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Abstract

In the effort to mitigate climate change, the Marine Hydrokinetic (MHK) energy from ocean
currents emerges as an important renewable source due to its large potential, although it
remains underexploited. In the Southwestern Tropical Atlantic, surface potentials linked to
the North Brazil Current (NBC) are known, but the subsurface North Brazil Undercurrent
(NBUC) remained unquantified. This study addressed this gap by applying a two-step
approach using more than 20 years of high-resolution (1/12◦) climatological and daily
reanalysis data to estimate current power density (CPD) throughout the water column
along the Brazilian shelf (4◦ N–12◦ S), with focus on energetic hotspots where maximum
CPD exceeds 1000 W m−2. The climatological analysis revealed 12 persistent hotspots
(H1–H12). Daily analyses show highly energetic but seasonally variable surface hotspots
north of 4◦ S linked to the NBC (H4–H12; >885 W·m−2) and weaker but more stable
subsurface hotspots south of 4◦ S associated with the NBUC at depths of 130–266 m
(H1–H3; 831–808 W·m−2). These patterns are likely influenced by flow–topography interac-
tions along the continental margin. Overall, subsurface resources exhibit greater reliability
than surface counterparts, highlighting the importance of incorporating subsurface dynam-
ics in future MHK assessments and development along the Brazilian margin.

Keywords: marine hydrokinetic energy; current power density; western boundary current;
Southwestern Tropical Atlantic; North Brazil Undercurrent

1. Introduction

Climate change is intensifying pressures on global energy systems, demanding an accel-
erated transition towards decarbonization and energy security. Replacing fossil fuels with
renewable sources is considered essential to meet climate goals, ensure energy resilience, and
address growing socioeconomic demands [1,2]. While renewable energy sources have ex-
panded to reach nearly 30% of the global electricity mix, mature technologies like hydropower,
biomass, geothermal, wind, and solar dominate this growth [3]. Conversely, marine energy
technologies are under development stage, contributing approximately 1 TWh to the global
electricity generation in 2024, with the largest contributions coming from countries in Asia
and Europe, and associated mainly with wave and tidal energy [3,4]. In this scenario, energy
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generation from ocean currents remains relatively underexplored compared to other renew-
able sources, despite its strong potential, the abundance of the reserve of ocean current energy
and its capacity to diversify the electricity mix [5].

From a broader security perspective, marine renewable energy is increasingly framed
within sustainable development goals that integrate environmental, economic, and social
dimensions of human well-being. In this context, security is commonly treated as a system
of interdependent pillars—environmental, economic, and social—such that sustainable
development actions are directly connected to a “secure future” and societal well-being [6].
This framing is particularly relevant for marine energy because responsible deployment
requires balancing energy supply benefits with environmental risks and societal acceptance,
and because resource reliability can influence economic feasibility and energy-system
resilience. Accordingly, marine renewable energy planning is often described as needing to
account for socioeconomic needs, environmental concerns/risks, and social perception to
support responsible implementation [7,8], while comparative assessments describe ocean
energy as a low-carbon option with low-to-moderate impacts on ecosystems and on health
and safety relative to other sources [1]. In Brazil—where ocean renewable resources remain
largely underexploited—more temporally stable marine resources are also highlighted as
potentially valuable for supporting reliable supply in contexts where alternatives may be
scarce or expensive, reinforcing the practical motivation for quantifying not only mean
power but also the stability of current-driven resources [9].

In the global transition towards a sustainable energy matrix, ocean currents represent
a unique renewable resource, offering a predictable consistent speed and direction for
baseload power generation. The high power density of marine hydrokinetic (MHK) energy
is a direct result of the density of seawater, which is approximately 800 times denser than
air; consequently, the kinetic power of a 1 m·s−1 water flow is equivalent to that of a
9.3 m·s−1 wind [10,11]. This immense potential has spurred research into technologies
capable of harnessing this energy, especially within the most energetic regions of the
world’s oceans. The technological landscape for MHK is diverse, encompassing a range of
Marine Current Energy Devices (MCEDs). The most common devices are rotating systems,
including horizontal-axis turbines, which resemble underwater wind turbines, and cross-
flow turbines, whose rotational axis can be horizontal or vertical [12,13]. However, as the
most powerful currents are often located in deep water far from shore, the industry is
increasingly focused on advanced floating and tethered systems. Successful prototypes,
such as the 100 kW ‘Kairyu’ floating horizontal-axis turbine system tested in Japan’s
Kuroshio Current [14], and innovative concepts like underwater kites [10], demonstrate
the technological push to access these challenging deep-water resources where traditional
fixed-bottom installations are unfeasible.

Despite these technological advancements, the commercial exploitation of ocean cur-
rents remains in its early stages. A primary barrier is that the price of generated electricity is
not yet competitive with present wholesale prices [15]. This is due to the immense technical
hurdles and high capital and operational expenditures. Since strong currents are often
located far from shore, expenses are significantly increased by the logistical complexity and
specialized vessels required to build, install, and maintain robust systems in energetic and
corrosive sub-sea environments [16]. Key engineering challenges include designing foun-
dations for complex seabed and developing reliable mooring systems for deep waters [4,9].
Consequently, research and development efforts are concentrated on the most promising
locations where the sheer scale of the resource can overcome these economic barriers, such
as, for example, in the Kuroshio Current (e.g., [14,17]), Gulf Stream (e.g., [18]) and Agulhas
Current (e.g., [19]), important Western Boundary Currents (WBCs). These are fast, narrow,
and deep-reaching currents that play a crucial role in the planet’s climate by transporting
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vast amounts of heat poleward [20]. Their jet-like structure and inherent variability, caused
by meanders and the shedding of eddies, present both a massive energy resource and a
complex engineering challenge, making detailed resource characterization a critical first
step for any potential project [21,22].

The Southwestern Tropical Atlantic (SWTA), offshore of Northeast and North Brazil
(Figure 1), is dominated by a powerful and complex WBC system formed when the southern
South Equatorial Current (sSEC) bifurcates on the Brazilian margin—between 13◦ and
17◦ S in the upper 200 m. This originates the northward-flowing North Brazil Undercurrent
(NBUC) and the southward Brazil Current (BC) [20,23–25]. The NBUC follows under the
surface along the continental slope, shallowing towards the equator, until encountering the
central South Equatorial Current (cSEC) originating the North Brazil Current (NBC) [26].
Therefore, the BC and NBUC/NBC system constitute the dominant energetic feature of the
western boundary circulation in this region.

The NBUC has a nearshore core position approximately 50 km from the Brazilian
coast, reaching down to about 900 m in depth, with velocities ranging from about 0.5 m·s−1

near the surface to nearly 1.0 m·s−1 between 180 and 250 m [23,26–30]. The current has
a marked seasonality induced by the latitudinal change in the sSEC bifurcation, with
stronger/weaker currents when the bifurcation is in its southernmost/northernmost po-
sition around July/November [24,26,31]. The NBC flows in the between 0–100 m to the
northwest along the shelf break with velocities of ~1.0 m·s−1 [32,33], reaching a maximum
transport in July–August and a minimum in April–May, influenced by the Intertropical
Convergence Zone (ITCZ) [34]. In contrast, the BC is weaker with typical surface core
velocities of about 0.4–0.7 m·s−1 with the seasonality opposite to the NBUC, also induced
by the sSEC bifurcation [35,36].

