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Abstract. Marine heatwaves (MHWs) represent an increasing threat to marine ecosystems, yet their dynamics remain poorly

documented in tropical eastern boundary upwelling systems, where upwelling reaches its maximum in boreal winter rather

than in summer. This study analyses the spatio-temporal variability of MHWs, their physical drivers, and biological impacts

in the Senegalo-Mauritanian Upwelling System (SMUS) over 1982–2024, using satellite-derived SST, chlorophyll-a, and

atmospheric reanalysis data.5

A strong spatial heterogeneity is observed, with the highest cumulative number of MHW days (up to 50 days per year)

occurring in shallow regions weakly influenced by upwelling, as well as in offshore transition zones. In contrast, lower

occurrences (around 25 days per year) are observed in persistent upwelling areas, particularly at Cap Blanc and along the

Petite Côte, which act as relative thermal refuges. At the seasonal scale, MHWs are more frequent and more persistent during

the CP, particularly south of 18°N, while their intensity is modulated by the seasonal migration of the upwelling front. Over the10

42-year period, the Grande Côte region emerges as the most vulnerable coastal zone, showing the strongest increase in MHW

occurrence, with significant trends (p<0.05) in total MHW days (+10.25 days decade−1) and duration (+2.22 days decade−1).

Along the Petite Côte, trends are approximately four times stronger during the CP (+5.16 days decade−1) than during the

warming period (+1.34 days decade−1). No significant long-term trend is detected for maximum intensity at the annual scale.

However, a significant seasonal increase (+0.16 °C per decade) is identified during the warming period in the Grande Côte15

region. Cap Blanc shows remarkable stability across all indicators, highlighting the buffering capacity of permanent upwelling.

Composite analysis of 283 MHW events identifies wind relaxation as the primary driver, reducing Ekman pumping and

weakening upwelling circulation. However, the oceanic response differs strongly between regions. In the northern SMUS

(Cap Blanc), where upwelling is quasi-permanent, MHWs are moderate and adjust rapidly, reflecting a thermodynamically

dominated regime. In contrast, in southern regions with seasonal upwelling, wind relaxation leads to a near-complete collapse20

of upwelling, resulting in stronger and more persistent heat accumulation, characteristic of a dynamically controlled regime.

These physical contrasts translate into distinct biological responses. In the southern SMUS, MHWs lead to a systematic

decrease in chlorophyll-a (up to -2 mg m−3). In contrast, Cap Blanc exhibits a season-dependent response, with an increase

1

https://doi.org/10.5194/egusphere-2026-2571
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



in biomass (up to +3 mg m−3) during the CP, sustained by residual nutrient supply and moderate warming, and a decrease in

biomass (up to -2.7 mg m−3) during the warming period due to enhanced stratification. These results highlight the crucial role25

of local upwelling dynamics in modulating the characteristics of MHWs and their ecological impacts in this marine ecosystem

of major socio-economic importance.

Keywords: Marine heatwaves; chlorophyll-a, Senegal–Mauritania Upwelling System; Canary Current System; seasonal

variability.

1 Introduction30

Marine heatwaves represent one of the most abrupt manifestations of anthropogenic ocean warming, with their frequency

nearly doubling since the 1980s (Oliver et al., 2018) and causing major impacts on biodiversity and food security (Smale

et al., 2019). In eastern boundary upwelling systems (EBUS), which concentrate 20% of the global marine biomass on just

1% of the ocean surface (Pauly and Christensen, 1995; Messié and Chavez, 2015), the dynamics of MHWs are particularly

complex. Upwelling, by bringing cold and nutrient-rich waters to the surface, acts as a thermal buffer that locally moderates35

the occurrence of extreme events (Varela et al., 2021; DeCastro et al., 2014; Seabra et al., 2019). However, this resilience is

neither uniform nor permanent, as it is influenced by the intensity and seasonality of Ekman pumping processes (García-Reyes

et al., 2023; Seabra et al., 2019) and their interaction with large-scale atmospheric forcings (Holbrook et al., 2019; Schlegel

et al., 2021). Furthermore, Wang et al. (2023) showed that this buffering capacity could gradually erode under climate warming

in southern hemisphere EBUS (Humboldt and Benguela).40

In major eastern boundary upwelling systems (EBUS), the spatiotemporal characteristics of MHWs, their generation mechanisms,

and their biological impacts are now relatively well documented (Holbrook et al., 2019; Varela et al., 2021). In the California

Current System (Northeast Pacific), MHWs mainly result from a weakening of upwelling-favorable winds, which reduces

vertical cooling and favors the accumulation of heat at the surface, while compressing phytoplankton blooms toward the

coast (Black et al., 2025). In the Humboldt-Peru system (Southeast Pacific), although the longest MHWs (>100 days) are45

associated with remote equatorial variability such as El Niño, the majority of events are driven by the relaxation of local

coastal winds (Pietri et al., 2021). In the Benguela system (Southeast Atlantic), while upwelling plays a moderating role on

coastal MHWs, recent projections indicate that both this system and the Humboldt are likely to become future MHW hotspots

under anthropogenic warming, as the weakening of boundary currents gradually surpasses the buffering capacity of upwelling

(Wang et al., 2023). Horizontal advection processes also contribute to the intensification of current events (Holbrook et al.,50

2019). Despite these regional variations, a common paradigm emerges: persistent cold-water upwelling zones act as relative

thermal refuges, with lower trends in MHW frequency near the coast than in regions not influenced by upwelling (Varela et al.,

2021). Bakun et al. (2015) further proposed that intensifying coastal upwelling under climate change could regionally buffer

surface warming and nutrient declines, though this remains debated in tropical EBUS.

However, this thermal refuge paradigm is mainly based on studies of temperate EBUS, such as the California, Humboldt,55

and the northern part of the Canary Current systems, where upwelling intensity generally peaks in summer. It largely overlooks
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tropical systems characterized by an opposite seasonality, in which upwelling reaches its maximum during the boreal winter.

The Senegal-Mauritania Upwelling System (SMUS) is indeed one of the few tropical EBUS where coastal upwelling attains

its highest intensity (November–May) in boreal winter/spring, under the combined influence of the Azores High and the

meridional migration of the Intertropical Convergence Zone (ITCZ) (Faye et al., 2015; Ndoye et al., 2014; Cropper et al.,60

2014). During winter, the persistence of the northeast trade winds generates an offshore-directed Ekman transport, inducing

the upwelling of cold, nutrient-rich waters that maintain anomalously low sea surface temperatures (SST) and sustain high

coastal biological productivity (Lathuiliere et al., 2008; Sylla et al., 2019). Its sensitivity to thermal anomalies is nevertheless

well documented: the so-called Dakar Niño/Niña (Oettli et al., 2016), recurrent positive SST anomalies between February and

April, are regularly associated with episodes of low net primary production during the main upwelling season (Imbol Koungue65

et al., 2025). This winter dynamics, which would theoretically limit the frequency and intensity of MHWs, remains poorly

studied.

This context of intense winter upwelling takes on particular significance for small pelagic populations that rely heavily on

it, notably the round sardinella (Sardinella aurita). Studies by Mbaye et al. (2015) demonstrated that the recruitment success

of these species depends on an optimal environmental window, in which upwelling intensity must provide sufficient nutrient70

enrichment without causing excessive larval dispersal offshore. The main spawning period, concentrated at the end of the cold

season in the southern SMUS (November–April, Senegalese coasts) and during summer over the Banc d’Arguin (July–August),

coincides precisely with critical oceanographic transitions (Boely et al., 1978; Zeeberg et al., 2008). The occurrence of MHWs

during these sensitive phases could disrupt this biological synchrony (match/mismatch), either through direct thermal stress on

larval stages leading to reduced reproductive success (Durant et al., 2019), or through modifications in food availability via a75

reduction in phytoplankton biomass (Guibourd de Luzinais et al., 2025; Li et al., 2024). These disruptions thus threaten the

sustainability of a major fishery resource, representing between 1.7 and 2.5 million tons of annual small pelagic catches in the

Northwest African region (Lakhnigue et al., 2019) and accounting for approximately 72% of total landings in Senegal (Deme

et al., 2022). Beyond their direct impacts on marine ecosystems, marine heatwaves (MHWs) in the tropical Atlantic have also

been associated with contrasting effects on West African rainfall. In particular, warming events in the Gulf of Guinea are linked80

to rainfall deficits north of 10°N (Sahelian region) and precipitation surpluses to the south (Koné et al., 2025). In this context,

the SMUS, located at the interface of these climatic regimes, represents a key region for investigating the interactions between

ocean thermal extremes and regional climate variability.

