Understanding the physical mechanisms behind upwelling has revealed a series of processes that contribute to this phenomenon. These include variations in sea surface temperature (SST), wind-driven current velocities, and water density differences.



Wind patterns are used to quantify the intensity of upwelling. Traditional approaches involve computing the Coriolis forces responsible for Cross-Shore Ekman Transport (CSET) based on wind data [12]. However, these traditional methods often overlook the influence of the continental shelf’s bathymetry, limiting their ability to represent the complex two-dimensional spatial organization of upwelling, such as coastal upwelling cells, cape effects, and filaments.



In addition to wind patterns, sea surface temperature (SST) and nutrient-rich water in coastal areas serve as important indicators for determining the intensity of upwelling. SST images provide an overview of the surface ocean skin temperature distribution within the top few micrometers of the surface layer [13].



For example, authors in [8,12,14,15,16] used the remote sensing data of SST to calculate the upwelling index to characterize the main patterns of seasonal and interannual upwelling variation. For instance, this index is computed as a simple thermal difference between warmer offshore waters and cold coastal waters at the same latitude over the northwest African upwelling area.



Several works have objectively relied on automatic tools to extract and identify upwelling to improve the calculation of the above-mentioned index. The authors in [17] were focused on the southern part of the Atlantic coast of Morocco for the automatic detection of upwelling. They used Fuzzy c-means (FCM) and region-growing algorithms to detect and extract the phenomenon and then computed the upwelling index. On the other hand, authors in [2,3,18] proposed new methods for identifying and extracting the upwelling region along the Moroccan coast from physical and biological satellite observations.



On the other side, authors in [19] calculated the upwelling index using Ekman’s theory of wind stress mass transport. They presented and discussed the seasonal, annual, and interannual variability of upwelling activity at three selected stations along the Atlantic coast of Morocco from 1967 to 2019. The evaluation of this variability was performed using the widely recognized Ekman Upwelling Index.



Other indices have also been proposed to quantify the intensity of coastal upwelling. For instance, authors in [20] developed an upwelling index called the ”chlorophyll index” in order to investigate the variability of phytoplankton biomass across the entire Benguela ecosystem. This index is determined by the integration of the CHL-a concentration from the coastline to the limit of the extracted upwelling regions. Another study [21] developed a “velocity index” based on the dynamics of regional circulation and cross-shore density structure. Also, authors in [22] combined advanced very high-resolution radiometer (AVHRR) sea surface temperature (SST) and ERS-2 scatterometer wind stress data to create another metric dubbed “upwelling intensity”.



On the other hand, several works have been carried out based on these indices in order to study Moroccan Atlantic coastal upwelling, which is the main object of this study. These studies suggested a stable and very active upwelling in summer in the northern area and a quasi-permanent and very active upwelling in spring, summer, and autumn between Cap Blanc and Cap Juby in the southern area [23,24]. Moreover, Ref. [25] shows that upwelling activity in the area appears in April, intensifies in June-August, and persists until October.



In addition to the prior research, the authors in [26,27] provided two distinct approaches based on an image fusion idea to detect Moroccan coastal upwelling. Indeed, they were able to identify the upwelling region from both SST and chlorophyll-a images, and they also offered a new index to evaluate their suggested approach.



However, monitoring coastal productivity is not an easy task due to the complex topography of the region and the limited resources that are available. To overcome these challenges, we have developed a new upwelling index specifically for the Moroccan Atlantic coast using SST images. This new tool can be used to understand the dynamics of the upwelling process and predict its future development. The new upwelling index incorporates the characteristics of upwelling intensity, such as nutrient availability, which allows for a more precise approach to quantifying upwelling dynamics. This information is crucial for assessing the relationship between upwelling intensity and the distribution and abundance of fish species [28], enabling the identification of areas of high productivity and optimal fishing grounds. Additionally, the new upwelling index provides insights into the spatial and temporal variability of upwelling, which directly influences the growth and distribution of phytoplankton [29]. By capturing the intensity of upwelling, the index offers a means to monitor and predict the occurrence of phytoplankton blooms along the Moroccan Atlantic coast, contributing to the understanding of ecosystem dynamics, the assessment of water quality, and the identification of potential harmful algal blooms that may impact marine organisms and fisheries [4]. We have applied our new upwelling index over a 40-year composite time series of SST satellite images. In this work, we will describe the development of the new upwelling index, study the data in terms of seasonal variability, and divide our system into sub-regions based on upwelling seasonality.