The currents in the SWTA interact with the Northeast continental margin, modulating
the boundary flow, and mesoscale activity (e.g., [26,37]). The shelf width varies between
100 and 200 with a shelf break depth ~60–80 m, and a rapid transition to abyssal depths
exceeding 3000 m, eventually interrupted by plateaus (Touros High offshore Rio Grande
do Norte and Pernambuco Plateau), seamounts and oceanic islands from the Fernando
de Noronha chain [38–41]. The vertical thermohaline structure is characterized by well-
defined density stratification rather than by sharp water-mass boundaries. The upper
∼100–150 m are dominated by light waters with σθ < 25.7 kg·m−3, overlying a denser
thermocline layer with σθ ≈ 25.7–26.8 kg·m−3 extending down to about 600 m. Below this,
intermediate levels are occupied by waters with σθ ≈ 26.8–27.3 kg·m−3 (∼600–1200 m), and
deeper layers are composed of even denser waters with σθ > 27.3–27.7 kg·m−3, reaching
σθ ≳ 27.9–28.0 kg·m−3 near the bottom [42,43]. This monotonic increase in density with
depth reflects the typical South Atlantic layering, often associated with Tropical Water,
South Atlantic Central Water, Antarctic Intermediate Water, North Atlantic Deep Water,
and Antarctic Bottom Water [43,44] and directly influences the spatial patterns of seawater
density used in the current power density calculations.

Altogether, the combination of strong western boundary currents and salinity-induced
denser water masses suggests the SWTA as a dynamically active region and a natural
hotspot of ocean current energy. However, its full hydrokinetic potential remains one
of the least explored among Brazil’s renewable resources. A foundational review by
Shadman et al. [9] identified a significant surface potential (500 W·m−2 associated with
~1.52 m·s−1 current speed) along the Brazilian Equatorial Margin, but this assessment was
limited to the upper 50 m of the water column. As a result, the energetic contribution
of the powerful, undersurface NBUC has been largely unassessed, representing a critical
knowledge gap in the evaluation of the region’s marine energy portfolio. The central
hypothesis here is that the subsurface components of the Western Boundary Current
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system in the SWTA, primarily the NBUC, represent a substantial source of renewable
energy. Therefore, this study addresses the subsurface gap by delivering the first high-
resolution, multi-decadal assessment of both surface and subsurface marine current energy
resources in the SWTA. Beyond the regional contribution, this work introduces a two-stage,
spatially targeted methodology to identify and evaluate persistent hotspots across depth
layers, enabling cross-site comparisons and parametric resource characterization. These
results expand the geographic and dynamical scope of marine energy research, offering new
insights into the role of tropical boundary current systems in renewable energy planning
and infrastructure design—a topic of growing relevance for the global blue economy and
climate-resilient energy transitions.

Figure 1. Study region showing bottom depth (colormap), current vectors (black arrows) and
streamlines (grey arrows) in the Southwestern Tropical Atlantic (SWTA). Schematic red arrows
demonstrate the direction of the zonal flows for the central and southern branches of the South
Equatorial Current (cSEC and sSEC, respectively) and the Western Boundary Currents: North Brazil
Current (NBC), North Brazil Undercurrent (NBUC, dashed) and Brazil Current (BC). Northeast Brazil
states: Maranhão (MA), Piauí (PI), Ceará (CE), Rio Grande do Norte (RN), Paraíba (PB), Pernambuco
(PE), Alagoas (AL), Sergipe (SE), and Bahia (BA). Gray streamlines depict mean surface flow pathways
derived from the climatological velocity field, indicating the direction of the large-scale circulation.
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2. Materials and Methods

A two-stage workflow was designed to confine daily analyses to objectively detected
high-resource areas: (1) hotspot identification from climatology; then (2) extraction and
analysis of daily data restricted to those hotspots. This two-stage design was chosen to
(i) identify hotspots using a long-term, stable baseline rather than transient daily extremes,
and (ii) make the daily analysis computationally tractable by restricting extraction to a small
subset of the domain that is most relevant for marine hydrokinetic assessment. Separating
hotspot delineation (from climatology) from daily characterization (within those hotspots)
also improves reproducibility and reduces sensitivity to day-to-day spatial displacement of
energetic cores in coarse-resolution reanalysis.

2.1. Hotspot Identification from Climatology

The climatological fields for the study region (Figure 1), were taken from the subset
cmems_mod_glo_phy_my_0.083deg-climatology_P1M-m from the Copernicus Marine
Global Ocean Physics Reanalysis (GLORYS12V1; DOI: https://doi.org/10.48670/moi-
00021 [45]). This product provides a global eddy-resolving reanalysis with a horizontal
resolution of 1/12◦ and 50 vertical levels, assimilating altimetry, in situ T/S profiles, and
satellite SST to correct biases in temperature and salinity fields through a 3D-VAR scheme.
Compared to alternatives like HYCOM [46] and ECCO [47] the GLORYS12V1 reanalysis
offers full-depth coverage, higher vertical resolution, and an observation-driven assim-
ilation scheme that better captures mesoscale dynamics. It also offers better temporal
continuity than short-term in situ campaigns or regional model hindcasts, making it well
suited for long-term climatological and statistical analyses. Nevertheless, it has limitations
in representing small-scale processes, topographic intensification, and nearshore dynam-
ics [26], and like most ocean reanalysis, lacks tidal forcing and wave-current interactions,
which may lead to underestimated variability near the coast and in shallow regions. De-
spite these caveats, GLORYS12V1 has been extensively validated and provides consistent,
bias-corrected ocean condition outputs that support robust long-term assessments [45].

For the climatology, monthly means spanning 23 years (1993–2016) of current velocity,
salinity, and temperature were used, restricted to the upper 35 levels (surface to 902 m),
as deeper currents in the study region are typically <0.5 m·s−1 and contribute negligibly
to kinetic energy. Then, Current Power Density (CPD) was defined as MHK power per
unit area, W·m−2 [22] as in Equation (1) with u, v as the zonal and meridional current
components, respectively, in m·s−1 and ρ is the seawater density evaluated cell-wise
using GSW-Python package v. 3.6.20 (https://teos-10.github.io/GSW-Python, accessed on
6 October 2025).