These observations raise a fundamental question in the SMUS: how do wind-driven upwelling dynamics and their seasonal

modulation control the emergence and intensity of marine heatwaves in this tropical upwelling system, and what are their85

immediate consequences for phytoplankton biomass in ecologically and socioeconomically critical regions? To address this

question, this study investigates the physical and biological dynamics of marine heatwaves in the SMUS over the period

1982–2024. We first provide a spatio-temporal characterization of MHWs based on the standardized detection framework of

Hobday et al. (2016) applied to satellite observations. Then, are examined the seasonal and long-term variability in relation to

upwelling intensity and wind atmospheric heat forcing. Finally, the associated chlorophyll-a responses to MHW are assessed in90
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key coastal zones, with particular attention to periods and regions of ecological sensitivity linked to small pelagic fish spawning

grounds.

This integrated analysis allows to disentangle the role of seasonal upwelling modulation in shaping MHW dynamics and

their biological impacts in a tropical eastern boundary upwelling system. By identifying the conditions under which thermal

extremes coincide with significant reductions or increase in chlorophyll-a phytoplankton biomass, this study provides new95

insights into the coupling between physical forcing and ecosystem response in a highly productive but climate-sensitive marine

region.

2 Data and methodology

2.1 Study area: The Senegal–Mauritanian Upwelling System

The Senegal–Mauritanian Upwelling System constitutes the southern part of the Canary Current Upwelling System. It extends100

along the northwest African coast between 10°N and 22°N (Fig. A1), encompassing the coastal waters of Mauritania, Senegal,

The Gambia, and Guinea-Bissau, and extending westward toward the Cape Verde archipelago (Arístegui et al., 2009; Cropper

et al., 2014; Demarcq, 2009). This tropical Atlantic coastal ecosystem is among the most productive in terms of primary

production (Abrahams et al., 2021; Chavez and Messié, 2009; Lathuiliere et al., 2008) and plays a crucial role in supporting

fisheries and the economies of West African countries. This high productivity is sustained by a continuous supply of nutrients105

through dynamic coastal upwelling, whose regimes vary spatially (Vázquez et al., 2023).

To further investigate this spatial heterogeneity, the coastal domain is subdivided into distinct subregions (Fig. 1c). The

delimitation of the study subregions is based on the well-documented hydro-climatic structure of the SMUS, characterized

by strong latitudinal heterogeneity in dynamical forcing as well as thermal and biogeochemical responses. This partition does

not represent an arbitrary division of the coastal domain, but rather aims to isolate three contrasting dynamical upwelling110

regimes: (i) a quasi-permanent upwelling zone in the north (Cap Blanc, 20.8°–22°N), dominated by persistently cold conditions

and strong and sustained upwelling-favorable winds; (ii) an intermediate transition zone (Grande Côte–Cap Timiris, hereafter

referred to as ‘Grande Côte’, 14.8°–19.2°N), characterized by marked seasonal variability in both forcing and thermal conditions;

and (iii) a seasonal upwelling zone in the south (Petite Côte, 12.5°–14.6°N), under stronger tropical influence and exhibiting a

weaker and seasonally confined upwelling signal. The sectors located between 19.2°N and 20.8°N (Banc d’Arguin) and in the115

Bijagós Archipelago area (10.5°–12°N) are excluded from the regional analysis. This decision is supported by previous studies

indicating that these areas are characterized by weak vertical velocities and reduced upwelling intensity (Faye et al., 2015).

The analysis of the 90th percentile threshold over the reference period 1982–2011 (Fig. A1a) reveals a pronounced latitudinal

gradient, with maximum values (27.5–28 °C) in the southern part of the SMUS (10°N–12°N) and minimum values (<20.5 °C)

near Cap Blanc (20°N–22°N). This distribution reflects the contrasting influence of the quasi-permanent upwelling north of120

20°N, driven by trade winds and Ekman transport, and the presence of warmer tropical water masses to the south. Over the

period 1982–2024, SST exhibits a widespread and statistically significant warming trend (p < 0.05) across most of the study

area (Fig. A1b). The highest warming rates (0.5–0.6 °C decade−1) are observed over the continental shelf, particularly in the
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Banc d’Arguin and the Bijagós Islands. In contrast, the Mauritanian coast north of 20°N and the Petite Côte of Senegal show

no significant trends, suggesting a local modulation by upwelling dynamics.125

Figure 1. Hydro-climatic characterization of the SMUS upwelling system. (a) 90th percentile of sea surface temperature (SST (°C),

1982–2011), representing the upper thermal conditions of the reference climatology; (b) linear trend in SST (°C decade−1, 1982–2024). Black

dots indicate areas where trends are statistically significant (Mann–Kendall test, p < 0.05). The black contour denotes the 200 m isobath; (c)

climatology of chlorophyll-a concentration (Chl-a, mg m−3), used as a proxy for phytoplankton biomass and an indirect indicator of marine

productivity. The three study subregions are defined latitudinally and delimited offshore by the 200 m isobath: Cap Blanc (20.8°–22°N),

Grande Côte (14.8°–19.2°N), and Petite Côte (12.5°–14.6°N). These sectors were selected due to their pronounced upwelling dynamics

(Faye et al., 2015) and their historical ecological importance as key areas for pelagic fish reproduction and fisheries resources (Boely et al.,

1978).

2.2 Data

This study relies on three complementary datasets covering the period 1982–2024. SST data are derived from the NOAA

Optimum Interpolation SST product (OISSTv2.1), which provides daily fields at a spatial resolution of 0.25°. This product

combines observations from the Advanced Very High Resolution Radiometer (AVHRR) with in situ measurements (ships,

buoys, and Argo floats) for bias correction (Reynolds et al., 2007). OISSTv2.1 is widely used for marine heatwave (MHW)130

analyses due to its continuous global coverage since 1982, temporal consistency, and its ability to capture synoptic-scale

thermal extremes (Behr et al., 2025; Hobday et al., 2016; Oliver et al., 2018; Schlegel et al., 2021).
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Phytoplankton biomass is estimated from daily chlorophyll-a concentrations (Chl-a, 4 km spatial resolution) obtained from

the multi-sensor GlobColour product of the Copernicus Marine Service (CMEMS). This dataset covers the period 1998–2024

through the merging of observations from SeaWiFS, MODIS-Aqua, MERIS, VIIRS, and OLCI/Sentinel-3 sensors (Garnesson135

et al., 2019). The GlobColour product is particularly suitable for the analysis of upwelling systems due to its multi-sensor

merging approach, which improves temporal coverage and chlorophyll retrieval in optically complex coastal waters, thereby

reducing data gaps associated with frequent cloud cover in these regions (Maritorena and Siegel, 2005; Garnesson et al., 2019;

Kahru et al., 2014).

Atmospheric and oceanic forcings are obtained from the ERA5 reanalysis produced by the European Centre for Medium-140

Range Weather Forecasts (ECMWF), which provides hourly fields of 10 m wind and net surface heat fluxes at a spatial

resolution of 0.25° throughout the study period (Hersbach et al., 2020). The spatial and temporal consistency between OISSTv2.1

and ERA5, which share the same 0.25° resolution, facilitates the calculation of upwelling indices and the analysis of atmospheric

forcings associated with MHWs. Physical analyses cover the entire 1982–2024 period, whereas the analysis of biological

responses based on chlorophyll-a is limited to the satellite era (1998–2024). This constraint restricts the assessment of long-145

term biological trends but does not affect the characterization of the physical mechanisms driving MHWs. To ensure spatial

consistency among the three datasets, ERA5 fields and GlobColour chlorophyll-a concentrations were interpolated onto the

regular OISSTv2.1 grid (0.25° × 0.25°) using bilinear interpolation.

2.3 MHW definition and metrics

Marine heatwaves (MHWs) were detected and characterized using daily SST data from the OISSTv2.1 optimal interpolation150

product, following the standardized methodology of Hobday et al. (2016). An MHW is defined as a discrete and prolonged

period during which daily SST exceeds a seasonally varying 90th percentile threshold for at least five consecutive days.

