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A B S T R A C T   

The Mauritania-Senegalese upwelling region (MSUR), the southernmost region of the Canary current upwelling 
system, is well-known for its coastal productivity and the key role it plays in enriching the oligotrophic open 
ocean through the offshore transport of the upwelled coastal waters. The great ecological and socio-economic 
importance makes it necessary to evaluate the impact of climate change on this region. Hence, our main 
objective is to examine the climate change signal over the MSUR with a high resolution regional climate system 
model (RCSM) forced by the Earth system model MPI-ESM-LR under RCP8.5 scenario. This RCSM has a regional 
atmosphere model (REMO) coupled to a global ocean model (MPIOM) with high-resolution in the MSUR, which 
allows us to evaluate the wind pattern, the ocean stratification, as well as the upwelling source water depth, 
while maintaining an ocean global domain. Under RCP8.5 scenario, our results show that the upwelling 
favourable winds of the northern MSUR are year-round intensified, while the southern MSUR presents a 
strengthening in winter and a weakening in March–April. Along with changes in the wind pattern, we found 
increased ocean stratification in the spring months. In those months southern MSUR presents a shallowing of the 
upwelling source water depth associated to changes in both mechanisms. However, in winter the whole MSUR 
shows a deepening of the upwelling source water depth due to the intensification of the upwelling favourable 
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winds, with the increased ocean stratification playing a secondary role. Our results demonstrate the need to 
evaluate the future evolution of coastal upwelling systems taking into account their latitudinal and seasonal 
variability and the joint contribution of both mechanisms.   

1. Introduction 

The Canary Current Upwelling System (CCUS) is one of the four large 
Eastern Boundary Upwelling Systems (EBUSs) sustaining a very fertile 
and productive marine ecosystem (Abrahams et al., 2021). EBUSs are 
driven by the equatorward alongshore winds that transport the surface 
waters offshore (Ekman dynamics), which in turn are replaced by cold 
and nutrient-rich waters from subsurface (Bakun, 1990). 

CCUS is located in the eastern limb of the North Atlantic subtropical 
gyre (Kämpf and Chapman, 2016), extending from the northern tip of 
the Iberian Peninsula (43◦N) to the southwest of Senegal (around 12◦N). 
Although the CCUS is well known for its coastal productive areas, it also 
plays a key role in the enrichment of the oligotrophic open ocean 
through the shedding of mesoscale structures as filaments and eddies, 
which contribute to the offshore transport of the upwelled coastal waters 
(Lovecchio et al., 2017). In terms of seasonality and intensity, the CCUS 
is divided into four regions: Iberian upwelling region (35◦N-43◦N), weak 
permanent upwelling region (26◦N-33◦N), permanent upwelling region 
(21◦N-26◦N) and the southernmost Mauritania-Senegalese upwelling 
region (12◦N-19◦N; MSUR). 

The MSUR, unlike the rest of the CCUS, is not only influenced by the 
Azores high pressure centre, but it is also highly dependent on the lat-
itudinal migration of the Intertropical Convergence Zone (ITCZ) (Sylla 
et al., 2019). In winter, when the ITCZ reaches its southernmost posi-
tion, the strong northeastern equatorward trade winds cause upwelling 
in the coast of Guinea, Senegal and Mauritania (12◦N-19◦N). However, 
in summer, the ITCZ shifts to the north, weakening the winds in the 
whole region. As a result the coastal upwelling is reduced, even 
reversing to downwelling in the Senegalese region (Cropper et al., 2014) 
due to the appearance of the onshore monsoonal winds (Gómez-Letona 
et al., 2017). Therefore, the MSUR presents a large seasonal and lat-
itudinal variability clearly defined by the migration of the ITCZ (Pardo 
et al., 2011; Cropper et al., 2014; Benazzouz et al., 2015) and divided 
into two sub-regions by Cap Vert (~15◦N), with year-round upwelling 
favourable winds in the northern MSUR and downwelling favourable 
winds during the summer months in the southern MSUR. 

The future behavior of the EBUSs under climate change has been 
analyzed in a number of studies under different hypothesis and yielding 
different outcomes. As early as 1990, Bakun proposed that an increased 
warming over the continent in comparison to the ocean would result in a 
strengthening in upwelling favourable winds. Rykaczewski et al. (2015) 
proposed that the changes in the upwelling favourable winds would be 
mostly related to shifts in the position and timing of the high pressure 
cells rather than changes in the continental thermal low pressure sys-
tems. Sylla et al. (2019) bore out this hypothesis for the MSUR, where 
they found a strong relationship between changes in the upwelling and 
shifts in the Azores high along with an influence of the Sahara thermal 
low expansion in the northern MSUR. However, the wind is not the only 
driver of change at the end of the 21st century and Oyarzún and Brierley 
(2019) and Sousa et al. (2020) found that global warming could cause an 
increase in the ocean stratification that will disconnect the wind stress 
from the deeper waters. 