CPD(t, z, y, x) =
1
2

ρ(t, z, y, x) | U(t, z, y, x) |3, | U |=
√

u2 + v2 (1)

The CPD was computed at each grid point for all evaluated depths using the annual-
mean climatological fields, then derived the Maximum CPD across depth (MCPD) and
its depth of occurrence. Hotspots were defined as closed MCPD = 1000 W·m−2 contour,
a conservative value within the range commonly used in marine current resource assess-
ments (e.g., 0.25- and 1.0 kW·m−2 in [48]), to delineate high-energy areas. For each closed
polygon without interpolation, the minimum/maximum longitude and latitude (forming a
bounding box) and the minimum/maximum MCPD depth (vertical range) were obtained.
Because CPD scales with U3, climatological monthly means yield conservative magnitudes;
the climatology was used here to locate hotspots rather than to quantify high-frequency
variability. Furthermore, to evaluate robustness of the hotspot definition, a sensitivity anal-
ysis was performed using thresholds of 500, 800, 1000, 1200, and 1500 W·m−2. Additionally,
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the Jaccard similarity index [49] comparing the spatial overlap between the hotspots found
at this threshold and the reference ones at 1000 W·m−2 is presented. A value of 1 means
perfect overlap; lower values mean less similarity.

2.2. Daily Extraction and CPD Computation Restricted to Hotspots

Daily fields came from two subsets from the same Copernicus product as the climatol-
ogy. The subset comprised the multi-year archive (cmems_mod_glo_phy_my_0.083deg_
P1D-m, 1 January 1993 to 30 June 2021) and the interim archive (cmems_mod_glo_phy_
myint_0.083deg_P1D-m, 1 July 2021 to 26 August 2025). Daily analyses were conducted
only within each hotspot’s longitude–latitude bounding box and MCPD-based depth range
to provide a conservative and robust sampling window. Bounding boxes include sur-
rounding lower-energy regions and therefore tend to dilute the mean CPD relative to a
polygon constrained to the energetic core. This is a conservative choice for daily resource
estimates because it reduces sensitivity to small-scale, locally amplified model features and
to minor spatial misplacements of the energetic core from day to day as the one reported
by Dossa et al. [26] for the Global Ocean Physics Reanalysis product. This choice prioritizes
robustness and reproducibility in the daily hotspot time series extraction. For each day
and grid cell in these windows the zonal and meridional current components, salinity and
temperature were extracted from the multi-year and interim archives. Where both products
provided the same date, interim values were retained; no temporal gap-filling was applied.

CPD was then recomputed at native resolution as Equation (1). For each hotspot and
day, a scalar CPD value was obtained by arithmetic averaging over all valid longitude,
latitude, and depth grid cells within the hotspot window. Multi-year and interim segments
were concatenated, time-sorted, and deduplicated to yield continuous daily CPD series per
hotspot from 1993 to 2025.

2.3. Statistical Analysis

For each hotspot, daily time series minimum, maximum, mean, median, and
standard deviation were reported. Distributional properties were summarized with
Tukey box-plot statistics: first quartile (Q1), third quartile (Q3), interquartile range
(IQR = Q3 − Q1), whiskers defined as the most extreme non-outlier values within
[Q1 − 1.5 IQR, Q3 + 1.5 IQR], and outliers beyond those bounds. Seasonal structure was
characterized by the distribution of daily CPD by calendar month.

Significant differences between hotspots were tested using a one-way Analysis of
Variance (ANOVA). When the null hypothesis was rejected (p < 0.05), Tukey’s Honestly Sig-
nificant Difference (HSD) post hoc test was applied to identify statistically distinct hotspots.

To characterize the statistical distribution of CPD values at each hotspot, a two-
parameter Weibull probability density function (PDF) was fitted to the full time series
of each location. The Weibull distribution is commonly used to describe skewed and
non-negative datasets such as wind speed, wave height, and ocean current power in
renewable-energy resource assessment, due to its flexibility in modeling both exponential-
like and near-normal behaviors [50,51]. Furthermore, ocean surface current speed distri-
butions have also been shown to be well approximated by Weibull forms in observational
datasets, supporting its use as a compact representation of flow variability with inter-site
comparisons potential [52].

The probability density function of the two-parameter Weibull distribution is defined as:

f (x; k, λ) =
k

λ

( x

λ

)k−1
e−( x

λ )
k

, x > 0, k > 0, λ > 0 (2)
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where x denotes the CPD value (W·m−2), k is the shape parameter and λ is the scale
parameter. The shape parameter k controls the form of the distribution: values k > 2 indicate
a unimodal distribution with moderate variance; k < 1 represents highly skewed data with
heavy tails; and k ≈ 1 corresponds to an exponential decay. The scale parameter λ is
proportional to the characteristic magnitude of the variable (in this case, CPD) [50].

For each hotspot, CPD time series were first filtered to remove non-positive values.
The Weibull parameters (k, λ) were estimated using the maximum likelihood estimation
(MLE) available in the weibull_min function from the SciPy library [53], constraining the
location parameter to zero (i.e., assuming that the distribution starts at zero). The resulting
parameters summarize the statistical behavior of CPD at each location. Higher λ values
indicate stronger typical energy availability, while variations in k reflect the shape and
dispersion of energy distributions [54]. This approach allows for direct comparison of
energy resource characteristics across different hotspots, avoiding site-specific distribution
choices that could reduce cross-site comparability.

3. Results

The maximum hydrokinetic energy resource, quantified as MCPD, was primarily
concentrated at latitudes north of 12◦ S, with lower values observed southward across all
depths (Figure 2). The vertical distribution of this energy was closely tied to the regional
western boundary current system: In the upper 50 m, the highest CPD values were found
in the northern portion of the study area—where the resource is dominated by the NBC—
while the energy potential in the subsurface was linked to the NBUC. In contrast, the region
influenced by the BC exhibited negligible potential (<300 W·m−2). Furthermore, no MCPD
was identified below a depth of 300 m, where the current velocities generally decrease to
less than 0.6 m·s−1, resulting in low CPD across the entire study domain.

MCPD analysis delineated 12 persistent high-energy hotspots where potential exceeds
1000 W·m−2 (Figure 2a; Table 1 presents location and depth range). The 12 hotspots formed
two geographically and dynamically distinct clusters: the eastern hotspots, along the
continental slope off the coasts of Paraíba (PB), and Rio Grande do Norte (RN) (H1–H3), and
the northern hotspots (H4–H12), distributed along the Brazilian Equatorial Margin offshore
from Ceará (CE), Maranhão (MA), and Pará (located west of MA state). Climatologically,
the Northern Group also exhibited a more intense energy potential, with MCPD values
frequently exceeding 1500 W·m−2 (Figure 2a). Nevertheless, they also presented the largest
seasonal variability, different from the Eastern Group, as demonstrated by the standard
deviation of MCPD in Figure 2b. Additionally, the eastern hotspots were found in the
subsurface (130–266 m), whereas the northern hotspots were surface features (Figure 2c).
The results also show that robust core hotspots remain detectable under stricter thresholds
(e.g., hotspots 1–6 at 1200 W·m−2 and hotspots 3 and 4 at >1500 W·m−2), while the most
western hotspots footprint decreases with increasing threshold (Figure 2d).