Events separated by interruptions of up to two days are considered part of the same event. Climatological baselines and

corresponding thresholds were calculated from daily SST data using an 11-day moving window centered on each calendar

day over the 1982–2011 period (30 years). The choice of the 1982–2011 reference period is based on two key considerations.155

First, it satisfies the 30-year climatology requirement set by the World Meteorological Organization (WMO) and ensures

comparability with previous MHW studies (Oliver et al., 2018; Smith et al., 2023). Second, it captures a complete cycle

of Atlantic multidecadal variability, encompassing both the negative phase of the Atlantic Multidecadal Oscillation (AMO,

1982–1995) and the onset of its positive phase (1995–2011) (Enfield et al., 2001; Knight et al., 2005). Using a more recent

climatology (1991–2020) would effectively normalize anomalies against a state already influenced by the positive phase of160

the AMO, thus underestimating the true amplitude of regional thermal changes and biasing the detection of contemporary

extremes.

The use of a seasonal percentile, rather than a fixed threshold, allows thermal extremes to be identified relative to the local

temperature regime and seasonal variability of each region. This approach is particularly suited for detecting ecologically

relevant anomalies in highly seasonal systems such as the SMUS (Hobday et al., 2016; Frölicher and Laufkötter, 2018; Smith165

et al., 2023). Consequently, a temperature extreme in winter may not be extreme in summer, ensuring consistent event detection

6

https://doi.org/10.5194/egusphere-2026-2571
Preprint. Discussion started: 21 May 2026
c© Author(s) 2026. CC BY 4.0 License.



throughout the year. Moreover, it is important to note that the reference period (1982–2011) is used solely to define the

climatological threshold, whereas the analysis of trends and spatio-temporal evolution is conducted over the full study period

(1982–2024). This distinction, which is standard in the literature (Oliver et al., 2018; Smith et al., 2023), allows recent changes

to be assessed objectively relative to a stable climatology, rather than against a threshold that is itself affected by anthropogenic170

warming.

2.4 Diagnostic of local ocean–atmosphere conditions

To characterize the atmospheric and oceanographic conditions associated with marine heatwaves in the SMUS, two complementary

diagnostic indices are used: the Ekman pumping velocity, which represents wind-driven circulation and coastal upwelling

variability 2.4.1, and the Coastal Upwelling Index, which quantifies the thermal contrast between coastal and offshore waters175

as a proxy for upwelling intensity 2.4.2. These indices are complemented by the analysis of net heat flux (Qnet) and its

components to describe air–sea heat exchange conditions during MHW events.

2.4.1 Calculation of Ekman pumping velocity

The Ekman pumping velocity (EPV) was estimated following classical Ekman theory (Ekman, 1905). Wind stress was first

computed from the 10 m wind velocity using the standard bulk formulation (Large and Pond, 1981):180

τ = ρaCd|U10|U10 (1)

where ρa = 1.225 kg m−3 is the air density, Cd = 1.25×10−3 is the drag coefficient, and U10 is the wind vector at 10 m above

the sea surface.

The horizontal divergence of Ekman transport induces a vertical velocity at the base of the Ekman layer, calculated from the

wind stress curl (Bakun, 1973; Sylla et al., 2022):185

EPV =
1

ρwf

(
∂τy
∂x

− ∂τx
∂y

)
(2)

where τx and τy are the zonal and meridional components of the wind stress (N m−2), respectively, ρw = 1025 kg m−3 is

the seawater density, and f = 2Ωsinϕ is the Coriolis parameter, with Ω= 7.292× 10−5 rad s−1 the Earth’s angular velocity

and ϕ the geographic latitude.

EPV is expressed in m s−1, where positive values indicate upwelling (upward motion of cold subsurface waters), whereas190

negative values correspond to downwelling (downward displacement of surface waters). Spatial derivatives were computed

using centered finite differences on the regular ERA5 grid with a spatial resolution of 0.25°. This approach, widely used

to characterize coastal upwelling intensity in eastern boundary systems (Bakun, 1973; Pickett and Paduan, 2003), has been

successfully applied in the Northeast Atlantic (Cropper et al., 2014) and specifically in the SMUS (Sylla et al., 2022).
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2.4.2 Thermal Coastal Upwelling Index195

The intensity of coastal upwelling was estimated using the Coastal Upwelling Index (CUI), defined as the SST difference

between an offshore oceanic region and a coastal region influenced by upwelling (Demarcq, 2009; Benazzouz et al., 2014;

Sylla et al., 2022):

CUI = SSToffshore −SSTcoast (3)

where SSTcoast corresponds to the SST in the immediate vicinity of the coastline, and SSToffshore to that measured offshore200

at a distance of 5° longitude westward from the coast, in accordance with approaches commonly used in the literature (Cropper

et al., 2014; Sylla et al., 2022). High positive values indicate intense upwelling, whereas low or negative values indicate a

weakening or relaxation of upwelling (Fig. A1a). In the SMUS, this index has been widely used to characterize the spatio-

temporal variability of thermal upwelling, particularly at seasonal and interannual scales.

2.5 Statistical Analysis Methods205

Several statistical methods were employed to analyze temporal trends, characterize the atmospheric and oceanic signatures of

MHWs, and quantify the phytoplankton biomass response.

2.5.1 Long-term Trend Analysis

Temporal trends in MHW characteristics (Days, duration, maximum intensity) over the period 1982–2024 were estimated using

the non-parametric Mann-Kendall test (Mann, 1945; Kendall, 1975), which is suitable for environmental time series with non-210

normal distributions. Trend magnitudes were quantified using Sen’s slope estimator (Sen, 1968), based on the median of slopes

between pairs of observations and robust to outliers. Statistical significance was assessed at α= 0.05 (95% confidence level).

These analyses were conducted at the regional scale, using spatial averages over the three subregions (squares in Fig. 1c), as

well as at each grid point to identify areas with significant changes. This methodological approach is consistent with recent

studies documenting the global increase in MHWs over the past decades (Oliver et al., 2018).215

2.5.2 Composite Analysis of Physical Forcings

To characterize the physical forcings associated with MHWs, composite analyses were performed on all detected events

(1982–2024) within the three subregions (Fig. 1c). The composite approach is widely used to identify MHW drivers, particularly

in tropical regions where interactions between local forcings and climate teleconnections are complex. Recently, Ningsih et al.

(2025) applied this method to analyze MHW impacts on upwelling in southern Java, highlighting the role of heat advection220

and air-sea fluxes. Similarly, Yu et al. (2025) used composites to classify different MHW types in the western Indian Ocean,

demonstrating that the suppression of evaporative cooling (positive latent heat flux) is a key mechanism, especially in upwelling

regions.
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Anomalies in SST, winds, heat fluxes, EPV, and CUI were computed by subtracting the seasonally smoothed climatology

(1982–2011) using an 11-day running window, followed by a 30-day low-pass filter to remove high-frequency variability. For225

each event, the onset day was defined as day 0, and a ±30-day window was extracted around it (61 days total). The anomalies

were then averaged across all events to obtain a typical composite signature.

In this study, the characterization of physical regimes associated with MHWs relies on a composite-based approach combining

anomalies of net heat flux (Qnet), the CUI, and the EPV. This approach does not constitute a full mixed-layer heat budget, but

rather aims to identify consistent signatures of thermodynamic (air–sea heat fluxes) and dynamic (upwelling- and wind-driven)230

contributions. Within this framework, CUI and EPV are used as complementary proxies of the variability of dynamic processes,

reflecting the intensity of coastal upwelling and the effects of large-scale wind-driven Ekman pumping, respectively. However,

they do not represent the full range of residual oceanic processes (such as horizontal advection or vertical mixing), which are

not explicitly quantified here.

2.5.3 Analysis of Phytoplankton Response235

To assess the impact of MHWs on phytoplankton biomass, similar composite analyses were performed on chlorophyll-a

anomalies over the satellite period 1998–2024. The full period was used to compute the seasonal climatology and detect

MHW events. In addition to temporal composites (±30 days), spatial composites were calculated by averaging anomalies over

the entire duration of each event (from onset to termination), revealing the typical spatial distribution of the biological impact.

3 Results and discussion240

3.1 Spatial distribution of MHW characteristics

3.1.1 Climatological mean patterns

The spatial distribution of mean MHW characteristics over the 1982–2024 period shows strong spatial variability within the

SMUS (Fig. 2). The spatial pattern of annual MHW days (Fig. 2a) exhibits marked regional contrasts. The highest values

(around 50 days yr−1) are located over the two very shallow areas in the Banc d’Arguin (20°N) and the Bijagós archipelago area245

(10.5°–12°N). These two sub-regions are characterized both by weak vertical velocities leading to an inhibition of upwelling

(Faye et al., 2015, Fig. A1) and by the strongest SST warming trends in the domain (about 0.5 °C decade−1; Fig. 1b),

these two combined factors could explain their particularly high number of MHW days. A large offshore area (beyond the

continental shelf) between 16°N and 20°N exhibits elevated values of MHW days, around 40 days yr−1. This region is primarily

characterized by a significant SST warming (Fig. 1b). This relationship between surface warming and MHW occurrence is250

consistent with the findings of Oliver et al. (2018), who showed that the increase in the annual number of MHW days is largely

explained by the rise in mean ocean temperature.