However, the coarse spatial resolution (below 1◦ x 1◦) of GCMs 
comprised in CMIP5 is not enough to resolve the latitudinal EBUS 
variability and to reproduce their mesoscale features or detailed shelf 
dynamics (García-Reyes et al., 2015; Xiu et al., 2018; Varela et al., 
2022). Thus, there is still uncertainty about what is the main driver of 
future change in the MSUR, and the relative roles played by the ocean 
stratification and wind. Although the models from High Resolution 
Model Intercomparison project (HighResMIP, Haarsma et al., 2016) 

present an opportunity for nearshore analysis (Varela et al., 2022; Sylla 
et al., 2022) they still have a resolution coarser than 25 km. In fact, 
recent studies (García-Reyes et al., 2015; Wang et al., 2015a, 2015b; 
Sein et al., 2017; Gómez-Letona et al., 2017; Bindoff et al., 2019; 
Vázquez et al., 2022) showed the need for much higher horizontal res-
olution for the representation of mesoscale processes in the upwelling 
systems that are partly masked in the current GCMs. Considering the 
increased upper-ocean stratification and decreased nutrient supply, 
exploring the response of ecosystems to intensified upwelling and ocean 
surface warming would require a more detailed modeling framework for 
a better representation of the relevant physical processes. Regional 
Climate Systems Models are able of reproducing such physical processes 
(RCSMs) (Xiu et al., 2018; Vázquez et al., 2022). 

The MSUR is considered to be the most productive region in the 
CCUS, according to Aristegui et al. (2009). However, the attempt to 
evaluate the effects of climate change has triggered a significant amount 
of uncertainty due to the coarse resolution of GCMs. Therefore, this 
study aims to investigate the evolution of the MSUR under the RCP8.5 
scenario with a RCSM that is capable of reproducing the relevant 
mesoscale processes in the other three CCUS regions with high confi-
dence for the present climate conditions (Vázquez et al., 2022). 

The objectives of this study can be summarized as follows:  

– First, to validate the representation of the main variables in the 
MSUR for the present climate.  

– Second, to assess the projected climate change signal in the MSUR 
under the RCP8.5 scenario, analyzing both the effects of the wind 
pattern and the ocean stratification changes under the global 
warming conditions. 

The paper is organized as follows: the model, data sets and meth-
odology are described in Section 2, the model validation and the results 
are presented in Sections 3 and 4, respectively. Finally, the discussion is 
presented in Section 5 and conclusions are presented in Section 6. 

2. Material and methods 

2.1. Model setup 

In this study we use the RCSM ROM (Sein et al., 2015), which 
comprises the REgional atmosphere MOdel REMO (e.g. Jacob, 2001) 
with horizontal resolution of 25 km with a rotated grid coupled to the 
global ocean-sea ice-marine biogeochemistry model MPIOM/HAMOCC 
(Marsland et al., 2003) via the OASIS3 coupler (Valcke, 2013). More-
over, ROM includes the Hydrological Discharge model (Hagemann and 
Dumenil-Gates, 1998, 2001) and a dynamic/thermodynamic sea ice 
model (Hibler, 1979). 

MPIOM is discretized on an orthogonal curvilinear Arakawa C-grid, 
with two grid poles over North America and northwestern Africa that 
allows a high resolution in the CCUS while maintaining a global domain 
(Vázquez et al., 2022). In the MSUR, the MPIOM resolution ranges from 
9 km (northernmost region) to 15 km in the southernmost region 
(Fig. 1). The ocean model has 40 vertical levels with increasing level 
thickness towards the ocean bottom (Sein et al., 2015; Vázquez et al., 
2022). The ocean spin-up was done according to the procedure 
described in Sein et al. (2015). MPIOM is started with climatological 
temperature and salinity data (Levitus et al., 1998). Subsequently, it is 
integrated six times through the 1958–2002 period forced by ERA-40 
and one more time by ERA-Interim reanalysis (1979–2012) and with 
60 min coupling timestep. 
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In this work we use two different global sources to provide lateral 
boundary conditions for REMO and to force MPIOM outside the coupling 
region: ERA-Interim (Dee et al., 2011) and MPI-ESM-LR (Giorgetta et al., 
2013). In the region covered by REMO (Fig. 1) the atmosphere and the 
ocean interact while prescribed atmospheric forcing drives the rest of 
the global ocean, outside the coupled domain. A 30 year-long experi-
ment forced by ERA-Interim (ROM_P0) was used to evaluate the ability 
of ROM to simulate the present climate (1980–2012) in the MSUR. Then, 
in order to evaluate the impact of climate change in the MSUR, we run 
ROM model forced by MPI-ESM-LR (about 1.5◦ ocean and 2◦ atmo-
spheric resolution) for two periods: the first, extends from 1950 to 2005 
(ROM_P1) is the historical run and the second, which extends from 2006 
to 2099 represents the future climate under the Representative Con-
centration Pathway 8.5 (RCP 8.5) CMIP5 scenario (ROM_P2), which is 
the most unfavourable scenario in terms of greenhouse gas emissions. 