The physical basis for the MCPD patterns is detailed in Figure 3. High MCPD values
are a direct result of power density being concentrated in high-velocity filaments corre-
sponding to the current’s core path, where speeds often exceed 1.3 m·s−1 (Figure 3a). The
variability of the resource is also primarily driven by velocity fluctuations, with speed stan-
dard deviations reaching up to 0.4 m·s−1 along the main axis of the current (Figure 3b). In
contrast, while spatial variations in seawater density are present (Figure 3c), their variability
is considerably smaller, with density standard deviations being an order of magnitude
lower (Figure 3d), evidencing that the current variability is the main forcing for northern
MCPD variability. However, denser and stabler subsurface currents lead to stable resources
in the Eastern portion of the study region.
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Figure 2. (a) Annual average and (b) standard deviation of the maximum current power density
(MCPD) and (c) depth of the MCPD. Blue contours indicated by red lines and descriptors (1–12) rep-
resent hotspots of MCPD > 1000 W·m−2. (d) Overlay of closed hotspot polygons extracted from
MCPD climatology using multiple threshold values (500, 800, 1000, 1200, and 1500 W·m−2). Colored
contours indicate the spatial extent of hotspots identified at each threshold. The number of closed
polygons (n) and the spatial similarity relative to the 1000 W·m−2 reference threshold, quantified
using the Jaccard index (J), are reported in the legend. Higher thresholds yield fewer, more spatially
confined hotspots, while lower thresholds capture broader, less persistent energetic regions.

Table 1. Coordinates and depth range (in meters) for the hotspots of current energy resource using
the 1000 W·m−2 threshold. Depth “0” means sea surface.

Hotspot Min. Lon Max. Lon Min. Lat Max. Lat
Min.

Depth
Max.

Depth
Mean
Depth

1 34.50311794◦ W 34.33045040◦ W 7.105770018◦ S 6.882931110◦ S 131 266 198

2 35.56277799◦ W 34.69037451◦ W 5.215420883◦ S 3.915738822◦ S 131 222 167

3 35.95514930◦ W 35.77659456◦ W 3.874762168◦ S 3.714923816◦ S 156 186 163

4 39.97185287◦ W 39.46325126◦ W 2.251789859◦ S 1.958868063◦ S 0 0 0

5 44.52622439◦ W 44.36119833◦ W 0.054347462◦ N 0.244547919◦ N 0 0 0
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Table 1. Cont.

Hotspot Min. Lon Max. Lon Min. Lat Max. Lat
Min.

Depth
Max.

Depth
Mean
Depth

6 44.87359625◦ W 44.58225517◦ W 0.296538033◦ N 0.528225899◦ N 0 0 0

7 45.35399403◦ W 45.31772390◦ W 0.825741777◦ N 0.841547764◦ N 0 0 0

8 46.83971696◦ W 46.38451470◦ W 1.452077887◦ N 1.876376457◦ N 0 0 0

9 47.37466777◦ W 46.93515169◦ W 1.876413530◦ N 2.295590423◦ N 0 0 0

10 47.71816236◦ W 47.43446094◦ W 2.322092614◦ N 2.619202279◦ N 0 0 0

11 47.93009985◦ W 47.82045592◦ W 2.732593635◦ N 2.845629499◦ N 0 0 0

12 48.09052323◦ W 48.06963931◦ W 2.987223703◦ N 3.015971091◦ N 0 0 0

Figure 3. Annual averaged and standard deviation of current velocity ((a,b), in m·s−1) and seawater
density ((c,d), in kg·m−3) at the depth of Maximum Current Power Density (MCPD) from the clima-
tology. The arrows in (a) represent the current direction at the MCPD depth. These maps highlight the
spatial variability in flow intensity and water mass structure along the continental margin, revealing
dynamic and thermohaline features that influence energy potential across the region.

Figure 4 shows the daily CPD time series for the 12 hotspots over 1993–2025, revealing
two distinct temporal regimes. The subsurface hotspots (H1–H3) display comparatively
stable CPD with weak seasonality and limited day-to-day excursions, forming persistent
energetic signals throughout the record. In contrast, the remaining hotspots (H4–H12) ex-
hibit pronounced short-term variability and strong periodic fluctuations, characterized by
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recurrent peaks superimposed on lower background levels and frequent extreme events.
These surface-intensified hotspots show greater intermittency, with bursts of high CPD
occurring repeatedly across the entire period, indicating that a substantial fraction of their
energetic signal is concentrated in episodic events rather than sustained levels. Across all
hotspots, the multi-decadal record also indicates intraseasonal variability, with multi-month
periods of enhanced or reduced peak activity relative to the long-term behavior, but this
modulation is markedly stronger in the seasonally forced hotspots (H4–H12) than in the
subsurface group (H1–H3).

Figure 4. Time series of daily current power density (CPD, in W.m−2) for Hotspots 1 to 12 from
1 January 1993 to 26 August 2025.

Statistical analysis confirmed significant differences among hotspots (ANOVA: p < 0.0001).
The post hoc test revealed similarity between H1 and H2 (p = 0.7437); H3, H10, H11 and H12
(0.09 < p < 1); H12 and H5 (p = 0.3181); H6 and H7 (p = 0.9934); and between H8 and H9
(p = 0.5803), while H4 was considered different from all the other hotspots. These differences
are illustrated by the CPD boxplots in Figure 5a (see Table 2 for summary statistics) that
highlight H1–H2 with median CPD values generally below 1000 W·m−2 (~831/808 W·m−2,
respectively), and relatively narrow interquartile ranges and fewer extreme events, indi-
cating more stable but lower-magnitude conditions (~1.15/1.05 m·s−1, respectively). H4
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had also lower median (730 W·m−2) but with broader dispersion. In contrast, hotspots
H5–H12 presented higher medians (H5: ~970 W·m−2; H6/H7: ~886/885 W·m−2; H8–H9:
~924/931 W·m−2; H10/H11/H12: ~1085/1024/1014 W·m−2) coherent with higher speeds
(median ≥ 1.18 m·s−1), broader dispersion, and numerous high-energy outliers, reflecting both
greater energy potential and stronger intermittency (speed range between 0.02–2.43 m·s−1).
Furthermore, H3 presented the higher median (~1211 W·m−2) within the hotspots and lower
dispersion than the northern group (speed between 0.20–1.83 m·s−1; median ~1.32 m·s−1).

Figure 5. Boxplots of current power density (CPD, in W·m−2) (a) over the entire analyzed and
(b) monthly boxplots for the 12 identified hotspots (H1 to H12). Each box represents the interquartile
range (25th to 75th percentile), with the orange line indicating the median. The whiskers extend to
the minimum and maximum values that are not considered outliers. Circles represent outliers (values
beyond 1.5 times the interquartile range). This figure highlights the variability and magnitude of
daily CPD across the hotspots throughout the study period.

The monthly boxplots (Figure 5b) revealed a marked seasonal cycle in the intermediate
and high-energy hotspots (except for H1–H3) characterized by elevated CPD from April to
July—especially in May and June—followed by a reduction in both magnitude and variabil-
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ity starting in September. Conversely, the weakest subsurface hotspots displayed limited
seasonal modulation, consistent with their lower variability across the full time series.