In contrast, the lowest values of the annual number of MHW days, ranging from about 20 to 30 days, are observed in

Cap Blanc and the Petite Côte, and coincide with areas where upwelling is strongest and most seasonally persistent. This
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overall correspondence between upwelling and the total numbers of MHW days is consistent with previous studies showing255

that upwelling systems act as thermal refugia, moderating regional warming (Varela et al., 2021; Seabra et al., 2019), through

the upwelling of subsurface waters. The mere presence of cold waters upwelled near the coast therefore appears sufficient to

reduce the number of MHW days compared to adjacent offshore areas less influenced by this process.

Regarding the mean duration of MHWs, it ranges approximately from 9 to 20 days (Fig. 2b). The most persistent events

predominate offshore, with maxima located between 16°N and 19°N (18 to 20 days), whereas shorter durations (< 15 days)260

characterize the continental shelf, with minima reaching about 9 days. The frequency of MHWs (Fig. A6a) shows spatial

variability similar to that of the annual number of MHW days (Fig. 2a). It ranges between 1 and 3 events per year, with low

occurrences in the upwelling regions of Cap Blanc and the Senegalese Petite Côte. This distribution suggests that upwelling

regions, characterized by the presence of recently upwelled waters that are less warmed by human activities, are associated

with events that are both less frequent and shorter in duration. The thermal properties of these waters thus play a key role in265

controlling these temporal characteristics at the regional scale.

Maximum intensity (Fig. 2c), a pronounced coast–offshore gradient is highlighted, with values ranging between 3.0 and 3.5

°C over the continental shelf and between 2.0 and 2.5 °C in the open ocean. However, we interpret this general pattern not as

being related to the thermal properties of upwelled waters, but rather to the intense dynamics of coastal upwelling. Indeed, these

intensity peaks spatially coincide with regions of strong horizontal SST gradients (Fig. 2c, contours), characteristic of thermal270

fronts generated by the upwelling system. These fronts, in the presence of intensified shelf currents (not shown; see Faye

et al. (2015), are associated with stronger heat advection and, consequently, with larger SST anomalies. This correspondence

highlights the key role of frontal dynamics in modulating the extreme intensity of MHWs. It can be largely explained by the

thermal stratification induced by coastal upwelling: the upwelled cold waters maintain a relatively low background temperature

along the coast, so that when a MHW occurs, the thermal anomaly defined relative to this cold climatology can reach high values275

even if absolute temperatures remain moderate. This mechanism, already documented in other eastern boundary upwelling

systems, notably in the California Current System (Jacox et al., 2020), highlights the role of background thermal contrast

in the apparent amplification of event intensity. In addition, as highlighted by Holbrook et al. (2019), local processes within

the mixed layer, including strong frontal gradients and mesoscale variability, are key modulators of MHW characteristics,

enhancing event intensity along the coast.280

In summary, the analysis of annual means reveals a contrasted spatial organization of MHWs across the SMUS. The highest

values of the annual number of MHW days (40 to 52 days yr−1) occur in two distinct contexts: first, in shallow regions without

upwelling (Banc d’Arguin, Bijagós), where the absence of cold water upwelling suppresses vertical cooling; and second, in

the oceanic region between 16◦N and 20◦N, where strong SST warming (Fig. 1b) promotes heat accumulation at the surface.

Conversely, regions of intense permanent or seasonal upwelling (Cap Blanc, Petite Côte) exhibit the lowest values (20 to 30285

days yr−1). Mean duration is shorter over the continental shelf (∼10 days) than offshore, while maximum intensity follows a

pronounced coast–offshore gradient (3.0–3.5 ◦C over the shelf versus 2.0–2.5 ◦C offshore).
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Figure 2. Spatial distribution of mean annual marine heatwave (MHW) characteristics in the SMUS (1982–2024): a) total number days per

year, b) duration (days), and c) maximum intensity (°C). Black contours in a show the linear SST trends (°C decade−1), while contours in c

depict the spatial gradient norm of SST.

3.1.2 Seasonal variability

The seasonality of MHWs in the SMUS is examined by classifying each event according to the season during which its

maximum intensity is reached. The two seasons defined by Faye et al. (2015) are used: the cooling period (CP: November–May)290

and the warming period (WP: June–October). This approach highlights a marked seasonal contrast in MHW characteristics.

MHW activity is significantly higher during the CP than during the WP, with a particularly pronounced contrast south of

18◦N, where seasonality is strong, both over the continental shelf and in the open ocean (Faye et al., 2015). During the CP,

the number of MHW days reaches up to 30 days yr−1 offshore and about 25 days yr−1 over the continental shelf (Fig. 3a1),

corresponding to approximately three and two times higher values, respectively, than during the WP (Fig. 3a2). The highest295

coastal values are again found in the two sub-regions of the Banc d’Arguin and the Bijagós. In contrast, the WP is characterized

by a low occurrence of MHWs across the entire domain, with values rarely exceeding 16 days yr−1. The mean duration of

events, which is the main contributor to the total annual number of MHW days, is also longer during the CP south of 18◦N, by

a factor close to two, although the range of values is similar between seasons (8–26 days; (Figs. 3b1-2).
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In contrast to occurrence and duration, whose spatial distributions appear highly heterogeneous, maximum MHW intensity300

exhibits a more coherent regional structure. The seasonal analysis reveals a marked reversal of the dominant spatial gradient.

During the CP, the strongest thermal anomalies (2.5–3.0 °C) are concentrated along the coastal band between 12°N and 19°N

(Fig. 3c1). During the WP, this gradient weakens and reorganizes along a north–south axis: the highest intensities (2.8–3.2 °C)

shift toward the Cap Blanc region (19–22°N), whereas the southern sector (below 14°N) exhibits the lowest values (1.4–1.8

°C; Fig. 3c2), following the northward migration of the upwelling front (Diakhaté et al., 2016). Thus, as for the annual mean305

discussed in the previous section, MHW occurrence primarily reflects the general SST warming trend (Oliver et al., 2018),

whereas maximum intensity appears to be governed by upwelling dynamics: the most intense MHWs occur in regions with the

lowest SST, and the seasonal reversal of the spatial gradient reflects a seasonal reconfiguration of coastal upwelling.
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Figure 3. Spatial distribution of the seasonal mean characteristics of marine heatwaves (MHWs) in the SMUS over the period 1982–2024.

(a1–a2) total number of MHW days per year, (b1–b2) mean duration (days), and (c1–c2) maximum intensity (◦C). Subscripts 1 and 2 refer

to the cooling (November–May) and warming (June–October) periods, respectively.
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Table 1. Characteristics of marine heatwaves (MHWs) in the three SMUS sub-regions (1982–2024) for the whole year and by season.

Sub-region Period No. of MHW Cumulative days Mean duration (days) Max. intensity (°C)

Cap Blanc (20–22°N)

Annual 92 1171 12.73 2.31

Cooling (Nov–May) 53 674 12.72 2.10

Warming (Jun–Oct) 39 497 12.74 2.60

Grande Côte (14.8–19.2°N)

Annual 102 1654 16.22 2.31

Cooling (Nov–May) 47 937 19.94 2.63

Warming (Jun–Oct) 55 717 13.04 2.04

Petite Côte (12.5–14.6°N)

Annual 89 1357 15.25 2.28

Cooling (Nov–May) 58 973 16.78 2.65

Warming (Jun–Oct) 31 384 12.39 1.57

Table 1 highlights a clear regional signature of MHW characteristics. The Grande Côte region concentrates the highest

MHW activity (102 events and 1654 cumulative days), the Petite Côte exhibits the strongest intensities during the CP (2.65310

°C), whereas Cap Blanc is characterized by a remarkably stable mean duration ( 12.7 days) and reaches its maximum intensity

during the WP (2.60 °C).