2.2. Study area 

Our study area, MSUR, is defined by the separation of the Canary 
current from the coast in Cape Blanc (21◦N; Stramma, 1984) at the north 
and by the southern limit of the winter/spring upwelling favourable 
winds at Cape Roxo (12◦N; Capet et al., 2017). The upwelling favourable 
winds strongly depend on the latitudinal at migration of the ITCZ, 
leading to significant seasonal variability (Sylla et al., 2019). As a result 
the highest chlorophyll concentrations are found during the upwelling 
season (winter/spring), presenting a drastic decrease during the summer 
season with the relaxation of the wind-driven upwelling (Lathuilière 
et al., 2008). 

During the upwelling season, a poleward undercurrent develops, as 
is also observed in other upwelling systems (Kounta et al., 2018), at 
depths ranging from 100 to 200 m (Vélez-Belchí et al., 2021). However, 

in the MSUR, this poleward undercurrent differs from other EBUSs 
(Capet et al., 2017), since it intensifies in the surface layers during the 
summer months when the upwelling favourable winds relax (Peña- 
Izquierdo et al., 2012). This surface countercurrent is referred to as the 
Mauritanian Current (MC; Kirichek, 1971). While there is a debate 
whether the MC differs from the poleward undercurrent or not (Barton, 
1998; Kounta et al., 2018), what is certain is that it leads to a 2.5-fold 
increase in northward flow during summer compared to the upwelling 
season, transporting waters of mainly South Atlantic origin into the 
MSUR (Klenz et al., 2018). Therefore, based on its seasonal character-
istics, the MSUR can be divided into two sub-regions with differences in 
atmospheric forcings, ocean conditions, and shelf/slope morphology: 
the northern MSUR (15–19◦N) and the southern MSUR (12–15◦N; Capet 
et al., 2017). 

The MSUR stands out due to a remarkably strong seasonal sea surface 
temperature (SST) cycle compared to similar latitudes in the open ocean 
(Mignot et al., 2020), and its annual cycle is displaced relative to the 
wind field, with maximum SST occurring during the summer months 
(Pardo et al., 2011). In general, mesoscale processes such as filaments 
are identified in EBUSs as a cross-shore elongation in the SST field from 
coast to open sea (Santana-Falcón et al., 2020). However, in MSUR, it is 
found a cold tongue that extends latitudinally, from Cap Vert to the 
south even to 12◦N. This is mainly due to the very shallow shelf of the 
southern MSUR, with depths below 30 m in the first 50 km of the shelf. 
This results in the overall orientation of the cold tongue being north- 
south, remaining stable for days and weeks, and ultimately delaying 
the export of water masses from the shelf to the open sea (Capet et al., 
2017). 

Fig. 1. MPI-OM grid resolution (km) and REMO domain (red line). The black box represents the MSUR domain (12◦N-19◦N). The overlaid figure outlines the MSUR 
domain with the external forcing and the mask used for the upwelling index calculation (blue lines). It is also outlined the 2 m air temperature, the wind field, and the 
model bathymetry and topography. The Sahel region was located following Ikazaki (2015). 
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2.3. Validation strategy and climate change evaluation 

To evaluate the ROM_P0 performance in the MSUR, we focus on the 
wind field over the coastal band from which we build an upwelling index 
(Eq. (3)). We also evaluate the main drivers involved in the changes of 
upwelling winds over the MSUR: Azores high and the ITCZ. The vali-
dation is carried out against ERA5 reanalysis (Hersbach et al., 2020), 
which presents a constant spatial resolution of 31 km. 

The upwelling index (UI, Bakun, 1973) is based on the offshore wind- 
driven Ekman transport (Q) and is calculated as follows: 

Qx =
τy

f ρ0
(1)  

Qy = −
τx

f ρ0
(2)  

UI = − sin
(

θ −
π
2

)
Qx + cos

(
θ −

π
2

)
Qy (3)  

where Qx, Qy and τx, τy are the zonal and meridional components of the 
horizontal Ekman transport and the wind stress vector, respectively; 
ρ0 is the reference sea water density (1025 kg m− 3); f is the Coriolis 
parameter and θ is the angle between the coastline and the equator. The 
UI is estimated within a 100 km wide band along the MSUR (mask in 
Fig. 1; Benazzouz et al., 2014; Lovecchio et al., 2017; Bonino et al., 
2019) and it is expressed as the oceanward flow of surface waters per km 
of coastline (m3 s− 1 km− 1; Pardo et al., 2011). The Azores high and the 
ITCZ position are assessed from the mean sea level pressure (MSLP) and 
wind fields. 

