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Abstract

:

Under the impact of natural and anthropogenic climate variability, upwelling systems are known to change their properties leading to associated regime shifts in marine ecosystems. These often impact commercial fisheries and societies dependent on them. In a region where in situ hydrographic and biological marine data are scarce, this study uses a combination of remote sensing and ocean modelling to show how a stable seasonal upwelling off the Kenyan coast shifted into the territorial waters of neighboring Tanzania under the influence of the unique 1997/98 El Niño and positive Indian Ocean Dipole event. The formation of an anticyclonic gyre adjacent to the Kenyan/Tanzanian coast led to a reorganization of the surface currents and caused the southward migration of the Somali–Zanzibar confluence zone and is attributed to anomalous wind stress curl over the central Indian Ocean. This caused the lowest observed chlorophyll-a over the North Kenya banks (Kenya), while it reached its historical maximum off Dar Es Salaam (Tanzanian waters). We demonstrate that this situation is specific to the 1997/98 El Niño when compared with other the super El-Niño events of 1972,73, 1982–83 and 2015–16. Despite the lack of available fishery data in the region, the local ecosystem changes that the shift of this upwelling may have caused are discussed based on the literature. The likely negative impacts on local fish stocks in Kenya, affecting fishers’ livelihoods and food security, and the temporary increase in pelagic fishery species’ productivity in Tanzania are highlighted. Finally, we discuss how satellite observations may assist fisheries management bodies to anticipate low productivity periods, and mitigate their potentially negative economic impacts.
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1. Introduction


Living marine resources of the Western Indian Ocean (WIO) are under an ever-increasing threat from the impacts of climate change and increasing coastal populations [1]. The coastal zones of the WIO represent a pillar for the economic sector and food [2], with a third of the regional population living within 100 km of the coast [3]. Harvesting living marine resources is a key activity of local populations, especially in Kenya and Tanzania where marine fish provide the major protein intake for coastal inhabitants [4] and often the only source of protein for those with low income [5]. However, existing data show that food insecurity is likely to grow for these East African countries [6], especially with the increased likelihood of poleward redistribution of marine species under the impact of climate change, leading to fisheries transgressing national boundaries [7]. This, combined with unsustainable exploitation of living marine resources [8], could exacerbate resource-use conflicts around key coastal cities for economic activities surrounding fisheries such as Dar es Salaam (Tanzania, Figure 1c) and Mombasa (Kenya, Figure 1c) [8,9].



Ecosystem changes and declining fish populations are important drivers responsible for fisheries conflicts in East Africa [8,10]. Historically, these have respectively caused 25% and 55% of the disputes between fishers and governments in Tanzania between 1990 and 2017 [10], and tense competition between a variety of users in Kenya [11]. Worldwide it is acknowledged that changes in coastal upwelling systems, which provide more than 40% of global fish catch [12], can lead to changes in fish abundance [13,14]. In the last few decades, such changes have occurred in many upwelling systems around the globe. One example of fish stocks on the move, causing conflict and hardship, is the small pelagic fishery in South Africa where a regime shift signaled in surface temperatures in 2006 triggered the anchovy biomass to move eastwards from the west coast onto the Agulhas Bank [15]. A similar situation was recorded in eastern Tasmania, where oceanic warming decreased phytoplankton blooms by up to 50%, causing a change in regional fish composition [16]. Another example is that seasonal changes in the Canary Current upwelling system are known to lead to the latitudinal migration of small pelagics, spanning the borders of three countries in the eastern North Atlantic [17]. Such changes can lead to significant socio-economic conflicts and even “fish wars” between nations over rich fishing grounds [18]. For instance, the migration of the mackerel stock into northern Atlantic waters [19] triggered an interstate conflict between the European Union, Norway, Iceland and the Faroe Islands over the size and allocation of fishing quotas [20]. Climate change impacts are likely to make similar scenarios more commonplace in all regions of the world ocean, and the East African waters are not an exception.



Large perturbations in atmospheric forcings and the circulation patterns and, consequently, in coastal upwellings are often trigged by climate variability modes such as El Niño-Southern Oscillation (ENSO) [21]. Previous studies have documented the impact of El Niño and/or the Indian Ocean Dipole (IOD) on marine ecosystems in the wider Indian and Pacific Oceans. The widespread warming of up to 2 °C in the WIO [22] and exceeding 4 °C in some parts of the eastern Pacific [23] caused major changes in the large-scale distribution of pelagic fish. For example, the reduced nutrient concentrations off the coasts of Peru and Chile during strong El Niño events led to the southward migration of anchovies, sardines and mackerel, which resulted in an anomalously low catch [24,25,26,27,28]. Specifically, in Chile, there was a large, but temporary, reduction in anchovy catch in 1998 (400,000 t), which recovered by 1999 (1,200,000 t) [29]. Despite this, the migration of tropical species, typically found in warmer waters further north, appeared along this coastline, increasing the number of species found in the region [27,28].