3.2 Long-term spatio-temporal trends

3.2.1 Spatial distribution of linear trends inof MHW metrics

Figure 4 presents long-term linear trends (1982–2024) in the annual total number of MHW days, duration, and maximum315

intensity in the SMUS. The first two characteristics exhibit statistically significant increasing trends at the 95% confidence level

(Figs. 4a-b), interestingly unlike maximum intensity. The total number of MHW days increases by up to 30 days decade−1

across the domain, with the highest values concentrated over the Banc d’Arguin shelf and the Bijagós Archipelago (regions

where thermodynamics are not driven by upwelling physics). More moderate increases (5–10 days decade−1) are observed

along the Senegalese coast, whereas trends are very weak or absent (non-significant) along the Mauritanian coast north of320

20◦N, particularly in the Cap Blanc region. In contrast, the mean duration reaches significant trends locally of 5 days decade−1,

with a more heterogeneous spatial distribution and no clearly defined coastal–offshore or meridional gradient. Elevated values

are mainly scattered between 14◦N and 19◦N especially along the coast.

Unlike the trends observed for the total number of MHW days and duration, the trend in maximum intensity is not significant

over most of the SMUS. It displays both positive and negative tendencies, ranging from −0.20 to 0.20◦C decade−1. Positive325

trends are mainly located north of 18◦N, reaching a maximum of 0.20◦C decade−1, whereas negative trends occur south of

15◦N (Fig 4c).

The Cap Blanc near-coast region (21–22◦N) represents a remarkable singularity, being the only area where trends in total

number of MHW days, duration, and maximum intensity generally do not reach statistical significance.
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This relative stability of MHW indicators, despite ongoing global warming, accounts for the efficiency of local upwelling330

processes to mitigate the quantity of heat in extreme events. Similarly, the seasonal upwelling region of southern Senegal

(12-15°N) also exhibits very weak increases in total number of MHW days and duration.

Overall, these findings support the idea that the coastal upwelling system mitigates the impacts of global warming on marine

heatwaves. This is consistent with previous studies in other eastern boundary upwelling systems, such as the Benguela and

Canary Current systems (Seabra et al., 2019; Varela et al., 2021), which report weaker MHW trends in upwelling-dominated335

coastal regions compared to adjacent offshore waters.

Figure 4. Long-term trends in marine heatwave (MHW) characteristics in the Senegal–Mauritania coastal upwelling system over the period

1982–2024: a) total number of MHW days per year (days decade−1), b) mean duration (days decade−1), and c) maximum intensity

(◦C decade−1). Black dots indicate areas where the trend is statistically significant at the 95% confidence level (p < 0.05).

To evaluate the seasonality of these trends, we computed them for CP and WP (Fig. 5). The results indicate that the sign

of the trends remains stable for the three characteristics, whereas their magnitude exhibits major contrasts. For both days and

duration, trends are overall stronger, by about a factor of two, during the CP, with frequencies ranging from 2 to 12 days

decade−1 and highest values still concentrated within the Banc d’Arguin and Bijagós Archipelago. A few areas show near-zero340

trends, mainly along the Mauritanian coast, north of 20°N (Cap Blanc region). The duration trend during the CP reaches rates

of up to +9 days decade−1, with maxima located in the same open ocean sector (14°N–19°N). These values highlight that the
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long-term intensification of MHW parameters is primarily concentrated during the cold season. Regarding maximum intensity,

results are again statistically insignificant.

In summary, the Grande Côte area concentrates the strongest trends in total number of MHW days and duration, particularly345

during the CP, whereas Cap Blanc is characterized by relative stability of all indicators. The Petite Côte shows an intermediate

situation, with significant but moderate trends.

Let us now look at the same three characteristics in annual mean, but spatially averages in each three sub-regions,in the form

of linear trend and interannual time-series.
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Figure 5. Seasonal spatial trends in marine heatwave (MHW) characteristics in the SMUS (1982–2024), for the CP and the WP. Panels

(a1–c1) and (a2–c2) correspond to these two seasons, respectively. Columns show: (a) total MHW days (days decade−1), (b) mean duration

(days decade−1), and (c) maximum intensity (◦C decade−1). Black dots indicate statistically significant trends (p < 0.05, Mann–Kendall

test).
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3.2.2 Interannual variability and linear trends in the three key sub-regions350

Interannual variability, as well as the above long-term trends, are displayed in (Fig. 6) for the three coastal sub-regions Cap

Blanc, Grande Côte, and the Petite Côte (delineated in Fig. 1c). A clear intensification in both the frequency and mean duration

of MHWs is observed across all three sub-regions. The Grande Côte region exhibits the strongest and statistically significant

positive trends, with an increase of about 10.25 days decade−1 in the total annual number of MHW days (Fig. 6a2) and 2.22

days decade−1 in mean duration (Fig. 6b2). Positive, though less pronounced, trends are also visible in the other sub-regions355

: the annual number of MHW days increases by 8.70 days decade−1 along the Petite Côte and by 4.35 days decade−1 at

Cap Blanc. These results highlight the heightened vulnerability of the Grande Côte sector. With respect to event duration,

the Grande Côte and Petite Côte regions exhibit trends of about 2 days decade−1, whereas no significant trend is observed at

Cap Blanc. Regarding maximum intensity, no significant trend is observed, but in the Grande Côte region, maximum intensity

increases by 0.16 °C decade −1 during WP (Fig. A5c2), while remaining stable during CP.360

We now turn to the study of interannual variations. All examined metrics display strong interannual variability, punctuated

by several extreme events. The years 1998, 2010, 2015–2016, 2019–2020, and 2022–2023 stand out for their exceptionally

high values. The peak observed in 2023, reaching 180 cumulative MHW days in both the Petite Côte and the Grande Côte,

represents the most extreme event over the entire 1982–2024 period. The overall patterns seem to present an intensification in

MHW activity near the begining of the 21th century. coinciding with the transition of the Atlantic Multidecadal Oscillation365

(AMO) to a positive phase. This suggests a combined forcing by natural and anthropogenic warming, Note also the possible

inprint of the 2023–2024 El Niño event. Overall, the results emphasize that while global ocean warming drives the general

increase in MHW occurrence and duration, regional processes, particularly coastal upwelling play a crucial role in modulating

their spatial distribution, seasonal expression, and long-term evolution.
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Figure 6. Interannual variability and long-term trends of marine heatwaves (MHWs) in the three SMUS sub-regions over the 1982–

2024 period. Columns correspond to sub-regions: (1) Cap Blanc, (2) Grande Côte, and (3) Petite Côte. Rows represent different MHW

characteristics: a) total annual number of MHW days (blue), b) mean event duration (days, orange), and c) maximum intensity (°C, yellow).

Solid black lines represent linear trends estimated using Sen’s slope method. Reported values indicate the decadal rate of change for each

sub-region. The asterisk (*) denotes statistical significance at the 95% confidence level (p < 0.05, Mann–Kendall test).

Table 2. Long-term linear trends (1982–2024) of MHW characteristics in the three sub-regions of the SMUS, by season. Trends are estimated

using the Mann-Kendall test and Sen’s slope estimator. Asterisks (*) indicate a significant trend at the 95% confidence level (p < 0.05).

Sub-region Period Cumulative (days/decade) Mean duration (days/decade) Max. intensity (°C/decade)

Cap Blanc (20–22°N)

Annual +4.35* +0.43 +0.07

Cooling (Nov–May) +1.41 +0.40 +0.00

Warming (Jun–Oct) +1.94 +0.43 +0.19

Grande-Côte
(14.8–19.2°N)

Annual +10.25* +2.22* +0.08

Cooling (Nov–May) +6.75* +2.35* +0.14

Warming (Jun–Oct) +6.00* +2.64* +0.16*

Petite-Côte (12.5–14.6°N)

Annual +8.70* +1.92* 0.00

Cooling (Nov–May) +5.16* +2.3* 0.00

Warming (Jun–Oct) +1.34 +0.72* -0.00
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3.3 Atmospheric conditions and upwelling response during MHWs370

In this section, we present a 61-day composite analysis of the main forcings associated with MHWs in each of the three

sub-coastal regions.

3.3.1 Composite analysis over all events

The local physical processes controlling the initiation, intensification, and decay of MHWs in the SMUS were diagnosed

using a composite analysis of all events detected between 1982 and 2024 across the three sub-coastal regions. Each event was375

centered on its initiation day (J0) and analyzed over a ±30-days window, allowing a detailed characterization of the forcings

during the preconditioning, peak and dissipation phases of the extremes. Figure 7a displays three SST peaks of about equal

intensities of 1.7 to 1.9 °C. The MHWs develop in a sudden final increase of near 1°C over 2-3 days from anomalously warm

preconditions of +0.5 to +0.9°C, and then dissipates over a almost 10 times longer duration of 20 days, before returning

to initial warm preconditions. The forcing intensity is strongly region-dependent, reflecting differences in upwelling system380

functioning.