In order to assess the future change in seasonality and intensity of the 
coastal upwelling we use the whole historical (1950–2005) and RCP8.5 
(2006–2099) simulated periods to calculate the UI, near-surface air 
temperature (T2m) and MSLP trends. Also, we calculate the wind 
change as the difference between the time-averaged ROM_P2 
(2070–2099) and ROM_P1 (1976–2005) outputs. Moreover, the coastal 
stratification is characterized in both periods through the Brunt-Väisälä 
frequency (N), where larger values indicate strong stratification, and 
values close to zero a well-mixed water column: 

N2 =
g
ρ0

∂ρ
∂z

(4)  

where z is the depth, ρ the potential density and g is the gravitational 
acceleration. 

We also use the source depth (Ds) to estimate the depth of the waters 
that reach the surface in the coastal upwelling region. Ds gives us further 
insight into the properties of upwelled waters and the mechanisms that 
drive the coastal upwelling in the future, as a combined effect of the 
changes in wind stress and coastal ocean stratification. This parameter is 
defined in He and Mahadevan (2021) as follows: 

Ds = Cs
̅̅̅̅̅̅
UI
N

√

(5)  

where Cs = (4∕Ce)1/2 = 8.16 for Ce = 0.06, which is the efficiency factor 
used in Fox-Kemper et al. (2008) and He and Mahadevan (2021). 

In this context, there are different methods to identify the source 
depth with more accuracy, such as using Lagrangian particles (e.g. Capet 
et al., 2004; Oerder et al., 2015; Ndoye et al., 2017) or the concentration 
of passive tracers (e.g Izquierdo and Mikolajewicz, 2019) as source 
water markers. However, the time resolution of our model output is too 
low to apply such approaches offline. Therefore, we resorted to this 
diagnostic to assess the source depth, which is simpler but provides 
useful information. 

3. Evaluation 

3.1. Alongshore winds 

In terms of the UI, the MSUR is divided in two parts: The northern 
MSUR extends from the south of Cape Blanc (19◦N) to Cap Vert (15◦N), 
where the UI is positive year-round, with peaks in April and May 
(Fig. 2a). The southern MSUR is located to the south of 15◦N, where the 
coastal ocean is under downwelling favourable winds from July to 
September, as the ITCZ reaches its northernmost position in summer. 

ROM_P0 reproduces well the seasonal cycle of the UI (Fig. 2b), pre-
senting the same seasonal and spatial pattern as ERA5, with the north-
ward migration of the ITCZ in the summer period. ERA5 presents larger 
UI values than ROM_P0 in the northern MSUR from April to May 
(Fig. 2c). In summer, ROM_P0 presents a downwelling more extended to 
the north and intense than ERA5 (− 200 m3 s− 1 km− 1; Fig. 2c). These 
discrepancies may be partially explained by the improvement associated 
with the ocean-atmosphere coupling and the surface current velocity 
feedback in the wind stress, as well as by the higher horizontal resolu-
tion that presents ROM against ERA5. Coupling and a SST higher hori-
zontal resolution allow a better representation of the North African 
Coastal Low Level Jet (Soares et al., 2019), which is a key pattern of the 
surface wind field along the North African coast. In this context, Vázquez 
et al. (2022) found significant differences in SST at the CCUS coastal 
band when comparing ERA5 reanalysis to the higher-resolution ESA 
observational dataset (Merchant et al., 2019), demonstrating the 
importance of high resolution to reproduce the mesoscale processes in 
the upwelling regions. Nevertheless, both the latitudinal and seasonal 
correlations between ERA5 and ROM_P0 winds are higher than 0.94, 
showing good abilities in reproducing the coastal wind field (Fig. S1). 

3.2. Drivers of the alongshore winds 

In this section we evaluate the drivers involved in the seasonal march 
of the alongshore favourable winds over the MSUR: The Azores high and 
the ITCZ. Both drivers present a seasonal north-south oscillation, since 
are part of the Hadley cell. 

In April, the centre of the Azores high is located to the south of 35◦N 
in ERA5, reaching its annual southernmost and easternmost position 
(Fig. 3a). These conditions make April the month with the strongest 
upwelling favourable winds in the MSUR. Moreover, along with the 
southward shift of the Azores high, the ITCZ presents its southernmost 
position, which is identified by surface winds convergence and associ-
ated with a low pressure band (between 5◦S and 5◦N). As a result there 
are upwelling favourable winds both in the northern and southern 
MSUR. 