There are also changes in the open ocean with an eastward shift of tuna observed in the Pacific Ocean, associated with the eastward shift of the convergence zone [30,31]. This is also observed in the Indian Ocean during strong El Niño and positive IOD events, reducing the catch further west [32,33,34]. For example, a sudden eastward shift of tuna catches of up to 20o occurred at the height of the 1997/98 event [35].



Although previous studies have investigated the impact of El Niño and/or the Indian Ocean Dipole (IOD) on marine ecosystems in the wider Indian Ocean, the impact on regional upwelling systems remains only partially documented. In particular, no attempt has yet been made to assess the influence on the ocean circulation and its biological response on the North Kenya Banks (NKBs). This part of the WIO is subject to considerable changes associated with monsoonal variability (see Supplementary Text S1 and Figure S1). The NKBs are also the site of a persistent upwelling cell initiated by the divergent flow of the South Equatorial Counter Current (SECC) away from the coast [21], which provides key support to a large offshore fishery [36]. This upwelling feature is only present during the Northeast monsoon (from December to February) (see Supplementary Figure S2 and Text S1), when the Somali Current (SC) meets the East African Coastal Current (EACC) to form the Somali Zanzibar Confluence Zone (SZCZ) [21]. In their study, Jacobs et al. [21] showed how the location of the SZCZ is fundamental for the presence of upwelling over the NKBs. They also indicated a large southward displacement of the SZCZ during the 1997/98 super El Niño, which coincided with the strongest positive IOD (IOD+) event since records began in 1870 [37]. This co-occurrence of both El Niño and IOD+ caused anomalous warming across the region [38,39] greater than the impact of either phenomenon alone [40], leading to large-scale coral bleaching [41] and reduced productivity [42] over the wider WIO.



The aim of this paper is to investigate the effects the super El Niño and strong IOD+ of 1997/98 had on the productivity along the Kenyan and Tanzanian coasts. There is a lack of sufficient in situ measurements in this region due to economic constraints and insecurity [43]. Thus, marine technologies are used (a combination of ocean remote sensing and modelling) to show how a rearrangement of the surface currents of the WIO shifted an established upwelling system at the East African coast from the territorial waters of one country to that of another.



In addition to the widespread warming of up to 2 °C in the WIO, we demonstrate that the formation of an anticyclonic gyre adjacent to the Kenyan/Tanzanian coast led to the southward migration of the SZCZ. The latter halted upwelling over the NKBs but initiated a temporary increase in productivity just south of Zanzibar Island. This generated the lowest and highest chlorophyll-a (Chl-a, index phytoplankton biomass) concentrations ever recorded in satellite observations at the NKBs and in the vicinity of Dar es Salaam, respectively. The southward migration of the SZCZ in 1997/98 is attributed to the strength and spatial distribution of anomalous Wind Stress Curl (WSC) over the central Indian Ocean, which did not occur during other super El Niño / strong IOD events of 1972/73, 1982/83 and 2015/16.




2. Materials and Methods


2.1. Satellite Observations


Satellite altimetry-derived products processed by AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data) and distributed by the Copernicus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.eu/services-portfolio/access-to-products/) are exploited in this study.



These are the daily Sea Surface Height Anomalies (SSHA), absolute geostrophic zonal and meridional velocities gridded at 25 km spatial resolution from the ‘‘Update’’DUACS-DT2018 (Data Unification and Altimeter Combination System–Delayed Time 2018) version. This gridded geostrophic velocity current field product uses all satellite missions and applies the β plane approximation to overcome the geostrophic limitation near the equator (see Pujol et al. [44]). This altimetry product version is generated with a specific reprocessing which holds short spatial scale variations (along-track loess filter with a 40 km wavelength cutoff) and a high-resolution tidal correction (see Taburet et al. [45]). It is noteworthy that this AVISO product contains long-wavelength error correction which removes correlated noise due to orbit errors or uncertainties in geophysical corrections. Note that AVISO was chosen over GlobCurrent which is an alternative product. Although their comparisons reveal similar features, AVISO has the advantage of being commonly used to validate the NEMO model in many world regions. We compute the climatological monthly means over the period 1993–2015 and monthly means of Eddy Kinetic Energy (EKE), over the same period, following the equation:


   EKE =   1 2       u 2  +  v 2     



(1)




where u and v are the zonal and meridional components of the surface current, respectively.