During the preconditioning phase (J-30 to J0), all sub-coastal regions exhibit a weakening of trade winds, which drastically

intensifies in the final 5 to 10 days prior to onset (-1.5 to -2.73 m s−1; Fig. 7c), and quasi symmetrically vanishes over the same

number of days. This 20-day wind relaxation pulse reduces wind stress (not shown), and its curl as shown by Ekman pumping

(EPV; Fig. 7d), thereby weakening the whole range of upwelling processes, namely horizontal and vertical advection and385

mixing of colder water. The EPV anomalies of 0.2–0.4× 10−5 m s−1 represent about 10% of the climatological values in the

region (Faye et al., 2015). This wind relaxation pulse is consistent with large-scale atmospheric reorganizations documented

in the broader North Atlantic domain, where weakening of the Azores High associated with specific teleconnection patterns

has been shown to suppress trade winds, modify air–sea heat fluxes, and promote stratification, ultimately driving sustained

surface warming (Behr et al., 2025).390

The air-sea net heat budget flux reaches values of +10 to +20 W m−2 during a few days (Qnet ; Fig. 7b) and comparable

negative values afterwards. A gross heat budget calculation for a typical 20 m depth mixed layer (Faye et al., 2015), shows that

the net heat flux warms the SST by of a few tenth of degrees only, suggesting a dominant role of oceanic heat fluxes in these

three regions of upwelling. Model study of wind pulse in the senegalese upwelling by (Chabert et al., 2023), for comparable

SST anomalies with comparable values and durations of wind forcing, shows also a net predominance of ocean processes over395

air-sea fluxes in generating SST anomalies. Note also its anti-symetrical structure, that reflects the damping effect of latent heat

flux that depends strongly upon SST. However, the absence of a closed heat budget prevents a full quantification of the relative

contributions of surface heat fluxes and ocean dynamics.

At Cap Blanc, upwelling remains partially active prior to MHW onset, as indicated by a slightly positive Coastal Upwelling

Index (CUI; Fig. 7e), suggesting a persistent but weakened dynamical balance between wind forcing and coastal circulation.400

As a result, thermal preconditioning remains moderate (+0.4–0.5 °C). In contrast, in the southern regime (Grande Côte and

Petite Côte), the reduction in wind stress triggers a rapid breakdown of the upwelling circulation, with strongly negative CUI
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anomalies (-0.35 to -0.45 °C), indicating a collapse of cold water supply to the surface layer. This dynamical shutdown is

accompanied by stronger thermal preconditioning (+0.7–0.8 °C), consistent with heat accumulation in a stratifying upper

ocean when advective and vertical cooling are suppressed.405

The decay phase further reinforces this mechanistic dichotomy. At Cap Blanc, rapid dissipation of SST anomalies ( 0.2

°C by J+30) is driven by the rapid re-establishment of latent heat loss (strongly negative anomalies, down to -18 Wm−2),

reflecting the restoration of wind-driven evaporative cooling and the reactivation of turbulent heat exchange. This indicates a

highly responsive system in which atmospheric forcing rapidly re-establishes thermal equilibrium. By contrast, in the southern

regime, recovery is significantly slower, with persistent positive SST anomalies (0.6–0.8 °C at J+30). This delayed recovery410

reflects the inertia of the stratified upper ocean and the slow re-establishment of seasonal upwelling circulation, once the

dynamical suppression has been established. In this context, MHW persistence is governed less by surface flux recovery than

by the time scale required to restore vertical and coastal circulation pathways.

Figure 7. Composite analysis of anomalies in key atmospheric and oceanic forcings surrounding MHWs in the SMUS. (a) SST (◦C), (b)

net heat flux (W m−2), (c) wind speed (m s−1), (d) Ekman pumping velocity (EPV*10−6 m s−1), and (e) Coastal Upwelling Index (CUI)

anomalies (◦C), for 30 days before and after MHW events. Day 0 corresponds to the onset of MHW events.
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3.3.2 Seasonal modulation: comparison between CP and WP

The two-period (CP and WP) partition of the MHW composite is presented (Fig. 8). As seen in Section 3.1.2, the amplitude415

hierarchy of SST signals depends on the period, with MHW intensity increasing southward from 1.7 to 2.1°C during CP, and

northward from 1.4 to 2.1°C during WP, following the meridional migration of the upwelling front. The wind stress forcing, by

contrast, is weakly dependent on the period in the central and northern regions and displays, at first order, a quasi-symmetrical

relaxation signal relative to time zero of the MHW composite, especially when neglecting frequencies higher than 10 days. In

the Petite Côte, wind relaxation exhibits a significantly weaker amplitude during the warm WP, which is accompanied by a420

reduced Ekman pumping response.

Regarding the response of CUI to MHWs, a clear seasonal and regional dependency emerges across the SMUS sub-coastal

regions. In the permanent upwelling region of Cap Blanc, CUI remains weakly negative during the CP (CUI < -0.2 °C; Fig. 8e1),

indicating that upwelling persists but is insufficient to counterbalance surface warming. In contrast, during the WP, coastal

upwelling is strongly weakened (CUI < -0.4 °C). This seasonal structuring is partially masked in annual composites, which425

smooth CP/WP contrasts and therefore underestimate the true seasonal modulation of the upwelling response. This regime

shift implies a strong reduction in nutrient supply to the euphotic zone, with direct implications for primary productivity,

which are further discussed in Section 3.4. In the seasonal upwelling region, particularly in its southernmost part (Petite

Côte), the upwelling response is negative and more pronounced during the CP (approximately -0.5 °C) than during the WP

(approximately -0.2 °C). In the intermediate region (Grande Côte), the response is also negative and remains stronger during430

the CP (approximately -0.5 °C) than during the WP (approximately -0.4 °C), although the seasonal contrast is weaker there.

To understand better, it is important to realize that, following Faye et al. (2015), the advective and turbulent heat fluxes of

ocean dynamics, associated to the presence of the upwelling meridional front, are maximal during CP. The analysis of Fig. 8b1

and Fig. 8b2 further highlights, in addition to this seasonal contrast, a strong latitudinal dependency. At Cap Blanc, in the

northern SMUS, net surface heat flux anomalies reach particularly high values (+35 to +40 W m−2), compared to much lower435

values during the WP (below 20 W m−2). In contrast, in the southern regions (Grande Côte and Petite Côte), values are slightly

higher during the CP.

The seasonal comparison between permanent and seasonal upwelling zones reveals a clear mechanistic opposition. During

the CP, Cap Blanc is characterized by a strong air–sea coupling, with high net heat fluxes (+35 to +40 W m−2) and a relatively

weak upwelling response (CUI ≈ -0.20), reflecting a dynamical system capable of partially sustaining upwelling despite440

intense atmospheric forcing. In contrast, southern regions exhibit a stronger CUI response (-0.45 to -0.50), indicating a higher

sensitivity of the upwelling circulation to wind forcing and a more efficient destabilization of the thermal structure. During the

WP, Cap Blanc tends to converge toward southern regimes in terms of surface heat flux, yet maintains a faster dissipation of

SST anomalies, highlighting the dominant role of local dynamics in controlling MHW persistence. Notably, wind anomalies at

Cap Blanc are systematically the strongest (≈ -3.0 m s−1) regardless of season, yet paradoxically generate the least persistent445

MHWs events, underscoring that the vulnerability of local upwelling dynamics, rather than the intensity of atmospheric forcing,

ultimately governs the severity and persistence of these events.
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Figure 8. Composite analysis of anomalies in key atmospheric and oceanic forcings surrounding MHWs by season. The left panels (a1–e1)

represent the cooling period (November–May), and the right panels (a2–e2) represent the warming period (June–October). (a) SST (◦C), (b)

net heat flux (Qnet, W m−2), (c) 10 m wind speed (m s−1), (d) Ekman pumping velocity (EPV*10−6 m s−1), and (e) Coastal Upwelling

Index (CUI, ◦C). Lines indicate composites for Cap Blanc (blue), Grande Côte (red), and Petite Côte (orange). Day 0 (dashed vertical line)

corresponds to the onset of MHW events. The composites include 158 events for the cooling period and 125 events for the warming period

over the period 1982–2024.
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3.4 Phytoplankton biomass response to MHWs

Temporal composites (±30-day window around MHW onset) and spatial composites (averaged over each event) of chlorophyll-

a anomalies highlight a pronounced asymmetry in phytoplankton responses (Noh et al., 2022) between the permanent upwelling450

region of Cap Blanc and the southern seasonal upwelling regions of the SMUS (Grande Côte and Petite Côte).