The paper is organized as follows: Section 2 introduces the region of interest and outlines the data used for this study. Section 3 elaborates on the methodology employed to identify upwelling regions and introduce the novel upwelling index. Section 4 presents the experimental results and analysis, followed by the conclusion.




2. Data and Area of Interest


Our research focuses on the Moroccan Atlantic coast, which stretches from   21 °  N to   36 °  N and   6 °  W to   19 °  W, where upwelling fluctuation is high and diverse throughout the year [3]. This region is illustrated in Figure 1 together with a climatological image of SST in the same area. The SST data are derived from the Group for High-Resolution Sea Surface Temperature (GHRSST) multi-product satellite-based ensemble (GMPE), which is publicly available on the climate data store website https://cds.climate.copernicus.eu/ (accessed on 29 May 2022) Figure 1. This dataset provides daily estimates of global sea surface temperature based on observations from multiple satellite sensors. The images used in this work were obtained by averaging the data from the previous eight days. We considered eight-day images because they allowed us to limit the number of pixels affected by clouds and to reduce the computational load by processing fewer images per day. In addition, this approach helped us balance the variability of pixel values and the need for continuous spatio-temporal coverage [2,30].



Each satellite image is represented by a   315 × 315   pixel map with a spatial resolution of   4 × 4   km. Our database contains 1778 eight-day SST images covering the time period from 1982 to 2021. Sea surface temperature provides a synoptic view of the temperature distribution of the skin (first micrometers of the surface layer) of the surface ocean [31]. Figure 2 shows an example of these products that were used in this work and demonstrates the upwelling scenarios experienced during this investigation. The region in gray in Figure 2’s SST image represents Moroccan land. The SST unit is expressed in degrees Celsius.



The daily wind data for the period between 1987 and 2021 are provided from the QuikSCAT and ASCAT wind estimates with   1 / 4 °   resolution. These data are used to compute the Cross-Shore Ekman Transport index.




3. Materials and Methods


This work aims at proposing a new upwelling index based on the use of SST images to explore the interannual variability of upwelling along the Moroccan Atlantic coast. For this purpose, we computed the new upwelling index and its anomalies. The computation of the proposed new upwelling index can be summarized in the following steps: first, we used the method developed in [18] to identify and extract upwelling areas from SST images and then we used the output to provide a new way of assessing upwelling dynamics.



3.1. Upwelling Extraction


In this work, we make use of the method developed in [18] to detect and track upwelling regions from SST images. This method can be summarized into the following steps:



3.1.1. Ekman Preprocessing


The method described in [18] is primarily based on the Ekman theory, which is the main driver of the upwelling phenomenon. As described in [32], the movement of surface water to the right of the wind direction, caused by Ekman transport, can result in coastal upwelling in certain regions such as the northwest African margin. Therefore, to detect the occurrence of upwelling, it is common practice to compare the temperature of coastal water with offshore water. To incorporate this information into the preprocessing stage, a meridional normalization of SST images was proposed in [18]. This normalization involves dividing the image into perpendicular lines along the coastline (the black line in Figure 3) and comparing the temperature of coastal water with offshore water. Each line was normalized by dividing its temperature pixels by the maximal temperature observed in the offshore region. This normalization step improved the identification of upwelling areas and preserved the thermal structures of the original SST image. Additionally, a moving average algorithm was applied to mitigate fluctuations in the vector of maximal temperatures. The resulting normalized image (Figure 4a) exhibited clear distinctions between offshore and coastal information, enhancing the visualization and analysis of upwelling.




