Aquatic Ecosystems and Environmental Frontiers, Volume 3, Issue 4, December 2025 ISSN: 3049-186X
https://doi.org/10.70102/AEEF/V314/17

Ocean Currents and their Role in Regulating Global Climate
Patterns and Marine Ecosystem Health

I* Pieter de Vries, Dutch Institute for Circular Innovation Research, Eindhoven, Netherlands.

2 Sophie van Dijk, Dutch Institute for Circular Innovation Research, Eindhoven, Netherlands.

Abstract: Ocean currents form one of the Earth’s most important regulating systems that control global climate, global
heat, nutrients, and gas distribution and maintain the stability of marine ecosystems. Unfortunately, climate change
resulting from human activities is driving the disruption of thermohaline circulation, changing sea surface temperature,
and modifying environmental niches that support the life of millions of marine animals and plants. The present paper
aims to investigate the dual function of ocean currents as a regulator and habitat component and to provide a scientific
basis for its integration with marine ecology by analyzing multiple sources of oceanographic data for the Atlantic,
Pacific, Indian, and Southern oceans. Through correlation analyses of sea surface temperature (SST), profile of
salinity, dissolved oxygen concentration, and indices for biodiversity to indicate ecosystem stress, I show there is a
positive relationship (r=0.81, p<0.01) between anomalies in current velocity and reduction in biodiversity for 6 main
current systems examined. By incorporating data, I suggest predicted slowdown of thermohaline circulation by
25-35% by 2050 could cause a reduction in net primary productivity in tropical oceans of up to 18%. This research
provides an integrated framework relating oceanography to marine ecology and presents recommendations for
adaptive and regulatory practices in the governance of oceans to provide guidance for policymakers and ocean
researchers.
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I. Introduction

Ocean currents act as the large-scale transport of heat, nutrients, and biogeochemical species between
hemispheres, which regulate the global climate (Wang et al., 2024). Thermohaline circulation (THC), the
so-called 'global ocean conveyor belt', connects the surface circulation and deep-water circulation in order
to control atmospheric temperature, precipitation regime, and the carbon cycle around continents. Persistent
anthropogenic forcing, chiefly by greenhouse gas emissions, is altering circulation patterns significantly,
causing sea surface temperature (SST), salinity gradient, and oxygen stratification of the oceans to reach
unprecedented levels (Yaisien et al., 2023). The polar region has warmed at rates more than two or three
times the average global warming rate, which weakens the density difference to drive the thermohaline
circulation (Garcia Molinos et al., 2017). It will be impossible to adopt a climate change adaptation and
mitigation strategy effectively without a profound understanding of such coupling.

The main issue to be addressed in this paper is the decline of the ocean current systems caused by climate
change, its compound effect on the health of the marine ecosystem that is under-quantified at the junction
of physical and marine ecology. The current studies generally treated the ocean circulation system and
ecosystem response as two independent coupled systems, leading to poor climate model predictive power
and the inability to develop coupled management strategies (Robinson & Erickson III, 2015). Here,
establishes a cross-disciplinary analytic model that links observable current anomaly to measurable
ecological stress factors on multiple ocean basins and investigate statistically significant relationships
between current anomaly and the ecological indices, and project to 2050 under CMIP6 scenarios
(Chakraborty, 2022; Gattuso et al., 2018).

The current study provides three main contributions. First, it presents a united analytic system linking
physical and marine biological oceanographic data in six different ocean current systems. Second, it reports
statistically significant correlation coefficients between current anomalies and ecological impact indices as
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a crucial data void was revealed in current studies. Third, it predicts a projection result of the trends of
current anomalies and ecological response, which may inform national and international ocean governance.
In the following sections, first review relevant literature in Section 2, then describe the material and
methods, including the investigation area, data collection, and analytic methods in Section 3, then show the
results, including tables and figures, in Section 4, and finally discuss in Section 5. Section 6 concludes the
recommendation for future research and relevant policy.

II. Literature Review

Ocean current and climate regulation have been the subject of decades of interdisciplinary research. The
work from the earlier years demonstrates that the AMOC is one of the leading drivers of variability in the
Northern Hemisphere climate, and changes in AMOC strength cause distinct changes in North American
and European air temperature and precipitation (Wang et al., 2024). The review from Wang et al., (2024)
provided a synopsis of complex interactions between climate elements and marine ecological processes,
showing how feedback mechanisms can amplify or dampen perturbations in the current system (Wang et
al., 2024). Similarly, the paper from Yaisien et al., (2023) highlights significant climate-related changes in
marine climate parameters due to reduced vertical mixing and upwelling driven by thermal stratification
(Yaisien et al., 2023). An inference drawn from this previous work is that the physicochemical properties
of currents are not simply passive outputs of atmospheric forcing but rather an active component of climate
feedbacks.

