
1 INTRODUCTION 
The Eastern Central North Atlantic (ECNA) is the 
stretch of the eastern north Atlantic basin between 
the subtropical and subpolar gyres, possibly includ-
ing their northern and southern borders, respectively. 
The region also coincides with the Portuguese terri-
torial waters and its Economic Exclusive Zone, 
whose monitoring and management is a national 
maritime policy goal. To aid in this goal, the OB-
SERVA.FISH project (Piecho-Santos et al.,2020) 
aims to provide datasets from autonomous ocean ob-
serving systems, to be used in, among other purpos-
es, support of an ocean forecast system that will be 
developed based on the simulations presented here-
in.  

Although most of the large scale circulation pat-
terns in the North Atlantic reside outside of the EC-
NA (Tomczak and Godfrey, 2013), the ECNA has 
been a region of intense oceanographic research due 
to the special characteristics of its features such as 
the Azores current (AzC), a permanent zonal jet sub-
ject to an intense meandering regime set by its baro-
clinicity (Alves et al., 2002), the Mediterranean Out-
flow (MO), that carries heat and salt in to the 
northern basin and partially regulates the weather at 
those latitudes (Baringer & Price, 1997; Ellett, 1993) 
or the West Africa and West Iberia upwelling sys-
tems (WIbUS), that comprise the northernmost sec-
tion of the North Atlantic Upwelling Region (Relvas 
et al., 2007). Earlier modeling studies such as Jia 
(2000), Johnson & Stevens (2000), Peliz et al. 
(2007) have focused on these aspects of the circula-
tion in the ECNA. 

The eastward flowing AzC is part of the northern 
branch of the Eastern Subtropical Gyre, that also in-
cludes the southward Canary Current and the west-
ern North Equatorial Current and is a permanent fea-
ture of the region’s circulation (Gould, 1985; Traon 
and Mey, 1994). Localized between 33ºN-36º N, it 
crosses the Mid-Atlantic Ridge and flows towards 
the Gulf of Cadiz. The AzC is a deep (up to 1000 m) 
current 200 km wide (Stramma and Müller, 1989). 
Its average transport is 10-12 Sv (1 Sv = 106 m3s-1) 
and has a convoluted  topology due to its meander-
ing jet character. Average speeds are 0.1-0.15 ms-1 

(Klein and Siedler, 1989).  
The AzC is associated to a thermohaline front, the 

Azores Front, that separates the eastern subtropical 
and subpolar gyres. In the Azores Current and Front 
system, temperature and salinity jumps of 2ºC and 
0.3 PSU have been registered. Its convoluted nature 
has been attributed to quasi-stationary Rossby waves 
originated in the eastern boundary of the Canary Ba-
sin and to baroclinic instabilities of the AzC jet. Me-
anders form to the north (cyclonic) and to the south 
(anticyclonic) of the AzC jet core and mesoscale ed-
dies with typical diameter of 200 km have been ob-
served in both flanks of the front (Pingree et al., 
1999).  

The WIbUS is a seasonal upwelling system locat-
ed in the western coast of the Iberian Peninsula. In 
the summer, the Azores High strengthens and is dis-
placed northward, setting up upwelling favorable 
(equatorward) winds over the western Iberian coast 
that force an offshore Ekman transport and subse-
quent upwelling of subsurface cold, nutrient rich wa-
ters. Due to geostrophic adjustment, an equatorward 
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jet is formed at the surface compensated by pole-
ward subsurface flows. Coastal upwelling filaments 
extending to 200 – 250 km offshore and exporting 
coastal waters are a common feature of the WIbUS 
and are formed by either topographic forcing or 
upwelling front instabilities (Haynes et al., 1993).  

In this work we employ a the climatological simu-
lation with the aim of reproducing the equilibrium 
structure of the region’s circulation and the 
mesoscale variability that is essentially determined 
by the instabilities of large-scale structures such as 
currents and fronts.  

In section 2 the circulation model and the ECNA 
configuration are described. Section 3 describes the 
results and section 4 provides the conclusions. 