The magnitude of biomass decline is strongly seasonally modulated. During the CP, chlorophyll-a anomalies reach -2 mg

m−3 (Grande Côte) and -1.5 mg m−3 (Petite Côte), compared with weaker reductions (-0.3 to -0.5 mg m−3) during the WP

(Figs. 9b1-c1). This seasonal contrast reflects differences in the background state of the ecosystem: during the CP, the system

is typically nutrient-replete due to climatological upwelling, such that MHW-induced suppression of upwelling produces a455

strong negative nutrient anomaly relative to baseline conditions. Spatial composites confirm a coherent coastal band of strongly

negative anomalies (down to -2.4 mg m−3) extending offshore (14–18◦N ; Fig. 9b2), consistent with basin-scale suppression

of nutrient-driven primary production under peak thermal stress.

In these southern coastal upwelling regions (Grande Côte and Petite Côte), phytoplankton responses emerge early and persist

throughout the MHW lifecycle and is consistent with a nutrient-limited regime triggered by dynamical upwelling collapse.460

Temporally, chlorophyll-a anomalies become negative as early as J-30 (Fig. 9a1) and progressively intensify, reaching their

minimum during and shortly after MHW onset (J0 to J+15). This indicates a sustained decline in phytoplankton biomass. This

early response likely reflects ecosystem sensitivity to wind relaxation, reduced Ekman transport which progressively weakens

the upward flux of nutrients into the euphotic zone , and the progressive accumulation of positive thermal anomalies preceding

MHW detection. Thus, within the N–L–T framework, this regime is primarily controlled by the nutrient term, as coastal465

upwelling collapse (CUI < −0.4◦C; Fig. 8e1) strongly reduces nitrate injection into the surface layer. Although temperature

increases during MHWs may enhance phytoplankton metabolic rates (T-effect), this positive physiological response is overwhelmed

by nutrient limitation. Light availability plays a secondary but reinforcing role through increased stratification, which further

restricts vertical nutrient renewal.

In contrast, the northern SMUS (Cap Blanc) exhibits a fundamentally different and seasonally reversed phytoplankton470

response, consistent with the dynamical regimes described in Section 3.3.2. During the CP, chlorophyll-a anomalies become

positive early in the MHW lifecycle (as early as J-15), peaking between J0 and J+5 at approximately +2.3 mg m−3 (Fig. 9b1).

This pattern is further supported by event-scale statistics: 64.7% of MHW events during the CP are associated with a positive

chlorophyll-a response, compared to only 23.1% during the WP (Table 3). This positive response likely reflects the interaction

between residual upwelling-driven nutrient supply and MHW-related surface warming. In this regime, the nutrient term475

does not collapse because upwelling persists in a weakened but non-zero state (CUI > +0.4 °C during preconditioning,

slightly negative during MHW onset; Fig. 8e1). Consequently, nutrient limitation is alleviated relative to the southern regime.

Simultaneously, the temperature term exerts a positive control by enhancing metabolic rates, photosynthetic efficiency, and

growth kinetics, particularly under non-limiting nutrient conditions (Marañón et al., 2018). The light term may also contribute

positively through increased surface stratification, which can enhance light exposure within the mixed layer and improve480

photosynthetic conditions (Noh et al., 2022). The resulting response is therefore best interpreted as a co-limitation release
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regime, where moderate warming enhances biological activity under residual nutrient availability (Hayashida et al., 2020). This

interpretation is consistent with experimental evidence showing that moderate warming can enhance phytoplankton biomass

production and accelerate bloom dynamics when nutrients are not strongly limiting (López-Sandoval et al., 2025).

This mechanistic interpretation is further supported by contrasting conditions during the WP. During the WP at Cap Blanc,485

however, this balance shifts toward a nutrient-limited stratified regime. Stronger MHW intensities (>2 °C) coincide with

negative chlorophyll anomalies (Fig. 9c1), indicating a transition to nutrient control dominance. In this case, enhanced thermal

stratification, the absence of persistent upwelling, and the influence of large-scale circulation patterns (Lathuiliere et al., 2008;

Faye et al., 2015), likely suppress vertical mixing and strongly limit nutrient supply to the euphotic zone, resulting in reduced

phytoplankton biomass. Here, enhanced stratification suppresses vertical mixing, effectively decoupling the euphotic zone490

from deeper nutrient reservoirs. The nutrient term becomes strongly negative, while any positive temperature effect is offset by

resource limitation. This results in reduced phytoplankton biomass despite favorable thermal conditions.

Spatial composites further reinforce this seasonal regime shift. During the CP (Fig. 9b2), positive chlorophyll anomalies

(up to +3.0 mg m−3) are observed along the Cap Blanc coastal margin, consistent with a nutrient-replete, mixed-control

regime (N + T co-activation) sustained by residual upwelling. In contrast, during the WP (Fig. 9c2), the same region exhibits495

strong negative chlorophyll anomalies (-1.8 to -2.4 mg m−3), indicating strong thermal regime and reflecting a transition to a

stratification-driven nutrient limitation regime, spatially aligned with maximum MHW intensity and driving the suppression of

chlorophyll biomass production. Wind vector anomalies superimposed on spatial composites provide a consistent dynamical

interpretation of the mechanisms described in 3.3.2. At the annual scale and during the cooling period (Fig. 9a2-b2), wind

anomalies exhibit a southwesterly orientation, opposite to the climatological northeasterly trade winds that favor upwelling.500

This reversal indicates a generalized relaxation of trade winds during MHW events, consistent with a reduction in Ekman

transport and coastal upwelling intensity.

Overall, in contrast to temperate EBUS where MHWs generally tend to reduce phytoplankton biomass through the weakening

of upwelling and the associated decline in nutrient supply (Li et al., 2024; Zhan et al., 2024), phytoplankton responses in the

SMUS exhibit marked heterogeneity in chlorophyll-a, reflecting a strong regional asymmetry between the southern seasonal505

upwelling regions (Grande Côte and Petite Côte) and the northern permanent upwelling system (Cap Blanc).
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Table 3. Proportion of MHW events associated with a positive chlorophyll-a anomaly (mean anomaly > 0 integrated over the full event

duration) in the three SMUS sub-regions over the period 1998–2024, for the annual, cooling (November–May), and warming (June–October)

periods. Values indicate the number of positive-response events over the total number of detected events, with the corresponding percentage

in parentheses. For the southern upwelling regions (Grande Côte and Petite Côte), only the cooling period results are physically interpretable

within the upwelling framework (see Section 3.4).

Sub-region Annual Cooling (Nov–May) Warming (Jun–Oct)

Cap Blanc 28/60 (46.7%) 22/34 (64.7%) 6/26 (23.1%)

Grande Côte 7/50 (14.0%) 3/29 (10.3%) 4/21 (19.0%)∗

Petite Côte 15/50 (30.0%) 9/34 (26.5%) 6/16 (37.5%)∗

∗ Not physically interpretable within the upwelling framework (see text).
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Figure 9. Chlorophyll-a response to MHWs in the SMUS (1998–2024). Top row (a1–c1): temporal composites of chlorophyll-a anomalies

over a ±30-day window around MHW onset for Cap Blanc (blue), Grande Côte (orange), and Petite Côte (yellow). Day 0 corresponds to the

event onset. Bottom row (a2–c2): spatial composites of chlorophyll-a anomalies (mg m−3, color shading) overlaid with 10 m wind vector

anomalies, computed over the full event duration (start to end). Columns correspond, respectively, to the annual analysis, the cooling period,

and the warming period.
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4 Conclusion

This study provides a comprehensive analysis of the spatio-temporal characteristics, long-term trends, and local physical

processes of marine heatwaves (MHWs), as well as their relationship with phytoplankton biomass in the Senegal–Mauritania

Upwelling System (SMUS) over the period 1982–2024, based on high-resolution satellite data and reanalysis products. MHWs510

in the SMUS result from a complex interaction between global ocean warming, regional atmospheric forcing, and the seasonal

dynamics of coastal upwelling, with major consequences for phytoplankton biomass and marine ecosystems. In eastern boundary

upwelling systems, upwelling generally acts as a thermal buffer by supplying cold, nutrient-rich waters, but in the SMUS

this buffering capacity is modulated by its tropical seasonality, with peak upwelling occurring during the cooling period

(November–May). Although this should limit extreme warming events, the system remains highly sensitive to wind variability515

and large-scale climate modes, while also sustaining high biological productivity that underpins a key socio-economic fishery.