Table 2. Summary statistics of daily current power density (CPD) for each hotspot. For every hotspot,
the table reports the minimum, maximum, mean, standard deviation, followed by the first quartile
(Q1), the median, third quartile (Q3), and interquartile range (IQR). It also lists the lower and upper
whiskers used in the boxplots and the number of outliers identified beyond these whiskers (all CPD
values in W·m−2, except N outliers).

Hotspot
Min

(W·m−2)
Max

(W·m−2)
Mean

(W·m−2)
Std

(W·m−2)
Q1

(W·m−2)
Median
(W·m−2)

Q3
(W·m−2)

IQR
(W·m−2)

Whisker
Low

(W·m−2)

Whisker
High

(W·m−2)

N Out-
liers

1 222 1720 845 223 688 831 991 303 244 1443 72

2 233 1877 826 231 662 808 968 306 233 1425 151

3 9 3175 1197 477 862 1211 1527 665 9 2524 37

4 3 5103 956 725 440 730 1287 848 3 2559 496

5 0 7425 1249 985 548 970 1661 1113 0 3330 569

6 1 5823 1114 859 505 886 1479 974 1 2938 534

7 0 6473 1125 894 486 885 1514 1028 0 3055 515

8 1 5807 1020 701 481 924 1415 934 1 2817 224

9 0 5802 998 700 442 931 1422 980 0 2891 170

10 0 6701 1202 906 451 1085 1770 1319 0 3733 127

11 0 6086 1193 964 378 1024 1799 1420 0 3922 136

12 0 6465 1224 1023 356 1014 1859 1503 0 4106 119

The frequency distribution of the CPD time series for each hotspot was evaluated using
Weibull PDFs, as shown in Figure 6. The model reproduced the empirical CPD probability
density distributions at all hotspots (Figure 6a). Fit performance is consistently high, with
Kolmogorov–Smirnov distances ranging from KS D = 0.024–0.072 and CDF-based errors
of RMSE = 0.015–0.043 across hotspots. The smallest discrepancies occur in hotspots with
compact unimodal distributions (e.g., H7: KS D = 0.024; RMSE = 0.015), whereas the largest
deviations occur in hotspots with the strongest long-tail behavior (e.g., H10: KS D = 0.072;
RMSE = 0.043). These values indicate that the Weibull function provides an adequate
parametric summary of hotspot CPD variability for inter-site comparison.

Weibull parameters varied substantially among hotspots (Figure 6b), indicating dis-
tinct distributional regimes the clustered in two regimes: (i) narrower, peaked curves for
H1–H3, with more predictable CPD distributions; and (ii) flatter and broader curves for
H4–H12, reflecting greater variability and the occurrence of high CPD outliers. Hotspots
H1 and H2 exhibited the highest shape parameters (k > 3.7), indicating more symmetric
and peaked distributions, typical of more stable regimes with lower intermittency. Con-
versely, the lowest shape values (k ≈ 1.0–1.4) were observed in hotspots H4, H5–H7, and
H10–H12, revealing heavy-tailed, right-skewed distributions, commonly associated with
more intermittent CPD patterns and a greater prevalence of extreme events. The scale
parameter (λ), which reflects the characteristic CPD intensity, was highest in hotspots H3
and H5 (λ ≈ 1342–1360 W·m−2), confirming their higher energy availability. In contrast,
H1 and H2 showed lower λ values (<930 W·m−2), consistent with their lower medians
observed in the boxplots (Figure 5b), but with higher PDFs which implicates in higher
power reliability.
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Figure 6. Weibull Probability Density Functions (a) fitted to the daily Current Power Density
distribution for the 12 identified hotspots. The graphical comparison in (b) highlights two distinct
energetic regimes: narrower, peaked curves (e.g., H1–H3) indicate higher stability and predictability,
while broader, right-skewed curves (e.g., H5–H12) reflect greater variability and the prevalence of
extreme energetic events. The shape and scale parameters for the Weibull analysis are provided in
(b) for reference.

4. Discussion

In this work, 12 hotspots of marine hydrokinetic energy were identified from ocean
currents. The Eastern hotspots (H1–H3) are embedded within a region directly domi-
nated by the NBUC and characterized by high-salinity Subtropical Underwater, while the
Northern hotspots (H4–H12) are influenced by the NBC and waters from the central South
Equatorial Current; these correspond to the same two oceanographic areas identified by
Assunção et al. [55] from in situ data. Regarding the Northern Group, the results align
closely with the assessment by Shadman et al. [9], who identified the NBC’s equatorial
margin (Region D) as the most energetic area, reporting annual mean surface velocities
of 1.52 m·s−1 and seasonal power density peaks exceeding 1400 W·m−2 during austral
autumn (March–June). The current variability observed also aligns with the NBC seasonal
variation reported by Johns et al. [34] from in situ measurements.

In turn, the eastern hotspots identified in this work are reported for the first time, since
previous works in this region concerning marine current resource assessment are limited
to surface depths (e.g., [9]). In this case, the hotspots were associated with highly local
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features characterized by currents with speeds > 1.0 m·s−1. Speeds greater than this value
are rarely observed south of 5◦ S in the NBUC, but frequently reported north of this latitude
(e.g., [23,26]). Nevertheless, outside the hotspots, the current estimates—between 0.5–1.0 m·s−1

and >1.0 m·s−1, south and north of 5◦ S, respectively—agree with the observation in previous
works with in situ data [26–30]. This suggests that localized bathymetric or dynamical features
may play a key role in sustaining the intensified currents observed at the hotspots.

The spatial distribution of the hotspots results from the confluence of large-scale
current dynamics, mesoscale features, and localized flow-topography interactions. In this
context, the western boundary currents in the SWTA interact strongly with the margin
topography, giving rise to vortices, rings, and meanders that strongly enhance eddy kinetic
energy and lateral exchange along the continental margin [26,35], which should increase
current energy potential and contribute to seasonal variation. Along the margins of the
Eastern and Northern Groups off the Brazilian coast, the NBUC flows over a steep conti-
nental slope and topographic highs such as the Touros High (from RN state) and adjacent
canyons; in this region, the Potiguar Eddy is explicitly associated with the margin physiog-
raphy and alternates between vortex-like and meandering states, with current–topography
interactions near the shelf break inducing disturbances that can reach the mixed layer [37].
Indeed, the location of the hotspots H2 and H3 suggests that they are related to the NBUC
shifting with the change in coastline direction that also gives rise to the quasi-stationary
Potiguar Eddy [37,56]. In particular, H3 seems to be sustained by the Potiguar Eddy, an
anticyclonic eddy with a persistent subsurface structure (100–400 m) centered at ~4◦ S [56].
The recirculation traps kinetic energy, explaining why H3 presents the highest median
power density among all the hotspots. Further south, H1 can also be a result of the NBUC
speeding with the change in direction of the coastline, as indicated by change in current
speed attributed to the orography effect previously reported south of 7.5◦ [26]. In the
northern sector, Johns et al. [34] reported the acceleration of the NBC as it is constrained by
the continental slope, which might explain the northern hotspots close to the shelf break
(H4–H12). Nevertheless, the location of the hotspots is also closely related to the change in
coastline direction and shelf narrowing.