Monthly satellite-derived Chl-a concentrations were acquired from the Ocean-Colour Climate-Change Initiative project (OC-CCI; version 3.1; http://www.esa-oceancolour-cci.org/), at a spatial resolution of 4 km. This product is the most consistent time-series of multi-satellite (MODIS-Aqua, SeaWiFS and MERIS) global ocean colour data currently available [46]. Its monthly composites cover September 1997 to June 2018 but only the period that extends until December 2015 is used here to calculate climatological means to be consistent with the model. Note that Chl-a concentrations of February 1998 and 2016 are also examined to investigate potential upwelling events during El-Niño of 1997–98 and 2015–16, respectively.



Another satellite Chl-a dataset considered here is the CZCS Level 3 product [47] provided by Ocean-Color-Web (https://oceancolor.gsfc.nasa.gov/data/czcs/), which covers the 1982–83 super El-Niño period, unlike the CCI Chl-a product. This dataset is available monthly from October 1978 to June 1986 with a local coverage at 4 km resolution; however, the composites can be sparse due to the cloud coverage, onboard data recording limitations, and the fact that only this single sensor was flying during that period. For the purposes of this study, we only use February 1983 to assess the upwelling signal (due to limited data availability) along the East African coast during the 1982–83 super El-Niño.



The satellite Chl-a observations obtained from both products (CCI and CZCS) may be overestimated near the coast or in shallow optically complex Case II waters, where suspended sediments, particulate matter, and/or dissolved organic matter do not covary in a predictable manner with Chl-a [48]. However, not all the coastal high chlorophyll values are necessarily biases, as some coastal regions have river outflows that may be sources of either nutrient or chlorophyll-rich detritus that enhance phytoplankton production near the coast [49]. As the majority of the area included in this study comprises Case-I open waters, this limitation affects only a small proportion of the data (the areas shallower than 30 m represent a very narrow coastal band). The upwelling cells along the East African coast, which are subject to the influence of El-Niño effects, might have their very coastal points affected by this limitation.



The reprocessed Met Office Operational-Sea-Surface-Temperature-and-Sea-Ice-Analysis (OSTIA) Sea Surface Temperature (SST) product was also acquired. This multi-satellite and global dataset is made available by the CMEMS (http://marine.copernicus.eu/services-portfolio/access-to-products/) from 1985 to 2018. The SST data are provided daily at a spatial resolution of 5 km. We compute monthly means during the study period 1997–2015 to match the observed and modelled Chl-a dataset.




2.2. Model Configuration and Data


To examine changes at the subsurface, we utilise a hindcast from a high-resolution, global ocean model, which is coupled to a biogeochemical model. Version 3.6 of the model Nucleus for European Modeling of the Ocean (NEMO) [50] is used, which is configured with a horizontal spatial resolution of 1/12° [21,51]. This corresponds to about 9.25 km at the equator and has 75 vertical levels with finer grid spacing near the surface, i.e., less than 1 m at the surface compared to 250 m at 5500 m with 22 levels in the upper 100 m. This hindcast spans from 1958 to 2015, with the output stored as 5-day means. The bottom topography is represented as partial steps and bathymetry is derived from ETOPO2 [52]. The Louvain la Neuve (LIM2) sea-ice model is used to represent the sea ice in the global simulation [53]. More information can be found in the online manual here: https://cmc.ipsl.fr/images/publications/scientific_notes/lim3_book.pdf. The various parameterizations are selected by the European consortium with more information found in the NEMO manual here: https://www.nemo-ocean.eu/wp-content/uploads/NEMO_book.pdf.



The run is initialised using the World Ocean Database climatological fields [54] and is forced by the Drakkar Surface Forcing dataset version 5.2, which supplies 2 m air temperature, 2 m humidity, 10 m winds, surface radiative fluxes and precipitation [55,56].



The biogeochemistry is represented by version 2.0 of the Model of Ecosystem Dynamics, nutrient Utilization, Sequestration and Acidification (MEDUSA-2), which is embedded in NEMO, and run from 1990 to 2015 [57]. This is a size-based, intermediate complexity model that divides the plankton community into “small” and “large” components and which resolves the elemental cycles of nitrogen, silicon, and iron. The “small” component of the ecosystem is intended to represent the microbial loop of picophytoplankton and microzooplankton, while the “large” component covers microphytoplankton (specifically diatoms) and mesozooplankton. The non-living particulate detritus pool is similarly split between small, slow-sinking particles that are simulated explicitly, and large, fast-sinking particles that are represented only implicitly. See Yool et al. [56] for a full description of MEDUSA-2.