3.1.2. Segmentation


Once the images are normalized, the method proceeds by applying the FCM algorithm. FCM is a clustering algorithm that assigns each data point to one or more clusters based on their degree of membership. The algorithm calculates the centroid of each cluster and adjusts the membership degrees iteratively to minimize the objective function, which represents the sum of squared differences between each data point and the centroid of its assigned cluster. Then, this algorithm is applied with two classes to separate the cold, nutrient-rich water from the warmer water in the offshore. Then, a region-growing algorithm is made use of. The region-growing algorithm is used to merge neighboring pixels with those inside the region based on homogeneity and adjacency criteria in order to remove offshore noise and, finally, extract the upwelling region, as shown in (Figure 4b).



We must mention that the segmentation method developed in [18] allows us to identify the upwelling region from SST images on the entire Atlantic coast of Morocco.





3.2. New Upwelling Index


3.2.1. Setup


Coastal upwelling is conditioned by the width of its continental shelf. For this reason, the radials are drawn perpendicular (black line in Figure 3) to the general direction of the coast which is represented by a virtual line (red line in Figure 3).




3.2.2. New Upwelling Index Calculation


In the literature, the coastal upwelling index (  C U  I  S S T    ) is defined as a simple thermal difference between warmer offshore waters and the cold coastal water at the same latitude to analyze the seasonal and interannual variability of the upwelling intensity [2,8,12,14,16]. The general formulation of   C U  I  S S T     is as follows:


  C U  I  S S T   = S S  T  m a x   − S S  T  m i n    



(1)




where   S S  T  m i n     represents the minimum temperature between the coast and the continental slope, and   S S  T  m a x     represents the offshore temperature.



Authors in [2] determine the upwelling index as


   I r  =  T  m a x  r  −  T  m i n  r   



(2)




where   T  m a x  r   and   T  m a x  r   are, respectively, the maximal offshore and minimal inshore temperatures. The results of the upwelling index developed in [2] (  I r  ) from SST are shown via a space–time Hövmoller diagram over the period between 1982 and 2021 (Figure 5b).



The new upwelling index is computed as a thermal difference between the maximum temperature value within the upwelling and the cool upwelling water encountered along the same radial over the extracted upwelling region.


   I  s s  t  u p    r  = S S  T  m a x   u p   − S S  T  m i n   u p    



(3)








3.2.3.   S S  T  m a x   u p    ,   S S  T  m i n   u p     Identification


The most commonly used approach is to consider   S S  T  m i n     as the minimum temperature between the coast and the continental slope, while   S S  T  m a x     is the offshore temperature. Authors in [8] opted to choose   S S  T  m i n     between the coast and the 200 m depth contour and set   S S  T  m a x     at 500 km from the coast. On the other hand, Ref. [15] selected   S S  T  m i n     between 20 km and 40 km of the coastal region, while   S S  T  m a x     was found to be between 400 and 1000 km offshore. In [12], the authors performed a statistical study on a 30-year SST database to determine   S S  T  m i n    . They averaged it with the eight pixels surrounding the exact location of the minimum to minimize local noise in the data. For   S S  T  m a x    , they extracted it up to 3000 km in the offshore direction. Meanwhile, authors in [2] defined   S S  T  m i n     as the minimum temperature inside the extracted upwelling zone, while   S S  T  m a x     was defined similarly to [12], (i.e., the maximum temperature outside the extracted upwelling zone up to 3000 km offshore). Figure 5b presents a space–time Hövmoller plot of the seasonal and interannual variability of the   I r   from 1982 to 2021, as developed by [2].



Our study proposes a novel approach for identifying   S S  T  m a x     and   S S  T  m i n     by leveraging the results of the upwelling extraction method described in Section 3.1 In contrast to previous methods that only search for   S S  T  m i n     within a fixed band from the coast, our new upwelling index chooses   S S  T  m i n     as the minimum temperature within the upwelling zone. This ensures that all the necessary low temperatures are taken into account for a more comprehensive calculation. Additionally, we determine   S S  T  m a x     as the maximum temperature within the upwelling zone, this eliminates any arbitrary choice of position and focuses solely on the upwelling region.



Thus,   S S  T  u p    m a x    and   S S  T  u p    m i n    represent, respectively, the highest and lowest coastal temperatures within the upwelling zone (Figure 6).