Ocean currents have a significant role in modifying the coupling between climate change signals and
biogeographical ranges of species. Garca Molinos et al., (2017) showed that species' ability to follow a
warming climate is strongly mediated by currents and is greatly impacted by current direction and speed
(Garcia Molinos et al., 2017). This is an important finding for ecological predictions since it indicates that
there will not be a uniform northward movement of species in response to global warming. The work from
analyzed global ocean temperatures based on unsupervised GMMs showing 5 distinct temperature ranges
that control species assemblage and phytoplankton blooms. Robinson and Erickson, (2015) demonstrate
how altering the flow of the Antarctic Circumpolar Current, a result of ozone hole-related wind changes,
impacts the species in subpolar marine systems (Robinson & Erickson III, 2015). A strong common
inference that can be drawn from these papers is that an anomaly in currents will have implications for large
basin biodiversity.

There is a significant body of literature highlighting the ecological consequences of altered current flow,
as illustrated by Chakraborty (2022), who illustrates the multi-dimensional eco-functionality of ocean
systems, including nutrient cycling, primary production, and carbon sequestration, as key dependencies of
the stability of circulation patterns (Chakraborty, 2022). Gattuso et al., (2018) present ocean-based solutions
to mitigate climate change, arguing that restored current-dependent marine habitats like kelp and seagrass
forests can mitigate climate change and also preserve biodiversity (Gattuso et al., 2018). Early warnings of
the synergistic impacts of climate change factors were given by Hoegh-Guldberg and Bruno, (2010), citing
how ocean acidification, warming, and deoxygenation, coupled with current anomalies, pose a direct threat
to polar species and coral reefs (Hoegh-Guldberg & Bruno, 2010). Veerappan and Arvinth, (2025) present
a technological advance in acoustic-based real-time detection of pollution anomalies in coastal current
systems (Veerappan & Arvinth, 2025). The inferential conclusion of these diverse papers is that deviation
from nominal current systems is linked to, and accelerated by, further perturbations in many ecological
parameters (Khanaa et al., 2013).

There is also a considerable amount of work that has begun to tie the socio-economic aspects and policy
recommendations to the science of changing ocean currents. The paper from synthesizes evidence that
shows how ocean warming contributes to changes in the resilience of marine biodiversity and ecosystem
functions and that integrated management is necessary. Future impacts and value of ocean health from a
societal perspective, including ecosystem services, carbon sequestration, and food security, are provided by
(Hossain, 2019). Landrigan et al., (2020) demonstrate a link between changes in pollution dispersal
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mediated by currents, the health of coastal communities, and the value of the ocean (Landrigan et al., 2020).
Governing marine biodiversity in changing oceans is analyzed by Craig, (2012), who calls for an adaptive
and legal system to be established to cope with this change (Craig, 2012). Rothig et al., (2023) show how
human-mediated changes to salinity, driven partially by altered currents, cause negative impacts on various
marine species (Rothig et al., 2023). Overall, these papers suggest that an extensive evidence base exists
demonstrating how important currents are for climate, ecosystems, and humans. However, this analysis is
missing comparative data between ocean basins on a global scale that this paper seeks to provide.

III. Materials and Methods

To determine the relationships between ocean currents, climate variables, and the condition of the
marine environment, this analysis uses multiple sources of oceanographic data and analytical and
computational techniques to evaluate current data in 6 major ocean systems throughout the globe.

Warm Cold
Currents Currents
Global Climate 4 \<> Marine Ecosystem
Patterns Health
Ocean
Currents I . e
Heat Distribution — (_\ /W ®, o Nutrient Transport

l Temperature f—% Primary
Regulation ’ Productivity
Rainfall and _ o< Species

Monsoons Distribution

4w  Extreme Weather fa Oxygen and
Influence ‘eb, Carbon Cycling

Global Environmental Balance

v Climate A Biodiversity ~—~—Sustainable Ocean
Stability Support Functioning

Figure 1: Conceptual Model of Ocean Currents Impacting Climate and Marine Ecosystem Health

Figure 1 highlights how central ocean currents are for both global climate patterns and the healthy
function of marine ecosystems. While warm and cold currents are key drivers for the transport of heat and
therefore affect temperature, precipitation, nutrient transport, primary productivity, distribution of species,
and the functioning of biogeochemical processes, the cumulative impact of the processes driving these
current systems creates a balance of global conditions, facilitates global biodiversity, and sustains the
functioning of the ocean.