To be consistent with satellite altimetry data, we consider 1993–2015 as the climatological period for the modelled currents and wind stress. Additionally, the super El Niño periods 1972–1973, 1982–1983, 1997–1998 and 2015 are used for the selected physical (temperature, surface currents, wind stress) parameters while 1997–1998 is the only period included in the MEDUSA-2 timeframe for the biochemical (Chl-a, DIN) outputs.



To analyze the mechanisms of circulation changes during super El-Niños (cf. Section 3.3), we investigate the Wind Stress Curl (WSC) forcing over the study. The WSC is calculated, by using the wind stress fields from the model (i.e., the reanalysis dataset used for model forcing) as in the following equation:


  W S C =     ∂  τ y    ∂ x   −   ∂  τ x    ∂ y    



(2)







where    τ x    and    τ y    are the zonal and meridional components of the wind stress and x and y are the zonal and meridional dimensions.



NEMO and MEDUSA-2 have been successfully used to study ocean dynamics in the Indian Ocean [14,21,58] and were recently validated over the East African coast, specifically in analysing the NKBs upwelling [21].





3. Results


3.1. Impact of the 1997/98 El Niño on the Surface Circulation


Figure 2 compares surface current fields from satellite altimetry and the model at the height of the 1997/98 El-Niño between December 1997 and February 1998, with the climatological means for the period 1993–2015 when both altimetry observations and model results are available. In the climatological fields, the SZCZ is shown to progress southward along the Somali and Kenyan coasts from December to February, when it reaches its southernmost position over the NKBs from 3–4°S and flows eastward as the SECC (Figure 2b,d). However, in February 1998 (Figure 2a,c), the SECC appears 3° further south than normal (6–7°S), consistent with Jacobs et al. [21], and is anomalously fast (0.6–0.8 m/s) compared with the climatological mean (0.4–0.5 m/s). These differences in the magnitude of the current speed result from altimetry resolving only the geostrophic component of the currents [44], unlike the modelled currents, which resolve the total current (i.e., both the geostrophic and ageostrophic components of the circulation). The geostrophic component is influenced by the density field whereas the ageostrophic component is more under the influence of the wind. Despite this, the model shows a clear anticyclonic gyre north of the SECC in agreement with the timing, position, and amplitude of the altimetric fields (Figure 2a,c). Hereafter, we call this gyre the Somali–Zanzibar Gyre (SZG). During the 1997/98 El Niño, the SZG appears closer to the coast, larger and stronger than the climatological eddy that forms on the northeast side of the meandering SECC, centred around 2.8°S–44°E, during a normal year (Figure 2).



The SZG is apparent during all months of the 1997–98 Northeast monsoon. In December 1997, the gyre reaches a maximum horizontal extension of 600 km and an intensity of up to 0.6 m/s (Figure 1a,c). In contrast, the SZG is narrower (400–500 km) and is more energetic (0.7–0.8 m/s) in January and February 1998 (Figure 2a,c). These findings from both the modelled and altimetry-derived currents are in reasonable overall agreement. In both cases (observations and model), January–February remains the period of maximum speed within the SZG, with the SC and EACC making up its western and southern limbs respectively. Therefore, the formation of the SZG is likely blocking the EACC from flowing further north, resulting in an anomalously southward position of the SZCZ and SECC.




3.2. Collapse of the North Kenya Banks Upwelling


The southward shift of the SZCZ and the formation of the SZG (Figure 2) have implications for the productivity of the region, as the SZCZ is known to exert a considerable influence on the strength and location of upwelling over the NKBs [21]. This impact is visible in the observed and modelled Sea Surface Temperature (SST) and Chl-a fields, which show a coherent spatial pattern, in February 1998 when the differences are most pronounced (Figure 1). The most noticeable differences compared with the climatological fields are the widespread warming and reduction in Chl-a over the Northwest Indian Ocean (Figure 1a–d), as shown previously in Currie et al. [59]. Additionally, the gyre is visible in the satellite observations as having a warm (>30 °C) and low Chl-a (<0.1 mg/m3) core; while a relatively cool (28.75 °C) and high Chl-a (up to 0.6 mg/m3) filamentation is detected at the southern boundary, both of which are well represented in the model (Figure 1a,b,e,f). The region of most intense warming (up to 3 °C) compared to the mean (Figure 1a–d) occurs north of 4°S from the coast to about 45°E, which includes the NKBs, and is also associated with the lowest Chl-a concentration (up to 0.4 mg/m3) (Figure 1e,f,g,h).