Thus, starting from north to south (Figure 3), each segmented upwelling region    S  u p   ϵ  1 … … l e n g t h ( d a t a )    includes radials, and each radial   r ϵ  1 … … n    contains temperature values   r =   T i r  ; i = 1 … … n   . Therefore, over each radial, the   S S  T  m i n   u p     and   S S  T  m a x   u p     are defined as


  S S  T  m a x   u p   =  max  S  u p     (  T i r  )   



(4)






  S S  T  m i n   u p   =  min  S  u p     (  T i r  )   



(5)







Figure 3 shows an example where we look for   S S  T  m a x   u p     and   S S  T  m i n   u p     (green color). The results of our new upwelling index calculation (  I  s s  t  u p    r  ) from SST are shown via a space–time Hövmoller diagram over the period between 1982 and 2021 (Figure 6).




3.2.4. Ekman Transport Index


Wind-driven coastal upwelling is primarily influenced by the along-shore component of wind stress, which induces both offshore and onshore Ekman transport (  I E  ) along the coast. The calculation of Ekman transport involves the utilization of daily wind measurements.



To quantify Ekman transport, we start by obtaining the meridional wind stress (  τ y  ) from available wind data. This component represents the force per unit area exerted by the wind in the north–south direction.



The Ekman transport index (  I E  ) is then determined using the following equation:


   I E  =   τ y   ρ f    



(6)




This equation expresses the ratio of the meridional wind stress (  τ y  ) to the product of seawater density ( ρ ) and the Coriolis parameter (f). The resulting index, expressed in units of m   2  ·s    − 1   , serves as an indicator of coastal upwelling intensity.



By incorporating this calculation of Ekman transport, we can assess the magnitude and direction of coastal upwelling along the Moroccan Atlantic coast. The calculated Ekman transport values contribute to the overall upwelling index, providing valuable insights into the dynamics and variability of upwelling in the study region. The results of the Ekman transport index (  I E  ) are shown via a space–time Hövmoller diagram over the period between 1987 and 2021 (Figure 5a).




3.2.5. Anomalies


	
Spatial anomalies are calculated as the difference between the new upwelling index values and its corresponding mean values for each image. A positive spatial anomaly suggests an anomalous increase in upwelling activity for that period. Conversely, a negative spatial anomaly indicates an anomalous decrease in upwelling activity (Figure 7a).



	
The temporal anomalies are determined as the difference between the new upwelling index value and its corresponding mean value for each latitude. A positive temporal anomaly suggests an anomalous increase in upwelling activity at a latitude. Conversely, a negative temporal anomaly indicates an anomalous decrease in upwelling activity. This could indicate weaker upwelling or deviations from typical seasonal patterns (Figure 8a).









4. Discussion


4.1. SST Upwelling Index


The proposed new upwelling index is employed to generate and demonstrate the seasonal and interannual variability of the Moroccan upwelling and their anomalies using Hövmoller diagrams at a 4 km/8-day spatio-temporal resolution computed from SST between   21 °  N and   36 °  N over the period 1982–2021 (Figure 6, Figure 7, and Figure 8). The spatio-temporal variability of our new upwelling index (  I  s s  t  u p    r  ) is compared to the Cross-Shore Ekman Transport index (  I E  ) and the old upwelling index (  I r  ) calculated over the same period (Figure 5a,b).



The new SST upwelling index varies from 0 degrees to 6.5 degrees. The primary upwelling patterns derived from physical and biological observation are largely the same, and they are very similar to the Cross-Shore Ekman Transport (Figure 5a). This agreement with the wind-based upwelling index confirms our novel upwelling index and enables further analysis of sub-mesoscale oscillations that the new upwelling index does record but are not caught by the wind. According to our new upwelling index, our system can be synthesized into three distinct zones:




	
The northern area, bounded by   33 °  N and   36 °  N, shows the lowest temperatures along the coast throughout the 40-year time series in contrast to what was observed in Figure 5b. These low values are due to the weaker winds and unfavorable coastline orientation in this region (winds are not parallel to the coastline) [2] (Figure 5a and Figure 6).