During the summer season, the Azores high and ITCZ shift to the 
north being located at 35◦N and 13◦N, respectively (Fig. 3d). This fact 
makes August the month with the weakest upwelling favourable winds 
in MSUR in the year, with downwelling favourable winds in the south-
ern MSUR. ROM_P0 reproduces properly the seasonality of the MSLP 
field, representing the northward migration of the trade winds belt 
(Fig. 3e) and showing differences below 2 hPa both in April and August 
(Fig. 3c and f). Therefore, we can conclude that ROM is able to repro-
duce the main drivers of the wind field and its seasonality in the MSUR. 

4. MSUR under global warming 

With the objective to investigate possible seasonality changes in the 
MSUR for the future, we calculate the monthly UI trends (1950–2099) 
along the coast (Fig. 4). In January positive UI trends are found in the 
whole MSUR (Fig. 4a) with maximum values between 13◦N and 15◦N 
(20 m3 s− 1 km− 1 decade− 1), due to a future strengthening of the up-
welling favourable winds. From February to April (Fig. 4b-d) positive 
trends are found through all the northern MSUR, but the trends turn 
negative in the southern MSUR reflecting a weakening of the upwelling 
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favourable winds (− 20 m3 s− 1 km− 1 decade− 1). In May (Fig. 4e) the UI 
trend is nearly zero in all MSUR. From June to September (Fig. 4f-i), the 
UI trends indicate a future intensification of the upwelling favourable 
winds for the northern MSUR and a weakening of the downwelling 
favourable winds in the southern MSUR (Fig. 2). In November–De-
cember (Fig. 4k-l), the trends are similar to January, positive in the 
whole region except for the southernmost latitudes. In order to assess the 
robustness of the obtained upwelling trends, we also calculated the 
trends using the Coastal Upwelling Transport Index (CUTI, Jacox et al., 
2018), which is similar to UI in the sense that it estimates of the rate of 
vertical volume transport and has the same units. However, CUTI in-
corporates improved estimates of the Ekman transport and accounts for 
cross-shore geostrophic flow associated with an alongshore SSH 
gradient. The results show the same pattern of change as UI trends 
despite small latitudinal differences (Fig. S2). 

On the basis of the UI trend latitudinal pattern we divide the year in 
three periods: (Period 1) January, November and December presenting 
positive trends over most of the region, with maximum values around 
15◦ N and negative trends in the southernmost region; (Period 2) March 
and April with bipolar UI trends: positive north of 15◦N and negative to 
the south; and (Period 3) June, July, August and September with posi-
tive UI trends in the whole domain. February, May and October were 
removed from the analysis because they behave as transition months 
between periods with clearly defined latitudinal patterns. 

Along with the UI, we assessed the MSLP and T2m trends over the 
same period. In Period 1, when positive UI trends (Fig. 5a; black line) 
can be found in practically the whole coastal region with maximum 
values around Cap Vert, the T2m shows a remarkable local increase in 
the southern Sahel, around 12 N-14◦N, while the Azores high intensifies 
(Fig. 5c). These conditions strengthen the upwelling favourable winds 
over the whole MSUR. Moreover, the local increase of T2m in the 
southern region of Sahel reduces the continental low pressures, gener-
ating a cyclonic circulation anomaly around 15◦N and 12◦W. This 
mechanism further intensifies the upwelling favourable winds in prac-
tically the whole domain, excepting 12◦N, where the wind anomaly 
turns onshore, weakening the upwelling winds in the southernmost re-
gion (Fig. 5c; see with detail in Fig. S1a). 

Period 2, similarly to Period 1, presents an increase in the MSLP at 
the Azores high. As the T2m increase over land is generally stronger than 
in Period 1, the decrease in MSLP is stretched out over the African 
continent (Fig. 5d-e). Therefore, the cyclonic circulation anomaly pre-
sents its core north of 15◦N and further east than in the Period 1, 

intensifying the upwelling favourable winds (along with the Azores high 
strengthening) over the northern MSUR and to a weakening of the up-
welling favourable winds in the southern MSUR (Fig. 5a; green line). 
Finally, Period 3 is dominated by the Sahara thermal low in summer, 
presenting a drastic increase of the T2m (0.5 ◦C decade− 1) in the African 
continent (Fig. 5f-g). Unlike the rest of periods, the Azores high does not 
present changes in intensity. The Saharan thermal low is located far 
away from the coastal region, so that the wind anomaly results with 
southeastern direction, stimulating slightly the upwelling favourable 
winds in the northern MSUR and weakening the downwelling winds in 
the southern MSUR. 