As the model is able to simulate the event at the surface, modelled cross-sections (T1) of temperature, Chl-a and Dissolved Inorganic Nitrogen (DIN) for February 1998, along with their respective anomalies compared to the 1993–2015 climatological mean, were examined to further understand the impact of the SZG on upwelling at the NKBs (Figure 3). Widespread warming seen at the surface (Figure 1a,b) is also apparent at the subsurface with anomalies in excess of 3 °C down to 100 m (Figure 3d). This resulted from the deepening of the thermocline and is discussed further in Section 3.



The deepening of the 27 °C isotherm in February 1998, compared to the mean and to February 1997, indicates a much weaker upwelling (Figure 3d). This is also apparent in the Chl-a and DIN fields with negative anomalies occurring throughout much of the upper 100 m (Figure 3e,f). The greatest Chl-a concentration occurs at the subsurface from 30 to 60 m in February 1998, which contrasts with the surface maximum in the climatological mean (contours indicate 0.5 mg/m3) (Figure 3b). This, combined with the reduced uplift of nutrients, indicates a clear suppression of upwelling over the NKBs during the 1997–98 El Niño.



In contrast to the collapse of the NKBs upwelling where warm (up to 30 °C), unproductive (0.2 mg/m3) conditions exist, a cold (28.75 °C) and productive (>0.6 mg/m3) tongue is observed (and modelled) near the new anomalously southward SZCZ (Figure 1a,c) from 6–7°S near southern Zanzibar and Dar es Salaam (Figure 2a,b,e,f). Under the influence of the observed Chl-a, this productive tongue extends from the coast to about 45°E. During February 1998, the upwelling near the NKBs is halted and a temporary upwelling cell near southern Zanzibar Island and Dar es Salaam is initiated, a situation that lasted for 1–2 months.




3.3. Key Mechanisms for the Surface Circulation Changes in 1997–98


Satellite SST, SSHA and EKE fields over the Indian Ocean prior to the onset of and during the 1997–98 Northeast monsoon were examined to better understand the factors that caused the shutdown of upwelling at the NKBs and led to the formation of the SZG.



The WIO experienced broad-scale warming with SST peaking above 32 °C, which is more than 2 °C warmer than normal (Figure 1). The satellite SST also shows an unusual change in the zonal position of the Southern Equatorial Current (SEC) during December 1997, from a normal westward direction (Figure 1a) to a north-westward flow (Figure 1). The change in the SEC position could lead to large current anomalies [60] and the accumulation of warm waters in the WIO (i.e., higher SST than normal and the Eastern Indian Ocean) is likely generated by increased positive SSHA in the equatorial Indian Ocean [61].



Indeed, the SSHA weekly succession between May 1997 and May 1998 captured by satellite altimetry and the model show exceptionally elevated values (>30 cm) in the West against decreased values (<−20 cm) in the East of the Indian Ocean (see Supplementary Videos S1, S2 and Text S2). The anticyclonic SZG is observed in the westward-flowing SEC by September 1997 and a series of anticyclonic eddies forming off southwest India, the Laccadive High (LH) [62], flows southwestward towards the East African coast. Hereafter, we call this flow “Laccadive High/Northeast flow” (LH/NE). The increased variability of the SEC and LH/NE flows is well reflected in the Eddy Kinetic Energy fields (see Supplementary Figure S3 and Text S2). They converge on 22 December 1997 (Figure 4), causing an abrupt separation of the SZG from the main SEC flow and its migration further to the west during late December, where it interacts with the SC and EACC near the Kenyan and Tanzanian coasts. Snapshots of the observed SSHA fields on 22 December 1997 (super El-Niño period) relative to 26 December 2005 (a non-El-Niño period) are illustrated in Figure 4 as they show the convergence of the SEC and LH/NE flows and the detached SZG.



The basin-scale chevron shape (‘<’) pattern (pointing west) that the currents (LH/NE and SEC) sign in both observed and modelled SSHA (Figure 4a,b) was identified as a basin-wide westward Rossby wave [63]. A time–space diagram along the latitude line 6°S of altimetric SSHA shows a westward movement, indicative of Rossby wave propagation [64,65], with the SZG propagating westward from the southeastern Indian Ocean towards the East African coast between November 1997 and March 1998 at a speed of 0.25 m/s (Supplementary Figure S4, dashed black circles), which is close to the Rossby wave first mode speed for the region (0.2 m/s [66]). These downwelling Rossby waves depressed the thermocline in the southwestern Indian Ocean in December 1997 [65,67].