	
Central part between   27 °  N and   33 °  N: The giant filament around Cape Ghir is primarily responsible for the increased upwelling index in this zone. In Figure 5b, we notice an absence of upwelling in winter. Our new index (Figure 6) reveals distinct patterns. It indicates the absence of upwelling during winter, and there are also intermittent periods in spring and summer when no upwelling is observed. Notable periods where upwelling is absent are 1989–1997, 2005, 2010–2011, as well as 2013 and 2017.



Globally, the   I  s s  t  u p    r   in the central part has significant upwelling all year round. In fact, the areas with the greatest intensity values (3   °  C to 5   °  C) are noted at   28 °  N,   29 °  N,   31 °  N, and   32 °  N, respectively, where considerable upwelling filaments have occurred [33]. The focus shifts to the   I E   to analyze the interannual and seasonal fluctuation of upwelling intensity (Figure 5a). Globally, the patterns of   I  s s  t  u p    r   and   I E   show a good relationship. In fact, between April and November of most years, the primary wind pattern favorable to upwelling in the central zone was primarily between latitudes   28 °  N and   31 °  N.



	
Southern part between   21 °  N and   27 °  N: The interannual and seasonal thermal variability of the upwelling indicates that upwelling in this area is generally strong, according to Figure 5b, and remains so throughout the year. However, our analysis reveals that while upwelling is generally stronger in this region, it is not as consistent or intense during all seasons. Indeed, upwelling activity is strong and continuous between   24 °  N and   26 °  N throughout the years, with maximum values of   I  s s  t  u p    r  , especially from summer to autumn (Figure 6). In contrast, it is absent or average in all winters. The intensity in   I  s s  t  u p    r   is greatest from spring to autumn, with temperatures in the south between 3 and 6 degrees Celsius, which corresponds to the strong trade winds that blow near the shore (Figure 5a). The presence of upwelling revealed several intriguing discontinuities, especially near   27 °  N. Indeed, it is not present every year from June to September (Figure 6). A decrease in the new upwelling index was observed in the years 1990–1996 and 2010–2011, and this can be attributed to the extremely negative values of the North Atlantic Oscillation. Overall, the   I  s s  t  u p    r   and   I E   models are similar, indicating the effectiveness of assessing upwelling intensity as the radial thermal difference between the minimum and maximum of coastal temperatures.








By comparing our new upwelling index (Figure 6) to the one developed in [2] (Figure 5b) and to the Cross-Shore Ekman Transport index (Figure 5a), we found that ours provides a more accurate representation of upwelling dynamics. On a large scale, it is clear that our new upwelling index,   I  s s  t  u p    r  , is much closer to   I E   than to   I r  . In addition,   I  s s  t  u p    r   and   I E   have nearly identical seasons of high and low values in the three regions analyzed. However, on a smaller scale,   I r   has high intensity throughout the year in the southern region between   21 °  N and   27 °  N, whereas   I  s s  t  u p    r   and   I E   have significantly lower intensity in winter and spring. In the central region, between   27 °  N and   33 °  N,   I r   has a moderate intensity near   30 °  N, while   I  s s  t  u p    r   and   I E   have a very low intensity. The largest difference in intensity is seen in the northern region between   33 °  N and   36 °  N, where   I r   is relatively high, although there is a near absence of upwelling in this area. Conversely,   I  s s  t  u p    r   and   I E   exhibit the expected lack of intensity in this region.



In summary, our new upwelling index shows average upwelling intensity in three zones. Indeed, upwelling intensity decreases from south to north, with temperatures ranging from about 3   °  C to 6.5   °  C in the southern region, from 2   °  C to 4.5   °  C in the central region, and below 1   °  C in the northern region throughout the year. In addition, the seasonal variability shows a notable pattern: upwelling is low or non-existent in winter and gradually increases in intensity throughout the year, reaching its maximum in summer.




4.2. Interannual Variability of the Upwelling Dynamics from SST Images


To better study upwelling activity, we present our new upwelling index   I  s s  t  u p    r   at three sites (   24 °  N,   29 °  N, and   31 °  N). Figure 9 displays the interannual variations in the upwelling activity at the three selected sites mentioned above from 1982 to 2021. Based on these results, we observe that the three latitudes follow a general trend during each year that the maximum activity peaks are recorded.