Ocean stratification changes in the MSUR are evaluated with the help 
of the Brunt-Väisäla frequency. Brunt-Väisäla frequency is calculated 
within a 100 km wide band along the MSUR (the mask is shown in 
Fig. 6d) and averaged from surface to 150 m (the average depth asso-
ciated with the ascent of water masses to the surface; Kämpf and 
Chapman, 2016). This analysis is realized for the three periods defined 
above. 

For all periods the Brunt-Väisälä frequency is below 0.02 s− 1 (Fig. 6a- 
c, red shading), with increasing values as latitude decreases. This is 
related to the influence of the warmer surface equatorial waters in the 
southern MSUR. The Period 3 presents the most stratified water column 
in the whole MSUR, associated with higher sea surface temperature in 
the summer season (Fig. 6c). Low values of the Brunt-Väisälä frequency 
are associated with a vertically homogeneous water column, in this case 
due to the coastal upwelling (strongest in Period 2). 

In order to assess the changes in ocean stratification in the future we 
analyze the differences between ROM_P2 and ROM_P1 (Fig. 6; grey 
shading). In Period 1, we found a slight decrease in the ocean stratifi-
cation in some region of the northern MSUR (Fig. 6a). This decrease is 
associated with a larger increase of the temperature in the sub-surface 
waters (50–70 m) than in the surface waters (Fig. S2a). In the Period 2 
the ocean stratification increases in the whole MSUR, being more 
evident from 12◦N to 16◦N. In Period 3 the stratification changes are 
similar to Period 2. 

A very important characteristic of the upwelling is the source water 
depth. The upwelling source water depth is calculated in a simple way 
(see Eq. (5)) taking into consideration both the action of the alongshore 
favourable winds and the ocean stratification. 

For the historical simulation (ROM_P1), in Period 1 the upwelling 
source water depth is around 60 m in the whole MSUR, with slightly 
larger values in the northern MSUR (Fig. 7a). The upwelling source 

Fig. 2. Seasonal cycle of the UI (m3 s− 1 km− 1) averaged over the closest grid points to the coast in ERA5 (a), ROM_P0 (b) and the differences between ROM_P0 and 
ERA5 (c). 
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water in Period 2, comes from ca. 80 m and deeper (around 90 m) in 
northern than in southern MSUR (Fig. 7c). Deeper sources are mainly 
associated with the strengthening of the upwelling favourable winds in 
this period. In Period 3 the maximum source water depth (ca. 70 m) is 
found at northernmost MSUR, and then linearly decreases to Cap Vert 
(30 m). To the south of Cap Vert the MSUR is dominated by downwelling 
favourable winds therefore there is no source water depth (Fig. 7e). 

Differences in source water depth between ROM_P2 and ROM_P1 are 
shown in Fig. 7 (depicted in grey shading). The upwelling source water 
is deeper in ROM_P2 during Period 1 (approximately 5 m), and de-
creases towards the southernmost region. In Period 2, deeper sources are 
found in the northern MSUR and shallower sources from Cap Vert to the 
southernmost MSUR. The upwelling source water depth does not 
significantly change in the entire MSUR during Period 3. 

5. Discussion 

The impact of climate change on upwelling systems has been a topic 

of interest over the last few decades. Both reanalysis and climate models 
have been used with the objective of understanding the impact of 
climate change on these important and productive ecosystems (Abra-
hams et al., 2021). However, the spatial resolution of the GCMs used for 
global climate projections is insufficient to adequately reproduce the 
upwelling systems, resulting in uncertainty in future projections. Here, 
we take advantage of the ROM RCSM, which can reproduce the char-
acteristics, variability, and associated mesoscale processes of the CCUS 
with high confidence (Vázquez et al., 2022). We investigate the future 
evolution of the MSUR under the RCP8.5 CMIP5 scenario using ROM 
driven by MPI-ESM-LR. We are aware that relaying on a single model 
with only a forcing imposes limitations to the generalization of our re-
sults, however we are confident that they are a good basis for exploring 
these mechanisms in future studies with a larger number of drivers and 
regional climate models. 

To date, the efforts of the scientific community to evaluate the effect 
of climate change on EBUSs have focussed on two different responses: 
changes in wind patterns (Varela et al., 2015; Sousa et al., 2017a; Sousa 

Fig. 3. Climatological mean sea level pressure (hPa) and wind field in April (top) and August (bottom) for ERA5 (a, d), ROM_P0 (b, e) and the differences between 
ROM_P0 and ERA5 (c, f) from 1980 to 2012. 
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et al., 2017b; Sylla et al., 2019) and changes in ocean stratification 
(Oyarzún and Brierley, 2019; Sousa et al., 2020). Although both re-
sponses can provide useful information on the future of these ecosys-
tems, obtaining a joint response from both mechanisms becomes 
essential. Recent studies have attempted to address the impact of climate 
change by combining both mechanisms using a large ensemble of the 
Community Earth System Model (Chang et al., 2023; Jing et al., 2023), 
conducting a joint study of the four main EBUSs. However, the large 
latitudinal and seasonal variability observed in our study, for a single 
region of the CCUS, indicates the difficulties of proposing a generic 
response for an entire upwelling system. 