Between 1982 and 2024, MHWs exhibit strong spatial, seasonal, and temporal variability. Offshore and weak-upwelling

regions (e.g., Banc d’Arguin, Bijagós, and the open ocean) experience the highest frequency and duration of MHWs due

to stronger surface warming and weaker vertical mixing. In contrast, persistent upwelling zones such as Cap Blanc and the

Petite Côte act as thermal refugia, with fewer and shorter events, although they may still experience high-intensity anomalies520

associated with strong coastal thermal gradients. Seasonally, MHWs are more frequent and longer during the cooling period,

when upwelling is typically strongest, indicating that short-term disruptions of upwelling during this season have particularly

strong effects. Over the long term, MHW frequency and duration have increased significantly, especially since the mid-1990s,

under the combined influence of anthropogenic warming and climate variability (e.g., the Atlantic Multidecadal Oscillation

and El Niño).525

Physically, MHWs are consistently triggered by a weakening of trade winds, which reduces Ekman transport and suppresses

upwelling. However, the oceanic response varies across regions and seasons. In the northern SMUS, characterized by a quasi-

permanent upwelling regime (Cap Blanc), upwelling remains partially active even during wind relaxation, leading to moderate

heat accumulation and a rapid, thermodynamically driven MHW response. In contrast, in the southern regions, associated with

seasonal upwelling (Grande Côte and Petite Côte), wind relaxation leads to a near-complete collapse of upwelling, suppressing530

both cooling and nutrient supply. This results in stronger and more persistent heat accumulation, with slower development but

longer-lasting MHWs. This defines a clear dichotomy between a northern regime dominated by thermodynamics and rapid

adjustment, and a southern regime controlled by dynamics and more persistent.

These physical differences translate directly into contrasting biological responses. In the southern seasonal upwelling regions,

MHWs lead to a strong decline in chlorophyll-a due to reduced nutrient supply to the euphotic zone. This results in a nutrient-535

limited regime, in which chlorophyll anomalies become negative early and intensify throughout the event, particularly during

the cooling period when baseline productivity is typically high. In this context, nutrient limitation dominates over any potential

positive temperature effects on phytoplankton metabolism, leading to substantial reductions in primary productivity. Spatially,

this appears as a broad coastal band of negative chlorophyll anomalies extending offshore.
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In contrast, the permanent upwelling system at Cap Blanc exhibits a more complex and seasonally dependent response.540

During the cooling period, the partial persistence of upwelling supports a mixed nutrient–temperature regime, in which

moderate warming enhances phytoplankton growth, resulting in positive chlorophyll anomalies. During the warming period,

however, stronger stratification and weaker upwelling lead to nutrient limitation and negative anomalies, particularly during

high-intensity events. Wind anomalies associated with the weakening or reversal of trade winds provide the physical link

between atmospheric forcing, upwelling suppression, and ecosystem response.545

Overall, the SMUS illustrates that MHWs are not purely thermal phenomena but coupled physical–biological events. While

global warming drives their increasing frequency and duration, their ecological impacts are primarily controlled by changes in

upwelling dynamics. Where upwelling collapses, MHWs lead to strong reductions in phytoplankton biomass; where it persists,

they may temporarily enhance productivity under certain conditions. This dual behavior highlights the combined importance

of atmospheric forcing and ocean dynamics in regulating ecosystem responses. Finally, this study emphasizes the vulnerability550

of this highly productive system, where disruptions to the balance between temperature, nutrients, and circulation can have

significant ecological and socio-economic consequences, particularly for fisheries.
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Appendix A

The seasonal cycle of the CUI reveals a tripartite organization of the SMUS, which directly shapes the dynamics of marine

heatwaves. In the northern region (Cap Blanc, 20–22°N), the CUI remains positive throughout the year (+1.2 to +2.4°C,

(Fig. A1a2), indicating a quasi-permanent upwelling regime that acts as a relative thermal refuge. In the central (Grande Côte,700

14–19°N) and southern (Petite Côte, 12–14°N) regions, the CUI is positive from November to May (+1.5 to +2.0°C) and

then turns negative from June to October (-0.4 to -0.5°C), reflecting a complete cessation of cold water upwelling and the

establishment of downwelling conditions.

This seasonal alternation is consistent with the EPV, which decreases from +40–47× 10−5 ms−1 in winter to less than

7× 10−5 ms−1 in summer at the Petite Côte (Fig. A1b2). This marked seasonal variability in coastal cooling constitutes a705

key mechanism modulating the occurrence, intensity, and seasonality of marine heatwaves in the SMUS, as analyzed in the

following sections.
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Figure A1. Seasonal variability of upwelling dynamics in the SMUS (1982–2024). a1) Hovmöller diagram (latitude–time) of the climatology

of the Coastal Upwelling Index (CUI = SSToffshore - SSTcoast, °C). The black contour marks the zero-CUI line (upwelling/downwelling

transition). a2) Regional seasonal cycles of the CUI for the three sub-regions. b1) Hovmöller diagram of the Ekman Pumping Velocity (EPV,

10−5 m s−1). Black contours indicate downwelling regions (EPV < 0). b2) Regional seasonal cycles of EPV. The three sub-regions are

represented: Cap Blanc (blue), Grande Côte (orange), and Petite Côte (yellow).
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Figure A2. Spatio-temporal variability of marine heatwave (MHW) characteristics over the SMUS coastal shelf. Left panels (a1, b1, c1):

Hovmöller diagrams (latitude–time) showing the seasonal and latitudinal distribution (10°N–22°N) of a1 MHW total number of MHW days

(number of days per year, 1982–2024), b1 mean duration of MHW events (days), and c1 maximum MHW intensity (°C) along the coastal

shelf at the 200 m isobath. Right panels (a2, b2, c2): regional mean seasonal cycles of the same characteristics for three key sub-regions of

the continental shelf: Cap Blanc (blue), Grande Côte (orange), and Petite Côte (yellow circles).
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Figure A3. Composites of air-sea heat flux components during marine heatwaves (MHWs) in the three SMUS sub-regions. Panels c–f show

the annual anomalies of latent heat flux, longwave heat flux, sensible heat flux, and shortwave heat flux, respectively, for the Precondition,

Onset, and Offset phases of MHWs. Positive latent heat flux anomalies during the Onset (+18 W m−2 at Cap Blanc; +13 W m−2 at Petite

Côte) indicate reduced evaporation due to weakened winds, favoring thermal accumulation at the surface. At Offset, the latent heat flux

reverses strongly (up to -18 W m−2 at Petite Côte), contributing to the gradual dissipation of the thermal anomaly. Incident shortwave

radiation shows a notable negative anomaly at Cap Blanc ( -5 W m−2) during Onset, consistent with increased cloudiness. Sensible and

longwave heat fluxes remain negligible across regions and phases. Cap Blanc (blue), Grande Côte (orange), Petite Côte (yellow).
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Figure A4. Interannual variability and long-term trends of marine heatwaves (MHWs) in the three SMUS sub-regions during the CP over the

1982–2024 period. Panels a, b, and c represent, respectively: (a) the total annual number of MHW days, (b) the mean event duration (days),

and (c) the maximum intensity (°C). Solid lines represent linear trends estimated using Sen’s slope method. Reported values indicate the

decadal rate of change for each region: Cap Blanc (blue), Grande Côte (orange), and Petite Côte (yellow). The asterisk (*) denotes statistical

significance at the 95% confidence level (p < 0.05, Mann–Kendall test).
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Figure A5. Interannual variability and long-term trends of marine heatwaves (MHWs) in the three SMUS sub-regions during the WP over the

1982–2024 period. Panels a, b, and c represent, respectively: (a) the total annual number of MHW days, (b) the mean event duration (days),

and (c) the maximum intensity (°C). Solid lines represent linear trends estimated using Sen’s slope method. Reported values indicate the

decadal rate of change for each region: Cap Blanc (blue), Grande Côte (orange), and Petite Côte (yellow). The asterisk (*) denotes statistical

significance at the 95% confidence level (p < 0.05, Mann–Kendall test).
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Figure A6. Spatial distribution of the mean annual characteristics of marine heatwaves (MHWs) in the SMUS over the 1982–2024 period:

(a) occurrence (events·yr−1) and (b) mean intensity (°C). Black contours in panel (a) represent linear trends in sea surface temperature (SST;

°C·decade−1), while those in panel (b) depict the magnitude of the SST spatial gradient.
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