2 DATA AND METHODS 
The model used in this work is the Regional Ocean 
Modelling System (ROMS, Shchepetkin & 
McWilliams 2005, 2003). ROMS is a free-surface 
terrain-following model which solves the primitive 
equations using the Boussinesq and hydrostatic ap-
proximations. In the primitive equation framework, 
the prognostic variables are the zonal and meridional 
velocity components (u,v) and the free surface eleva-
tion z. The momentum equations in Cartesian coor-
dinates are (Haidvogel et al., 2008):  
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where (3) is the vertical momentum equation, which 
in the hydrostatic approximation is a simple relation-
ship between the vertical pressure gradient and the 
weight of the fluid column. The continuity equation 
is: 
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and the scalar transport equation is: 
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In (1-5) s is a vertical stretched coordinate that 
varies from s=-1 (bottom) to s=0 (surface). The ver-
tical grid stretching parameter is Hz = ¶z/¶s and W is 
the vertical velocity in the s coordinate. The Coriolis 
parameter is f, p is the hydrostatic pressure and g is 
the acceleration of gravity. An overbar denotes aver-

aged quantities, primed (´) variables are departures 
from the average and n  is molecular diffusivity 
(momentum or scalar). Vertical turbulent momen-
tum and tracer fluxes are: 
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where KM and KH are momentum and tracer eddy 
diffusivities. The equation of state for seawater is 
given by r=f(C,p). Csource is the tracer source/sink 
term. 

ROMS is highly configurable for realistic applica-
tions and has been applied to a wide variety of space 
and time scales across the globe (Haidvogel et al., 
2008). 

The model domain (Fig. 1) is part of the Eastern 
Central North Atlantic and covers the western Iberi-
an margin extending to the Azores and Madeira ar-
chipelagos (34.4º to 5.7ºW and 29º to 46ºN). The 
average horizontal resolution is 4.2 km in the merid-
ional direction and 4.4 km in the zonal direction. 
The vertical discretization used 20 sigma layers, 
stretched to increase the resolution near the surface 
and bottom. The bathymetry is interpolated from 
ETOPO and smoothed to satisfy a topographic stiff-
ness-ratio of 0.2 (Haidvogel & Beckmann, 1999). 
The minimum depth used is 10 m.  

The model configuration uses a third-order up-
stream advection scheme for momentum and tracers, 
a fourth-order centred scheme for vertical advection 
of momentum and tracers, and the KPP scheme for 
vertical mixing (Large et al., 1994). Explicit hori-
zontal momentum and tracer diffusion is set to zero. 
Bottom drag uses a quadratic law with drag coeffi-
cient of 0.003.  

The model was run in climatological mode where 
a yearly cycle was repeated for 20 years. The model 
was forced by surface monthly climatological mo-
mentum, heat, freshwater and shortwave radiation 
fluxes from the Comprehensive Ocean-Atmosphere 
Data Set (COADS, Woodruff et al (1987)), that col-
lects global weather observations taken near the 
ocean's surface since 1854, primarily from merchant 
ships. At the open boundaries, values of 2D (ba-
rotropic) and 3D (baroclinic) velocities, and active 

Figure 1. Domain of the ECNA simulation. 



tracers (potential temperature and salinity) were 
nudged to climatological values. The offline nesting 
procedure employed here used a nudging region of 
40 km along the model boundaries. In this layer, the 
3-D model variables (temperature, salinity, and cur-
rents) were pushed toward their climatological val-
ues. The nudging time scale was set to 5 days at the 
boundaries, decaying linearly to zero inside the 
nudging layer. At the boundaries, outgoing radiation 
conditions were used for the baroclinic variables 
(Marchesiello et al., 2001). Climatological sea sur-
face height and barotropic currents were imposed at 
the boundaries using Chapman boundary conditions 
(Chapman, 1985).  

3 RESULTS 

3.1 Equilibrium Solution 
The model achieved equilibrium after a spin up pe-
riod of 4 model years, after which the volume aver-
age total kinetic energy 1/V·∫V 0.5ρ(u2+v2) dV (Fig. 
2a) reaches a plateau and then fluctuates around 1.2 
kg m-1 s-2 until the end of the simulation. Domain 
averaged temperature levels (Fig. 2b) show a strong 
seasonal signal, superposed to a declining trend from 
year 4 onward. Domain averaged salinity (Fig. 2c) 
shows a declining trend without clear seasonality. 