Latitude   24 °  N, which represents the southern part of Morocco, has higher activity than the other latitudes (  29 °  N and   31 °  N) in this region, which are located in the northern part. In summer, there is a strong upwelling activity on the latitude of   24 °  N, especially from 2001 to 2004 and from 2015 to 2017, when the upwelling index is maximum (exceeds 5 degrees) (Figure 9). Average upwelling activity was observed in the years 1982 to 1989, 2005 and 2010 in the same season. The lowest upwelling index minimums at this latitude were recorded in autumn and winter in the years 2000, 2002, 2007, and 2011 (Figure 9).



The strongest upwelling activities are observed in the summer for the latitude   29 °  N, with an upwelling index that is maximum (between 4 and 5 degrees) in the years 1995, 1998, 2012, 2016, and 2019 to 2021 (Figure 9). Upwelling activity is low during the autumn and winter seasons on the same latitude where the strongest minimum upwelling index values were observed over the years 1982–1985, 1996–1998, 2006–2007, and 2013 (Figure 9).



The most significant upwelling activities (maximum upwelling index exceeding 5 degrees) are observed in the summer season at the latitude of   31 °  N over the periods 2002–2006, 2008–2009, 2015, 2017, and 2021 (Figure 9). In contrast, low upwelling activity is visible in winter in the years 1982–1985, 1988, and 1992 (Figure 9).



We can conclude from these three stations that the interannual variability of the upwelling has strong seasonal dynamics of the upwelling activity along Morocco’s Atlantic coast. This indicates that the intensity and occurrence of upwelling events vary significantly throughout the year. Furthermore, there is a noticeable increase in upwelling activity from north to south along the coast, aligning with the pattern of upwelling seasonality. The southern regions experience a more pronounced and quasi-permanent upwelling, characterized by consistently high values. On the other hand, the northern part of the coast exhibits a decrease in the upwelling index, suggesting a higher influence of non-upwelling processes in this area. These findings indicate that the upwelling phenomenon is not solely driven by seasonal factors but is also influenced by additional processes that impact biological productivity. One such factor could be the presence of mesoscale instabilities, which can influence the distribution and intensity of upwelling events [19]. Additionally, the activities of marine life in the region may contribute to variations in upwelling patterns and associated productivity. These results highlight the presence of distinct oceanographic and climatic characteristics between the northern and southern parts of the study area. This suggests that the southern region may have a more favorable environment for upwelling, leading to enhanced biological productivity, while the northern region is more susceptible to non-upwelling processes that can limit upwelling-related benefits.




4.3. Interannual Variability of the   I  s s  t  u p    r   and   I E   Anomalies


A more detailed space–time Hövmoller diagram of spatial and temporal anomalies from 1982 to 2021 is presented in Figure 7 and Figure 8.



The interannual variability of spatial and temporal anomalies in the upwelling index   I  s s  t  u p    r   along the Atlantic coast of Morocco provides an insight into annual fluctuations in upwelling intensity and patterns. By analyzing changes in anomalies, we can observe the variability of upwelling conditions over time. Spatial and temporal analysis reveals a succession of years of high and low upwelling intensity throughout the study period (Figure 7 and Figure 8). Significant interannual variability is observed, indicating periods of high and low upwelling along the coast.



We can see that the years 1995–1996, 1998–2009, and 2012–2021 have significant vertical velocity transport, corresponding to stronger periods in the   I  s s  t  u p    r   records. These pronounced anomalies are linked to the collapse of the regional sardine stock between 1996 and 1997 and a very low number of juveniles in 1996 and 1998 [34] ( Figure 8a and Figure 9). Conversely, some years show abnormally low yields (Figure 8a). The years 1983 to 1994 and 2010 to 2011 stand out as periods of weaker upwelling intensity with exceptionally low winds (Figure 8b). In addition, a distinct zone of very weak upwelling is identified between   26 °  N and   33 °  N during the years 1996 to 1997 and 2010 to 2011. This weak upwelling is attributed to an exceptional easing of the trade winds during these periods, as shown by Ekman’s cross-shore transport data (Figure 8b) [16].