When an along-shelf current encounters sharp changes in coastline geometry—such
as capes, headlands or rapid variations in shelf width—the flow tends to accelerate down-
stream because of conservation of potential vorticity and simple “nozzle-like” constriction
of the current. Laboratory and numerical experiments of rotating, stratified flow past
idealized capes show that as the boundary bends or protrudes offshore the streamlines
are compressed against the coast and over shallower topography, so the water-column
thickness decreases and relative vorticity must adjust; the most efficient way for the current
to conserve potential vorticity is to narrow and speed up, forming an intensified jet around
and just downstream of the cape [57,58]. High-resolution process studies further demon-
strate that this acceleration is often accompanied by strong shear and flow separation in
the lee of the headland, which can generate energetic eddies while maintaining a fast,
topographically steered core of the boundary current downstream [59]. Similar behavior is
seen in real systems such as the California Current upwelling jet, where currents remain
attached and intensified along the coast upstream of major capes and then separate and
extend offshore as a narrow, high-speed jet downstream, strongly modulating cross-shelf
transport [60]. Altogether, these studies indicate that changes in coastline orientation and
shelf geometry act to focus momentum, steepen along-shelf pressure gradients and enhance
shear, leading to locally accelerated downstream currents relative to adjacent straight-coast
segment, therefore increasing MKE potential. Indeed, topographic acceleration was ob-
served near the Touros High (H2), where the NBUC’s vertical extension is compressed
from ~1000 m to less than 500 m due to shoaling topography [26,37].
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Farther south, the BC also interacts with the major topographic features such as Royal
Charlotte Bank, Abrolhos Bank and the Vitória–Trindade Ridge, where mesoscale meanders
and eddies are generated [35,61], nonetheless, no hotspot was observed in this region. In
contrast, the highest CPD values in the domain occurs along the NBUC/NBC at lower
latitudes (<10◦ S), even though local current speeds in the BC can be of similar magnitude
to the NBUC. This difference is consistent with low-latitude dynamics: as the Coriolis
parameter decreases toward the equator, geostrophic balance becomes more sensitive to
changes in pressure gradient and topography, and a given horizontal pressure gradient
can support stronger boundary-current velocities [62,63]. Over the upper continental slope,
abrupt changes in bathymetry modify the along-slope pressure gradient and potential-
vorticity field, producing ageostrophic accelerations and locally intensified jets downstream
of banks and sills [64,65]. In the NBUC region, these effects appear to focus the flow into
a relatively narrow, topographically steered current, enhancing CPD at MCPD depth,
whereas farther south the BC tends to redistribute energy into meanders and eddies as in
other mid-latitude boundary systems [66,67], reducing the time-mean CPD along the slope.

Nevertheless, local ADCP measurements [26] show current speeds exceeding those in
the reanalysis, indicating that coarse-resolution models may underestimate topographic in-
tensification. For example, Dossa et al. [26] report North Brazil Undercurrent core velocities
reaching up to ~1.2 m·s−1 off Northeast Brazil and note that the GLORYS12V1 reanalysis
shifts the North Brazil Undercurrent core offshore by ~15 km and shows limitations in the
near-coastal zone. In the results, the median daily current speed at Hotspots 1 and 2, was
1.15 and 1.05 m·s−1, respectively, which is ~4–12% lower than the ~1.2 m·s−1 core velocities
reported by Dossa et al. [26]. Consequently, the energy potential estimated in this work for
the Hotspots 1 and 2—both associated with the NBUC core—is likely conservative in the
reanalysis. Although, these two NBUC hotspots were chosen as examples because of ADCP
observations in this region; the same observation-based comparison is not directly available
for all hotspots. However, while this is not a formal bias estimate (given differences in
sampling, location, and the use of core maxima versus medians), it is consistent with
the reanalysis capturing the large-scale signal while smoothing peak intensities. Because
current power density scales with the cube of velocity, a ~4–12% difference in speed would
translate into roughly ~14–49% higher power density, reinforcing that the estimates in this
work are conservative lower bounds, particularly near strong topographic gradients.

Beyond average speed differences, however, the full distribution of CPD also holds
important implications for energy production and operational reliability. In marine cur-
rent energy systems, energy production is a nonlinear function of velocity, with power
density scaling as the cube of speed. Consequently, even modest changes in the CPD
distribution—reflected in the shape of the PDF—directly affect energy availability and
turbine performance over time. Therefore, the PDF shape can be interpreted in terms of
expected energy yield and the reliability of marine energy resources. The fitted Weibull dis-
tributions revealed two contrasting behaviors: the subsurface hotspots exhibit high shape
parameters (H1–H3: k > 2.7), indicating narrow, peaked distributions centered around high
CPD values, which suggest more persistent operating conditions and greater reliability for
energy production. In contrast, the remaining hotspots (H4–H12) show lower shape factors
(k ≈ 1.0–1.4), reflecting broader, right-skewed distributions where high-energy events are
less frequent but more extreme. This distinction is relevant for device selection and de-
sign: high-k regimes support steadier operation around typical conditions, whereas low-k
regimes imply stronger intermittency and greater sensitivity to episodic events, favoring
solutions that tolerate variable output and benefit from hybridization or complementary
generation. This aligns with prior studies that emphasize the importance of probabilistic
(distribution-based) resource characterization for tidal/current energy applications and
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comparisons across sites [52] and reinforces the value of parametric PDFs for cross-site
comparison and technology matching in early-stage assessments.

The difference in PDF shape was related to the hotspot’s intrinsic variability: while
the northern ones presented strong variability, the eastern ones were more consistently
stable along time. For the first, the variability was closely linked to the NBC’s seasonal
modulation driven by the migration of the ITCZ [34,68] as well as some extreme forcing
expected to drive shallow dynamics, as evidenced by the outliers. The NBC intensity
reaches its minimum in April and peaks significantly from August to October [34,68],
which aligns with the seasonal signal observed in the results, where maximum CPD occurs
during the second half of the year. Beyond this prominent seasonal cycle, the ~30-year
series also reveals significant intraseasonal variability, with distinct periods exhibiting
consistently higher or lower energy peaks than the long-term average. In contrast, the
eastern hotspots, which occur in depth (>130 m), do not have marked seasonality, which
suggests that the depth provides shelter from the surface atmospheric variability, offering
a reliable and stable source of MKE throughout the year. However, seasonality in the
shallowing and intensification of the current at the end of the fall and beginning of the
austral winter was observed, consistent with previous works [24,26,31]. This apparent
stability, despite the expected seasonality can be explained by the interaction between the
current system and the regional topography, likely driven by topographic steering and the
vertical migration of the current’s core. Specifically, the conservation of potential vorticity
constrains the flow along the steep bathymetry of the continental slope, anchoring the
energy hotspots to fixed isobaths and preventing lateral shifts despite seasonal fluctuations.
Furthermore, the observed stability at depth may result from a compensatory mechanism:
during periods of NBUC intensification, the current’s core typically undergoes seasonal
shallowing, while during weaker phases, it deepens. This vertical oscillation can filter
the regional seasonal signal at specific depths (>130 m), maintaining a consistent energy
flux where the seafloor morphology stabilizes the boundary flow. Nevertheless, these
mechanisms remain speculative, and further process-driven investigations, such as high-
resolution numerical modeling or dedicated in situ transects, are required to confirm the
relative contribution of topography and vertical core displacement to the observed stability.