In fact, in this study we propose a monthly analysis of the UI trends to 
evaluate the effect of climate change on the MSUR, due to its large 
seasonal and latitudinal variability (Pardo et al., 2011; Cropper et al., 
2014; Benazzouz et al., 2015). This analysis allowed us to find the causes 
of the changes in wind pattern throughout the year, identifying three 
periods with similar trends (Fig. 4). Sylla et al. (2019) proposed to 
evaluate the MSUR from November to May, as most studies associated 
with upwelling are only focused on the summer season, when the MSUR 
exhibits its weakest upwelling compared to other regions of the CCUS. 
They linked a weakening of the upwelling favourable winds in the 
southern MSUR (from Cap Vert to 12◦N), to shift of the Azores High 
(Rykaczewski et al., 2015). These results were compared with the trends 
of CUTI in Fig. S2, showing the same month clustering as found using UI. 
Furthermore, we also evaluated the trends in upward mass transport at 
the mixed layer depth using the model vertical velocity (not shown) to 
compare them with the UI and CUTI, revealing divergent trends in some 
months, as well as a larger latitudinal variability. Such differences in 

estimates of upward mass transport and UI have also been reported by 
Sylla et al. (2019) and Jing et al. (2023). In this context, the increase in 
resolution plays a crucial role in understanding the effects of processes 
related to more accurate representation of the cross-shore wind stress, 
the coastline, the seafloor topography and ocean mesoscale structures, 
presenting a challenge for HighResMIP and coupled regional models to 
identify the role of these processes in EBUSs. 

Our results in two out of the three annual periods are in agreement 
with this hypothesis for the MSUR. We detected a strengthening of the 
Azores high (Rykaczewski et al., 2015; Sousa et al., 2017a, 2017b; Sousa 
et al., 2017b; Aguirre et al., 2019; Sylla et al., 2019; Varela et al., 2022), 
which strengths the upwelling favourable winds in the Periods 1 and 2. 
However, our monthly UI trends analysis suggests that other processes 
also affect the change in upwelling favourable winds in MSUR: during 
Period 1 the MSUR upwelling is enhanced by a strong T2m local increase 
over the southern region of Sahel that can be explained by a southward 
expansion of the Sahara desert (e.g., Cook and Vizy, 2015; Zhou, 2016). 
In this context, we find that the local T2m changes have a remarkable 
impact on the upwelling favourable winds unlike Period 2 (see with 
detail in Fig. S1). During the summer months (Period 3), there are not 
significant changes in position or intensity of the Azores high. Never-
theless, we detected an evident increase in the T2m land-sea differences 
associated to an intensification of the Saharan thermal low that leads to 
a southeastern wind anomaly (e.g., Bakun, 1990), which reinforce 
slightly the upwelling favourable winds over the northern MSUR and 
weakens the downwelling favourable winds in the southern MSUR. 

Oyarzún and Brierley (2019) found that the increase in the stratifi-
cation of the upper layers of the water column in the Humboldt 

Fig. 4. Monthly linear trends of UI (m3 s− 1 km− 1 decade− 1; black line) averaged over the closest grid points to the coast from 1950 to 2099. It is also added in red 
line, the UI averaged over the closest grid points to the coast of ROM_P0. 
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upwelling zone is already hampering the ascent of deeper water towards 
the surface, and Sousa et al. (2020) proposed the same hypothesis for the 
northern region of the Iberian upwelling. We found an enhanced ocean 
stratification in Period 2 (spring), very similar to the summer period 
(Period 3), associated with an increase in temperature in the ocean 
surface layers (Fig. S2). This pattern may be associated with a shorter 
and warmer spring seasons at the end of the century found in most 
CMIP5 models (Wang et al., 2021), resulting in an extended summer 
season throughout the year, except for the winter months (Period 1). 