The spatial distribution of upwelling anomalies shows marked variability along the Moroccan coast (Figure 7a). The southern part consistently experiences higher upwelling intensity than other regions. Anomalies in this region suggest a persistent pattern of strong upwelling, specifically in the summer months (June to September), which tend to experience stronger winds along the Moroccan coast (Figure 7b). These winds are often associated with the intensification of the trade winds. Moving towards the central part of the coast, between   27 °  N and   33 °  N, we observe intermediate levels of upwelling intensity (Figure 7a), although they are not as pronounced as in the southern region. More practically, the spring (March to May) and autumn (October to November) seasons can be marked by a weakening of the trade winds (Figure 7b). These periods can be marked by relatively weaker winds, resulting in reduced upwelling intensity along the coast. In contrast, the northern part of the Moroccan coast shows little or no upwelling, indicating weak or sporadic upwelling and relatively low upwelling intensity. The interannual variability of spatial and temporal anomalies highlights the dynamic nature of upwelling along Morocco’s Atlantic coast. These fluctuations can have an impact on the productivity and distribution of marine organisms, including fish populations and phytoplankton blooms.





5. Conclusions


We proposed a new upwelling index based on both physical and biological observations, to study the upwelling activity along the Moroccan Atlantic coast spanning from   21 °  N to   36 °  N and   6 °  E to   19 °  E. This new upwelling index is calculated from a recent method that takes into account the physics at the origin of the phenomenon, which allows a better understanding of its dynamics and has high accuracy in the detection of upwelling. Two upwelling indices, namely, “new upwelling index” (  I  s s  t  u p    r  ) and “Ekman transport” (  I E  ) and their spatial and temporal anomalies were used in our analysis, which was calculated at each latitude and at each time step of the interannual variability. These indices were computed over a period of 40 years of satellite images to study and analyze the upwelling activity in the Moroccan region. We divided our system into three sub-regions characterized by different properties. We compared our new upwelling index to the one developed in a previous study [2] and the Ekman Transport index and found that ours provides a notably more precise portrayal of the dynamics. Additionally, unlike the other index, our new upwelling index is more effective in analyzing upwelling and can be used at any time resolution. Furthermore, the technique we devised in this work can be effortlessly customized to examine upwelling in other regions worldwide. Then, we selected three sites (  24 °  N,   29 °  N, and   31 °  N) from the new upwelling index to better understand the periods of low and high upwelling activity. We also evaluated the effectiveness of each satellite observation on each sub-region in order to make better recommendations for monitoring and tracking upwelling.
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Figure 1. Climatological means of SST images over the Moroccan coast. Each pixel of the infrared image contains temperature information expressed in Celsius degrees (  °  C) between 1982 and 2021. 
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Figure 2. Example of eight-day SST image obtained in the first week of January 2007. Each pixel presents temperature in (  °  C). This image shows a typical upwelling scenario over the studied area. 
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Figure 3. Example of the configuration used to compute the upwelling indices. 
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Figure 4. (a) Normalization applied to the SST image in Figure 2. (b) The binary outcome resulting from applying FCM and region-growing algorithms to the normalized SST image in (a). The white color in (b) is used to represent upwelling water, while the black color in (b) denotes offshore water [18]. 
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Figure 5. Space–time Hövmoller diagram: (a) Cross-Shore Ekman Transport (  I E  ) and (b) upwelling index (  I r  ) developed by [2] over the period between 1982 and 2021. 
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Figure 6. Space–time Hövmoller diagram of new upwelling index (  I  s s  t  u p    r  ) from SST over the period between 1982 and 2021. 
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Figure 7. Space–time Hövmoller diagram presenting spatial anomalies of (a) new upwelling index (  I  s s  t  u p    r  ) and (b) Cross-Shore Ekman Transport (  I E  ) over the period between 1982 and 2021. 
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Figure 8. Space–time Hövmoller diagram presenting temporal anomalies of (a) new upwelling index (  I  s s  t  u p    r  ) and (b) Cross-Shore Ekman Transport (  I E  ) over the period between 1982 and 2021. 
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Figure 9. New upwelling index (  I  s s  t  u p    r  ) at the three selected stations over the years 1982–2021:   24 °  N (red color),   29 °  N (blue color), and   31 °  N (green color). 
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