Anticyclonic WSC forcing in the Indian Ocean is important for the generation of downwelling Rossby waves during strong El-Niños [68] and the co-occurrence of El-Niño and IOD [69]. The WSC fields over the Indian Ocean from December 1997 (Figure 5c) show predominantly strong positive values, ranging between 0.7 to greater than 1.5 N/m2 per 104 km in the north WIO, in contrast with the central tropical Indian Ocean, which experiences weak WSC, ranging from 0 to −0.3 N/m2 per 104 km. However, the north WIO presents less pronounced positive anomalies (Figure 5g) than those of the central tropical Indian Ocean between 60°–100°E. These strong anomalies, exceeding two standard deviations, are western-ocean intensified, i.e., their amplitude increases from the central towards the far WIO with strong variations from 5–10°S, 65–85°E (Figure 5g). This is an indication that the WSC in the central Indian Ocean was anomalously relaxed in December 1997, which is crucial for Rossby wave formation and the sustained warming into February 1998 [67]. Additionally, it strongly supports the idea that the WSC forcing over the central Indian Ocean (i.e., SEC path) during 1997/98 played a major part in generating baroclinic instabilities and forming the SZG within the SEC, which interacted later with the SC and EACC.




3.4. The NKB Upwelling During Other Super El Niño / Strong IOD Events


The effects of super El-Niños and strong IODs in 1972/73, 1982/83 and 2015/16 can be evaluated in the available satellite observations and model output. As the model is able to simulate the effects of the 1997/98 event, it can be used to investigate the events that occurred before the satellite observation period began. These showed normal upwelling conditions over the NKBs and an absence of the SZG (Supplementary Figures S5–S7 and Text S3). A strong north–south SST gradient was detected at the confluence zone in February of these years (Supplementary Figure S6), which is a manifestation of normal Northeast monsoon conditions caused by the intrusion of the cold and southward SC meeting the warm and northward-flowing EACC near the NKBs [70].



What was different during 1997/98 in the larger Indian Ocean compared to these other events of similar intensity was the WSC strength and spatial distribution (Figure 5a,b,d). These years saw moderate to intense negative WSC over the Southern Tropical Indian Ocean, from −0.7 to −1.5 N/m2 per 104 km, while December 1997 was near zero to slightly negative (Figure 5c). Their associated positive anomalies are weaker over the central Indian Ocean (Figure 5e,f,h), indicating significant WSC intensifications, compared with 1997/98 which showed an important WSC relaxation (Figure 5g). On the other hand, WSC anomalies averaged over the central Indian ocean area, as delimited by the yellow box in Figure S6d, during all Decembers of 1970–2015, show that the strongest positive WSC anomaly (0.65 N/m2 per 104 km) occurred in December 1997 (Figure 5e). In contrast, the positive WSC anomalies of Decembers 1972, 1982 and 2015 over the same area do not exceed 0.35 N/m2 per 104 km, which is almost half the increase of December 1997 (Figure 5e). Note that WSC in Novembers of the same years and their associated anomalies show similar patterns to those of Decembers (Supplementary Figure S8).





4. Discussion


Using a combination of marine technologies, this study investigates the effects of the super El Niño and IOD+ events of 1997/98 on the NKBs upwelling. This approach offers a feasible alternative to in situ measurements, which are still lacking in this region. The novel results found here show how this event led to a unique reorganization of the surface circulation in the WIO, which caused an unprecedented displacement of the NKBs upwelling from Kenyan national waters to south of Zanzibar Island in Tanzanian national waters. Consequently, the reduced nutrients and phytoplankton biomass at the NKBs (Figure 2 and Figure 3) might have had negative impacts on local fish stocks, while the short-lived upwelling cell (Figure 3) that is initiated near Zanzibar may have provided an increase in pelagic fishery species’ productivity during this period.



It is difficult to separate the effects of the widespread warming due to El Niño and the temporary “regime swing” of the established upwelling cell away from the NKBs. However, the increase in Chl-a observed at 7°S (Figure 2e,f) suggests that the upwelling cell may have led to some temporary relief from the widespread warming and low productivity in Tanzania. For example, Bultel et al. [71] demonstrated that the Tanzanian reconstructed fisheries catch did not decline in 1997–98 for Zanzibar and the mainland as a whole. In contrast, Le Ménache et al. [72] reported a substantial decrease in recreational fish catch by tourists over the NKBs from 17,000 tons in 1990 to around 700 tons during 1997–98. Although the main cause was attributed to a reduction in coastal tourism following political riots [73], Akunga [74] reported from local fishermen surveys that the 1997–98 pelagic fish catch was the worst they had had over a 10-year period. The same study presents catch time-series (for different pelagic species) covering Malindi (in the NKBs) from 1998–2010 and Mombasa (south of the NKBs) from 1996–2010, which show a considerable reduction during 1997–98, before increasing again 1–2 years later. Fulanda et al. [48] also show a sharp decline in catches in Ungwana Bay during this period, which is adjacent to the NKBs. This is further supported by an overall drop of around 36% in catch rates of five commonly used artisanal gears in Mombasa (handlines, spear, speargun, gillnets and basket traps) between 1995 and 1998 [75], indicating a collapse in small pelagic fisheries, which are close to the bottom of the food chain and are tightly coupled to the dynamics of primary producers.