The combined effect of wind patterns and ocean stratification was 

evaluated through the upwelling source water depth. In this regard, we 
found deeper water that upwells in Period 1 for the whole MSUR and in 
the northern MSUR for Period 2 due to the increase of wind effect (UI), 
and we found no differences when only the effect of stratification was 
considered (Fig. S5a). Conversely, in the southern MSUR the upwelling 
source water depth will be shallower for Period 2, where the decrease in 
UI along with the enhanced ocean stratification contributes to this 
shallowing of the upwelling source water depth (Fig. S5b). These results 
along with those recently reported by different authors (e.g. Oyarzún 
and Brierley, 2019; Sousa et al., 2020; Chang et al., 2023; Jing et al., 

Fig. 5. UI trends (solid lines) and standard deviation (shading areas) averaged over the closest grid points to the coast from 1950 to 2099 for each period (a). T2m (b, 
d,f) and MSLP (c,e,g) trends averaged from 1950 to 2099 for each period. Wind differences between the last 30 years of ROM_P2 (2070–2099) and ROM_P1 
(1976–2005) are represented over the MSLP trends for each period. The black box (b) represents the MSUR (12◦N-19◦N). 

Fig. 6. Brunt-Väisälä frequency (s− 1) averaged from surface to 150 m in the closest grid points to coast for Period 1 (a), Period 2 (b) and Period 3 (c) for ROM_P1 (red 
shading; Historical) and the differences between ROM_P2 and ROM_P1 (grey shading; RCP8.5 - Historical). The mask used is shown in the panel d. 
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2023) call on the need to evaluate the future evolution of upwelling 
systems at a larger resolution both latitudinally and monthly. 

Finally, although the changes in the ocean stratification seem not to 
lead the upwelling changes in much of the MSUR, the ocean temperature 
increase is more than evident across the whole area. This fact may affect 
to the ecosystem balance in the MSUR, modifying the distribution of 
species, migrations and fisheries (Menge and Menge, 2013; Wang et al., 
2015a; Wang et al., 2015b). 

6. Conclusions 

The objective of this work is to assess the MSUR under the RCP8.5 
scenario, clarifying the effects of the climate change on the wind pattern 
and ocean stratification, as well as to explore the main mechanisms 
responsible for these changes. To this end, we take advantage of ROM 
RCSM, which presents a high horizontal resolution in MSUR. Our find-
ings can be summarized as follows:  

– ROM reproduces well the seasonality of the alongshore favourable 
winds in a present time, as well as the main drivers of the wind 
patterns: Azores high and ITCZ.  

– Under the RCP8.5 scenario, we found three responses of the wind 
pattern to climate change depending on seasonality: Intensification 
of favourable upwelling winds across the whole MSUR (Januar-
y–November-December; Period 1); strengthening of upwelling 
favourable winds in the northern MSUR and weakening in the 
southern MSUR (March–April; Period 2); weak intensification of 
upwelling favourable winds in the northern MSUR and weakening of 
downwelling favourable winds in the southern MSUR (June–July- 
August-September; Period 3).  

– These responses of the wind pattern to climate change are associated 
with a strengthening of the Azores High in Periods 1 and 2, but with 
the particularity that Period 1 presents a local increase in the T2m in 
the southern Sahel region. The wind pattern found under RCP8.5 
scenario in Period 3 is associated with a drastic increase in the T2m 
field throughout the African continent.  

– Ocean stratification will be increase in the MSUR under global 
warming conditions, primarily during Period 2, associated with a 
surface temperature increase.  

– Finally, the combined effect of changes associated with the wind 
pattern and ocean stratification in MSUR reveal a deepening of the 
upwelling source water depth during Period 1 and in the northern 
MSUR for Period 2, and a shallowing of the upwelling source water 
depth in the southern MSUR during Period 2. 
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Gómez-Letona, M., Ramos, A.G., Coca, J., Arístegui, J., 2017. Trends in primary 
production in the canary current upwelling system a regional perspective comparing 
remote sensing models. Front. Mar. Sci. 4, 370. https://doi.org/10.3389/ 
fmars.2017.00370. 

Haarsma, R.J., Roberts, M.J., Vidale, P.L., Senior, C.A., Bellucci, A., Bao, Q., Chang, P., 
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Kämpf, J., Chapman, P., 2016. The canary/Iberia current upwelling system. In: 
Upwelling Systems of the World, pp. 203–250. https://doi.org/10.1007/978-3-319- 
42524-5_6. 

Kirichek, A., 1971. Water circulation in the north-eastern part of the tropical Atlantic. 
Internat. Counc. Explor. Sea. CM 100, 7. 

Klenz, T., Dengler, M., Brandt, P., 2018. Seasonal variability of the Mauritanian 
undercurrent and hydrography at 18◦ N. J. Geophys. Res. Oceans 123, 8122–8137. 
https://doi.org/10.1029/2018JC014264. 

Kounta, L., Capet, X., Jouanno, J., Kolodziejczyk, N., Sow, B., Gaye, A.T., 2018. A model 
perspective on the dynamics of the shadow zone of the eastern tropical North 
Atlantic. Part 1: the poleward slope currents along West Africa. Ocean Sci. 14 (5), 
971–997. https://doi.org/10.5194/os-14-971-2018. 
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