Furthermore, the distinct patterns of the northern and eastern variability reveal the trade-
off between high peak CPD and temporal stability. This is consistent with previous resource
assessments and variability studies in wave and tidal energy, which emphasize that not only
mean power, but also seasonal and inter-annual variability must be considered when selecting
optimal sites [67,69–72]. The statistical distinctions, particularly those revealed by the Weibull
analysis, are critical for evaluating hotspot suitability and managing operational risks, offering
a compelling analogy to wind energy conversion. Just as wind turbines have ‘cut-out’ speeds
to prevent catastrophic failure during storms, marine devices have operational limits; flow
instability—whether directional meandering or turbulence—induces cyclic overloading and
pitch oscillations in turbine rotors [16]. These dynamic loads are primary drivers of structural
fatigue and system failure, often forcing turbines into survival mode and effectively reducing
the exploitable capacity factor. Certainly, the central finding of this study is a clear trade-off
between the magnitude of the energy potential and its temporal stability, as quantified by
the daily CPD time series analysis. While the NBC offers immense theoretical power to the
northern hotspots, with CPD peaks exceeding 7400 W·m−2, it also leads to periods of complete
intermittency during the low-energy season, which represents a critical economic barrier for
energy production [15]. For mature ocean current technologies—exemplified by the US
Department of Energy’s ‘Reference Model 4’ designed for the stable Gulf Stream—achieving a
competitive Levelized Cost of Energy (LCOE) of ~$0.25/kWh relies heavily on maintaining a
high Capacity Factor [73]. The intermittency of the Northern Group would likely degrade
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this Capacity Factor, significantly increasing the LCOE compared to this global benchmark.
Conversely, the subsurface eastern hotspots, particularly H3, provide a more stable and
reliable resource ideal for baseload power generation. H3 presents a ‘tuned’ resource profile:
its median power density (~1211 W·m−2) is higher than the typical median of the Northern
Group, yet it maintains a tighter distribution, without the destructive tail of extreme events.
This balance suggests that H3 offers the high-yield potential of the northern hotspots with
the operational safety of the eastern ones, minimizing CapEx risks associated with over-
dimensioning equipment [73], i.e., potentially reducing the engineering costs required to
withstand extreme outlier events observed in the northern sector. Furthermore, this stability is
particularly favorable for advanced technologies like the Cross-stream Active Mooring, which
require directional consistency to minimize yaw adjustments and structural fatigue [10].

While these characteristics highlight the engineering relevance of site-specific flow
patterns, it is also important to clarify that the CPD values presented here represent the
theoretical kinetic energy flux available in the water column, not the technically extractable
power. Actual power generation depends on device-specific parameters, including the
turbine swept area, the power coefficient and drivetrain efficiency, which are subject to the
Betz limit and mechanical losses. Therefore, further studies are needed to translate this
theoretical potential into realistic energy yields, considering local flow conditions, device
performance, and environmental limitations. In this sense, the CPD results presented here
serve as the primary screening parameter for identifying viable sites before technology-
specific constraints are applied [74].

Nonetheless, our results have direct implications for early-stage security-informed
resource planning because they quantify a fundamental trade-off between peak energy
potential and temporal reliability, which maps onto economic feasibility, operational risk,
and the capacity to provide dependable supply. In sustainable development frameworks,
security is often discussed through integrated environmental, economic, and social pil-
lars [6]; within that framing, a key practical advantage of the stable subsurface hotspots is
their potential to support more dependable generation profiles (baseload-like behavior),
reducing vulnerability to seasonal intermittency that can undermine capacity factors and
increase system costs. Conversely, the highly seasonal northern hotspots highlight that
high theoretical power alone does not guarantee dependable supply, emphasizing why
probabilistic characterization and long-term variability matter for planning. These out-
comes reinforce the value of integrating physical resource assessments into broader marine
spatial planning and national energy strategies, while simultaneously motivating targeted
observational programs and environmental monitoring to support responsible deployment
pathways [7]. In other words, this study provides the physical first-order evidence needed
to guide follow-on analyses that explicitly address environmental risk, stakeholder accep-
tance, and economic performance—components that are central to security-oriented energy
transitions but outside the scope of the present oceanographic assessment.

Furthermore, placing these results into a broader setting helps highlight their significance
and the need for cautious interpretation. In a global context, the mean CPD values of the north-
ern hotspots (~1.2 kW·m−2) are comparable to, though slightly lower than, those reported in
world-class locations like the Gulf Stream and Agulhas Current (~2–3 kW·m−2) [11]. However,
it is critical to note that resource assessments based on global ocean models, like the one used
here, have been shown to systematically underestimate current speeds and, consequently,
may provide highly conservative estimates of the true energy potential, e.g., VanZwieten
et al. [16] reported errors of up to 58% in modeled power density near the surface compared
to ADCP data in the Agulhas Current. On the other hand, reanalysis/model datasets are
commonly used in renewable-resource studies to complement scarce measurements [75], but
multiple studies stress that reanalysis performance is case-dependent and should be carefully
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evaluated/validated against observations where possible [75–77]. In addition, limitations can
be amplified in complex coastal settings where coarse resolution may not represent locally
relevant processes [26,75]. Therefore, the values presented in this study should be considered
a robust baseline, with the actual in situ potential likely to be significantly higher.

Lastly, this work is based on a daily reanalysis that, while effective at identifying
persistent energetic regions, masks the variability from tides that are important for the
northern portion of the study region [78–82]. Similarly, wave-current interactions (WCI)
represent another key dynamical factor not explicitly resolved in the reanalysis used.
Classic assessments have described the wave climate along the Brazilian coast [83,84],
highlighting the energetic influence of the ITCZ in the northern sector where in situ data
reveal significant wind-sea and swell systems [85]. This indicates that the interaction
between the intense trade wind-driven wave climate and western boundary currents can
significantly modulate local hydrodynamics. While this effect is likely negligible for the
stable subsurface hotspots (H1–H3) identified here due to their depth (>100 m), it remains
a relevant factor for surface device design and operation in the Northern Group.