Despite these reports of reduced catch during the late 1990s, monthly fish catch data are required to confirm the reduced catch near the NKBs and the temporary boost in catch near Zanzibar in February 1998 to provide further evidence that these results are not due to other factors such as global climate change trends or overexploitation. However, they are not easily accessible. This is mainly due to inconsistent and discontinued records being kept by local offices during this time period, i.e., data only recorded for some months, at different locations and for different species. The catch data recording system in Zanzibar and Tanzania faces many challenges, including the use of handwritten catch records and hard copy storage in the past [76]. This has led to data loss, especially prior to 2010 [77]. Additionally, data recorders were known to lack capacity/knowledge to identify and group fish species in their respective categories, leading to inaccuracies in recording the catches of small pelagics (sardines and anchovies), for example [78,79]. This makes the available historical data uncertain and their use problematic [80,81].



There is no doubt that some changes in fishery catches in other large marine ecosystems are linked to changes in ocean temperature and, even more importantly, productivity [24,25,26,27,28]. Such ecosystem changes can lead to changes in fish composition and cause shifts in the distribution of certain species [15,16,17]. The most notable effects of El Niño on the fisheries, particularly the pelagic fishery, are changes in the latitudinal and vertical distribution of species, size structure, reproductive processes and an overall decline in landings [80]. These are expected to lead to an increase in fisher migration, a shift in the distribution of target species and associated loss of revenues, further affecting fishers’ livelihoods and food security. The East African marine ecosystem is likely no exception, with the present study finding sizeable temperature anomalies associated with a significant reduction in the NKBs upwelling due to the occurrence of a super El-Niño.



In order to prepare national and local governments for the impacts of such climate extremes (El Niño and IOD+) on socio-economic activities (e.g., a shift in fishery stock abundance), a suitable Early Warning System is desirable. Existing systems in the WIO region include a coral bleaching alert that is published annually since 2009 (https://cordioea.net/coral-bleaching/io-coral-bleaching-alert/). A similar Early Warning System specifically for productivity and fisheries catches might have significant utility in the region. The development of such a system can be implemented based on the assessment of whether currents are deviating from their normal circulation patterns in key areas. This can be achieved through satellite remote sensing data, which proved effective in detecting regime shifts [13,82,83]. This is cost-effective, especially in the context of the scarcity of in situ measurements in East African waters due to a combination of economic constraints and issues with maritime security [43]. A simple way to do this is to use near real-time altimetry fields, as the circulation changes are regulated by the SEC when it re-orientates itself as a north-westward flow (as opposed to westward) and by the southern displacement of the SECC. The Early Warning System would warn users of the approach of unusual SEC patterns and impending low productivity, leading to potentially lower fish catches. This would help them implement adequate fisheries and social adaptive measures up to three months in advance and mitigate potentially negative economic impacts. In addition to being cost-effective, using such an Early Warning System could help improve the management of marine and coastal resources of East African countries, which support the critical livelihoods of vulnerable coastal populations [84].



Existing climate preparedness platforms at national, provincial/county/district and local levels (such as co-management units, notably beach management units [85], can ensure effective delivery of this Early Warning System information to end-users (e.g., managers) and resource-users (e.g., fishers). Such tools could help not only fisheries management measures, but also social adaptive measures to prevent potential negative socio-economic impacts.



The 1997/98 event may provide a benchmark for assessing how equatorial teleconnections associated with IOD and ENSO may affect the productivity of the East African coast during future similar extreme events. Further work is needed to fully understand the influence of the wind patterns at the basin-scale, as they seem to be the main remote forcing of these interannual oscillations. It is also vital to understand how these regional wind patterns and ocean current variations are projected to change in the future. For example, the monsoon winds over the WIO are projected to weaken during the Northeast monsoon but strengthen during the Southeast monsoon [86], which may affect the surface currents in this region and hence, the NKBs upwelling. As for the IOD and El Niño, there are mixed findings at present on how they are likely to respond to future climate change. Cai et al. [87] found evidence to suggest that the frequency of IOD+ has increased from 1950–99. However, this is likely due to natural variations as future projections find that the interannual variability in IOD remains largely unchanged by the end of the 21st century [88]. Additionally, the occurrence of super El Niño events may double in the future, according to Cai et al. [89], which is in stark contrast to other studies who find no conclusive evidence for change due to the complexity of feedback processes, highlighting the need to isolate climate responses to El Niño [90].