The average surface velocity field from the 
ROMS (Fig. 3a) shows the characteristic surface cir-
culation patterns in the region. North of 36ºN the 
circulation is mainly south-eastward due to the 

southward branches of the Gulf Current that separate 
approximately at 54ºW, leaving the North Atlantic 
Drift and the southward PC between 18º and 12ºW 
(Reverdin et al., 2003). East of the PC the circula-
tion is influenced by the MO and the WIbUS. The 
main features of the average coastal circulation in 
the western Iberian shelf are the Cape São Vicente 
westward jet that flows along the slope of Gulf of 
Cadiz and the western Iberia coastal counter-flows. 
The poleward flow along the Iberian margin  match-
es descriptions of the Portugal Coastal Counter-
Current, that is known to bend anticyclonically when 
passing the north-western corner of the Iberian pen-
insula (Álvarez-Salgado et al., 2003), and of other 
coastal poleward counter-flows reported in the lit-
erature (Peliz et al., 2005, 2002) 

Below 36ºN, the AzC appears as the eastward jet 
between 33º and 36º N, clearly visible in Figure 3a 
until the Gulf of Cadiz, with maximum velocities of 
the order of 10 cm s-1. The AzC partially turns south 
and joins the general westward and southward drift 
of the West Africa and the subtropical gyre. The 
eastward jet’s location agrees with the well-known 
AzC location (Alves et al., 2002; Gould, 1985; Klein 
& Siedler, 1989), and it can be seen reaching the 
Gulf of Cadiz.  

The comparison of the model average surface ve-
locity field with the Surface Velocity Program cli-
matology (Laurindo et al., 2017) (Fig. 3b) shows 
that the model velocities are generally lower than 
those of the SVP climatology. However, the position 
of the main features is well reproduced, especially 
the position of the AzC and the general south-
eastward velocity field in the northern part of the 

Figure 2. Time series of volume averaged a) kinetic energy; b) 
potential temperature; c) salinity. 

Figure 3. Average surface velocity field in the ECNA simula-
tion. 

Figure 3. Average surface velocity from a) ROMS model and 
b) SVP climatology. 



domain. The discrepancies highlight the limitations 
of the limited area modelling approach and the use 
of a climatological forcing. The first factor introduc-
es errors at the boundaries e.g, the velocity imposed 
on the boundary is computed from geostrophy only 
while the SVP dataset is computed from real drifter 
velocities. The climatological forcing on the other 
hand limits the model response only to an annual cy-
cle while the SVP dataset contains also interannual 
forcing effects.  

3.2 The Azores Current 
The average surface velocity field (Fig. 3a) shows 
the AzC as a purely zonal eastward jet. The instan-
taneous AzC, however, is known to have a large de-
gree of meandering with mesoscale vortices shed-
ding northward and southward of the mean current 
axis(Alves et al., 2002). However, the velocity field 
for 4 March of simulation year (S.Y.) 18 (Fig. 4a) 
shows the AzC as the predominant circulation fea-
ture in the region with instantaneous velocities up to 
50 cm/s in the current axis. The axis itself is severely 
deformed, forming an cyclonic meander centred at 
approximately 32ºW. South of the current axis three 
closed cyclonic circulations can be observed be-
tween the western boundary and 30ºW. These cy-
clones have length scales on the order of 100 – 300 
km and are present due to the pinching off of cy-
clonic vortices formed northward of the jet axis 

(Alves et al., 2002). In a purely zonal jet, positive 
(cyclonic) vorticity is found northward of the jet axis 
and negative (anticyclonic) vorticity is found south 
of the jet axis. Although the idealization is far from 
being verified in this simulation, the situation de-
picted in Figure 4a conforms to this model,. Indeed, 
just under the meander we can find a weak anticy-
clonic circulation.  

The stirring (Abraham & Bowen, 2002) of the sea 
surface temperature (SST) field by the mesoscale 
circulation is visible in the SST map for 4 March 
S.Y. 18 (Fig. 4b), superposed on the gyre scale SST 
North-South gradient. The association of the AzC 
with the SST front is clearly observed as the position 
of the AzC meander coincides with the position of a 
strong change in SST. In addition, it is observed that 
the position of the large cyclone south of the current 
axis matches the position of a pool of cooler water, 
indication that the cyclonic had its origin north of 
the current axis and, as it moved south, carried with 
it the colder waters found north of the jet axis.  