5. Conclusions

This study aimed to assess the spatial variability and temporal persistence of ocean
current energy potential in the Southwestern Tropical Atlantic, using daily reanalysis
data to identify robust hotspots and characterize their statistical behavior. The results re-
vealed current energy potential, previously unquantified by surface-only analyses, situated
within the broader physics of Western Boundary Current dynamics. The analysis of the
Southwestern Tropical Atlantic supports the following four key conclusions:

Resource Dichotomy: Twelve persistent energy hotspots were identified, revealing
a clear geographical and dynamical dichotomy between a highly energetic but variable
Northern Group (H4–H12), driven by the NBC, and a less potent but significantly more
stable Eastern Group (H1–H3), driven by the NBUC.

Subsurface Stability: The results confirm the central hypothesis that the NBUC rep-
resents a substantial and reliable energy resource. Its subsurface nature provides shelter
from surface atmospheric variability, making the Eastern hotspots particularly attractive for
baseload power generation compared to the intermittency observed in the Northern sector.

Optimal Location: Hotspot 3 (H3) emerged as the optimal site, balancing high energy
potential with the stability characteristics of the Eastern Group. While the specific flow-
topography mechanism responsible for H3 requires further investigation, it presents the
highest median current potential (~1211 W·m−2) of all identified hotspots.

Strategic Trade-off: The practical exploitation of this resource hinges on a trade-off
between the higher theoretical power potential of the northern hotspots and the operational
reliability of the eastern ones.

The results confirmed the central hypothesis that the North Brazil Undercurrent
represents a substantial and reliable energy resource, with its greater stability making it par-
ticularly attractive for baseload power generation. From a practical perspective, the results
offer a technical basis to prioritize locations for in situ current monitoring, pre-feasibility
studies, and technology adaptation. Furthermore, the findings highlight key characteristics
of the hotspots and link their potential to the flow topography interactions driver.

Methodological limitations include the use of rectangular bounding boxes for daily
analyses, which improves computational efficiency but may lead to conservative estimates
of current power density by including lower-energy areas surrounding the energetic core of
each hotspot. In addition, the use of daily reanalysis data is well suited to identify persistent
energetic regions but does not resolve tidal variability, which is particularly relevant in
the northern part of the study area. The absence of long-term, continuous in situ current
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measurements at the hotspot locations further necessitates reliance on reanalysis products,
which may locally overestimate or underestimate current speeds and, consequently, power
density. Moreover, wave–current interactions are not explicitly resolved in the reanalysis;
while this limitation is likely of minor importance for deeper, more stable subsurface
hotspots, it remains relevant for the assessment and design of surface-based energy devices
in the northern sector.

Gaps and Perspectives

One of the main questions left open in this work is the specific flow–topography
interaction mechanism responsible for each hotspot and if the mechanisms can generate
hotspots along other continental margins. Addressing this requires targeted investigation
of the physical drivers of current intensification, especially in poorly resolved shelf-slope
and western boundary current systems. Additionally, the identification of the stable
subsurface potential of the NBUC has implications beyond the Southwestern Tropical
Atlantic. Many global Western Boundary Currents, such as the Kuroshio, the Gulf Stream,
and the Agulhas Current, exhibit similar vertical structures with energetic subsurface
cores. While most current projects focus on surface extraction, the results presented here
suggest that subsurface optimal zones—protected from surface weather variability and
presenting lower turbulence—might represent a globally under-exploited class of renewable
resource. Future global assessments should investigate if the stability advantages observed
in the NBUC are replicated in these other major current systems, potentially shifting the
exploration paradigm from surface-only to stable subsurface baseload resources.

There is also a notable gap in studies of marine current energy in oceanic regions,
particularly along the Brazilian coast, where few assessments incorporate cost-per-unit-
production estimates or robust observational validation. Compounding this is the lack
of continuous in situ current monitoring, especially in the low-latitude Southwestern
Tropical Atlantic, which limits the ability to validate model-based energy estimates or
detect long-term trends. Therefore, the most critical next step is to initiate long-term,
in situ observational programs, including the deployment of moored ADCPs within the
identified hotspots. This is essential not only to validate reanalysis-based estimates and
support engineering design with high-resolution data, but also to capture the full spectrum
of interannual to decadal variability relevant to both energy prospecting and climate
science. It is also recommended to integrate ocean energy assessments into broader marine
spatial planning and national energy strategies, especially as interest grows in diversifying
renewable energy portfolios and exploring hybrid offshore systems.

It is important to note that the apparent temporal stability of eastern hotspots does not
imply invariance. The Tropical Atlantic is subject to long-term changes. Brandt et al. [86],
for instance, reported a >20% intensification of the Equatorial Undercurrent over a recent
decade. Meanwhile, projections indicate that western boundary currents are likely to
undergo structural changes due to climate forcing [87–89], although the future trajectory
of the North Brazil Current/Undercurrent system—whether acceleration or weakening—
remains uncertain. These findings reinforce the need to improve the observational coverage
of low-latitude current systems in the SWTA and to systematically account for large-scale
climate variability in marine energy assessments. Future research should also explore the
role of climate modes such as the Atlantic Niño/Niña and teleconnections from ENSO, in
modulating current variability at interannual timescales. Such modes may impact not only
the mean resource availability but also its temporal reliability and engineering feasibility.

Ultimately, this work advances the field by moving beyond descriptive surveys to
contextualize resource potential within the physical dynamics of western boundary cur-
rents. It demonstrates that a comprehensive understanding of both surface and subsurface
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flows is essential for accurate marine energy prospecting. By providing a foundational
characterization of CPD variability and spatial structure, this study lays the groundwork
for the sustainable development of a marine renewable energy sector in Brazil—one that is
informed by physics, validated by observations, and robust to climate variability.
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Abbreviations

The following abbreviations are used in this manuscript:

AAIW Antarctic Intermediate Water

ADCP Acoustic Doppler Current Profiler

AMOC Atlantic Meridional Overturning Circulation

ANOVA Analysis of Variance

BC Brazil Current

CapEx Capital Expenditure

CE Ceará (State of Brazil)

CF Capacity Factor

CPD Current Power Density

CSAM Cross-stream Active Mooring

cSEC Central South Equatorial Current

H1–H12 Hotspots 1 to 12

HSD Honestly Significant Difference

IQR Interquartile Range

ITCZ Intertropical Convergence Zone

LCOE Levelized Cost of Energy

MA Maranhão (State of Brazil)

MCED Marine Current Energy Device

MCPD Maximum Current Power Density

MHK Marine Hydrokinetic
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MLE Maximum Likelihood Estimation

NBC North Brazil Current

NBUC North Brazil Undercurrent

OpEx Operational Expenditure

PA Pará (State of Brazil)

PB Paraíba (State of Brazil)

PDF Probability Density Function

PE Pernambuco (State of Brazil) or Potiguar Eddy (context-dependent)

RN Rio Grande do Norte (State of Brazil)

SEC South Equatorial Current

sSEC Southern South Equatorial Current

SUW Subtropical Underwater

SWTA Southwestern Tropical Atlantic

WBC Western Boundary Current
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