In terms of fisheries, some ocean regions are already experiencing temperature and current changes associated with climate change, which are causing shifts in the distribution of pelagic fish [91]. However, the complexity and heterogeneity of the climatic stressors of marine ecosystems, the uncertainty of the whole ecosystem response to these stressors, as well as the response of the individual marine species, make the determination of future climate change impacts on living marine resources a major challenge [92].




5. Conclusions


In this paper, the effects of the super El Niño and strong +IOD in 1997/98 on the regional biological productivity (i.e., in terms of Chl-a and DIN) along the East African coasts are unraveled from historical remote sensing observations and modelling outputs. We show that unique anomalies of wind stress curl over the central Indian Ocean have led to a rearrangement of the surface currents in the Western Indian Ocean. Specifically, the formation of an anticyclonic gyre from baroclinic instabilities within the South Equatorial Current, which flows toward the East African coast. We demonstrate that the formation of the anticyclonic gyre led to the southward migration of the SZCZ, which shifted the NKBs upwelling system from the territorial waters of Kenya to those of Tanzania. This generated a temporary increase in productivity just to the south of Zanzibar Island and the lowest phytoplankton biomass ever recorded in satellite observations at the NKBs.



The satellite data and the model show that the unique situation of 1997/98 at the East African coast did not occur during the other super El Niño / strong IOD events of 1972/73, 1982/83 and 2015/16 with an absence of the SZG leading to normal Northeast monsoon conditions at the NKBs. This was attributed to the different patterns of wind stress curl over the Indian Ocean, which did not generate the same type of anomalies as in 1997/98. However, the shifting of the NKBs upwelling further south may be repeated in the coming years, especially under the accelerating effect of climate change. This scenario can be anticipated through the continuous monitoring of changes in the surface currents from the satellite using near-real-time measurements. Thus, preparing for potential scenarios of low productivity, and hence, fisheries, could be made possible in terms of management practices applied by stakeholders.
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Figure 1. The surface signature of the North Kenya Bank (NKB) upwelling during February 1998, relative to the climatology (1998–2015). SST (°C) in February 1998 from (a) satellite data and (b) the model is shown, relative to (c, d) their climatological means. Chl-a (mg/m3) in February 1998 from (e) satellite data and (f) the model is shown, relative to (g, h) their climatological means. The black arrows on (a), (b), (e) and (f) indicate the position of the relatively cool and high Chl-a tongue south of Zanzibar off Dar es Salaam. The dotted horizontal line (T1) displayed on panel (b) indicates the position of a cross-section across the NKB upwelling analyzed in Figure 3. 
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Figure 2. Surface circulation off the East African coast during the 1997–98 El-Niños and Positive Indian Ocean Dipole (IOD+), relatively to the climatology (1993–2015). Surface currents (m/s) between December 1997 to February 1998 from (a) satellite data and (c) the model are presented relative to their (b, d) climatological means. 
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Figure 3. The subsurface signature of the NKB upwelling during February 1998 and its associated anomaly (relatively to 1998–2015 climatological period). Cross-sections of modelled (a) temperature in °C, (b) Chl-a in mg/m3 and (c) DIN in mmol/m3 and (d,e,f) their respective anomalies are displayed along the location T1 indicated on panel (b) of Figure 2. The dashed black, solid white dotted black and lines on panel (a) represent the 27 °C isotherm in February 1998, climatological February and February 1997, respectively. The dashed black, solid white dotted black and lines on panel (b) represent the 0.5 mg/m3 isoline in February 1998, climatological February and February 1997, respectively. 
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Figure 4. Formation of the Somali–Zanzibar Gyre (SZG) during 1997–98 El Niño and IOD+. Satellite Sea Surface Height Anomalies (SSHA) (m) over the Indian Ocean from (a) on the 22 December 1997 (a super El Niño year) and (b) 26 December 2005 (a non-El-Niño year). A schematic of the convergence of the “Laccadive High/Northeast flow” (LH/NE) and Southern Equatorial Current (SEC) flows is superimposed on panel (a) in dashed black and white arrows and the SZG detaching from the main SEC flow is indicated with a dotted circle. 
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Figure 5. Wind Stress Curl (WSC) forcing over the Indian Ocean during super El Niño and strong IOD events. WSC during Decembers of (a) 1972, (b) 1982, (c) 1997 and (d) 2015 and their (e,f,g,h) associated anomalies (relatively to the period 1993–2015) are shown. The solid black contour lines indicate where anomalies are greater than two standard deviations. (i) Timeseries of the WSC anomalies averaged over the central Indian ocean area delimited by the yellow box shown on panel (g) for all Decembers of 1970–2015. 
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