Figure 5. Instantaneous maps of model surface velocity for a) 
13 January and b) 4 August of S.Y. 18.  

Figure 4. Instantaneous maps of a) surface velocity and b) sea 
surface temperature. Maps are for the 4th of March of S.Y. 18. 

Figure 6. a) Average SST map; b) Upwelling index based on 
average coast (20 km) to offshore (500 km) SST differences. 
Positive values indicate colder waters at the coast. 



3.3 The West Iberia Upwelling 
The circulation in the WIbUS is highly seasonal and 
strongly influenced by mesoscale processes (Relvas 
et al., 2007). A winter surface velocity map for the 
13 January of S.Y. 18 (Fig. 5a) shows some of the 
main elements of the winter circulation scheme pro-
posed by Peliz et al. (2005). North of 39º N the 
coastal circulation is dominated by the poleward 
flow while the offshore flow is mainly southward. 
South of 39ºN the influence of the Gulf of Cadiz cir-
culation is clearly visible as an inflow to the south-
ern Iberian basin (Fig. 5a). The summer situation is 
very different (Fig. 5b): the surface poleward flows 
are absent and the dominant coastal circulation is 
equatorward, forced by the summer equatorward 
winds. In addition, an offshore drift is clearly ob-
servable due to the generation of filaments and ed-
dies by the upwelling front, that is known to be un-
stable to short wavelength instabilities (Durski & 
Allen, 2005).  

The average SST field off the western Iberian 
coast  (Fig. 6a) shows the signature of the West Ibe-
ria upwelling dynamics as a coastal strip of lower 
than average temperatures associated to successive 
upwelling cells along the coast. The SST difference 
between the coast and offshore waters (Fig. 6b) 
shows that this difference is about 2.5ºC between 37º 
and 41º N and then decreases poleward, due to the 
decrease in offshore SST values (Fig. 6a).  

Instantaneous SST maps for the same dates as 
Figure 5 show the difference in SST distributions for 
winter and summer. In winter (Fig. 7a) the western 
Iberian shelf is under the influence of the Gulf of 
Cadiz circulation whose inflow to the Iberian basin 
along the coast and subsequent entrainment in the 
Iberian Poleward Current brings warm water in to 
the Iberian shelf and slope (Peliz et al., 2005). In the 
summer (Fig. 7b) the upwelling is noticeable and the 
whole shelf shows SST colder than the offshore by 

about 6ºC. The mesoscale patterns in the SST distri-
bution indicate the strong mesoscale dynamics of the 
upwelling front that presents several cold upwelling 
filaments extending 100 – 200 km offshore. 

4 CONCLUSIONS 

The Eastern basin of the North Atlantic between the 
subtropical and subpolar gyres presents a series of 
characteristics of oceanographic interest. The use of 
regional simulation models is a powerful tool to 
study the features that define the circulation in this 
region. High resolution climatological simulations 
allow simulating the equilibrium solution of the cir-
culation and its intrinsic variability, providing neces-
sary data to study the processes that control the cir-
culation in the ECNA.  

The AzC is a prominent feature of the circulation 
in the region. Its average position and its meandering 
character was unveiled by the simulation, showing 
that it controls the shape of the Azores Thermal 
Front and that thermal fluxes across the mean front 
position must be mediated by the mesoscale cy-
clones and anticyclones that are pinched off the AzC 
meanders. 

The WIbUS is a seasonal upwelling system that 
in the winter is partially dominated by the Gulf of 
Cadiz circulation and the large scale offshore circu-
lation. In the summer however, the coastal dynamics 
is strongly influenced by the upwelling front dynam-
ics. The shelf and slope circulation is strongly modu-
lated by mesoscale processes in both seasons.  

To complement this type of studies, future work 
will use interannual forcing to study the response of 
the circulation to slow, large scale atmospheric pro-
cesses such as the North Atlantic Oscillation, El Ni-
ño or the Atlantic Multidecadal Oscillation. 
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