Study Area

Six key ocean current systems were included to represent the range of oceanic and ecological
circumstances possible: the Gulf Stream (North Atlantic), the Humboldt Current (South Pacific), the
Kuroshio Current (North Pacific), the Antarctic Circumpolar Current (Southern Ocean), the Benguela
Current (South Atlantic), and the California Current (East Pacific). These six systems were selected as they
provide extensive geographic coverage of all major ocean basins, are present across the tropical, temperate,
and polar ocean realms, drive climate over approximately 60% of the world's continental coastline, and
contribute up to around 40% of global marine primary productivity. Boundary definition for each study
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zone was based on current oceanographic regions and the standardization adopted by both NOAA and the
Copernicus Marine Service (CMEMS).

Data Sources and Acquisition

Observational data sets are from four sources covering the time period 2000-2023. Sea surface
temperature (SST) data were taken from the NOAA Optimum Interpolation SST v2.1 at a resolution of
0.25. Salinity and density data came from Argo floats and the World Ocean Database (WOD), respectively.
Dissolved oxygen was from the Global Ocean Data Analysis Project (GLODAP v2), but CTD cast records
from other sources were also used for periods lacking such data. Biodiversity indices came from OBIS and
MBON, whereas species abundance was derived using data from both sources. Projections of 2050
conditions under two scenarios (SSP2-4.5 and SSP5-8.5) were acquired from CMIP6 multi-model ensemble
products. All datasets were checked and validated and have undergone rigorous quality control procedures
(outlier removal, gap filling through interpolation where appropriate and resolution harmonization) prior to
use.

Analytical Framework and Statistical Methods

The analytical framework consisted of three combined analyses. (1) Anomalies in current speed and
direction were determined by subtracting the climatology means (1981-2010 base period) from the values
provided by the OSCAR surface current product. (2) Pearson correlation was calculated to assess
relationships between current anomalies and indices of stress on the ecosystem, such as changes in SST
anomalies, rates of dissolved oxygen decline, and changes in the biodiversity index. Significant correlations
were identified at p < 0.05 and p < 0.01 levels. (3) An ecosystem stress index was modelled using multiple
linear regression, where the index served as the response variable and changes in SST anomaly, current
speed anomaly, deviation of salinity from the norm and change in pH served as predictor variables. The
adjusted R 2 and RMSE are used to evaluate the performance of the regression model. All statistical analysis
was conducted in R v4.3.0 and Python 3.11 using the Stats models, SciPy and Pandas libraries.

Stratification and Thermal Classification

The stratification was quantified by calculating the buoyancy frequency (Brunt-Visl frequency, N) for
all regions at 50, 100, 200 and 500 m depths using the temperature and salinity profiles. The stratification
index (SI) was calculated as the standardized difference in density between the surface mixed layer and a
depth of 200 m (Following the standardized oceanographic convention). The different water masses in each
current system were determined by classifying the thermal properties using Gaussian Mixture Model
(GMM) after the suggestion, in which the number of components was selected based on minimizing BIC
criterion. By doing so, the different thermal regimes associated with each current system could be
distinguished and compared to show how the increased stratification, caused by surface warming, results
in the decrease in the upwelling of nutrient-rich bottom waters and subsequent decline in carrying capacity
of the ecosystem.

IV. Results

The findings have been structured into three sections, including an indication of what physical changes
to the currents have been observed, a number of indicators of change within ecosystems that exist at these
locations, and what conditions might expect the regions to experience in the future under a set of CMIP6
climate scenarios.

Changes in the Ocean Currents System

Based on analysis of the six major currents, a current velocity anomaly was observed for each in a
statistically significant fashion across all locations (p <0.01). Humboldt experienced the greatest ecosystem
impact index (9.1/10), which correlates with a 0.9C SST anomaly derived from enhanced upwelling as a
result of changes to the trade winds. On the contrary, the Gulf stream had a warming anomaly of 1.8C,
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which corresponds with a 12-15% decline in the AMOC intensity in the time period. It was found that the
correlation between the magnitude of current velocity anomaly and ecosystem impact index was r = 0.81
(p < 0.01), and that there is a highly statistically significant relationship between these two variables. A
multiple regression analysis resulted in an adjusted R of 0.79 (RMSE = 0.34) and indicates that there is an
average explanation of 79% of the variability in ecosystem impact scores when considering SST anomaly,
current velocity anomaly, salinity anomaly, and pH anomaly simultaneously. Table 1 shows the temperature
anomalies, along with the ecosystem impact indices for each of the 6 currents studied.

Table 1: Temperature Anomalies and Ecosystem Impact Indices Across Major Ocean Current Systems
(2000-2023)

Ocean Current System Region Avg. Temp. Anomaly (°C) | Ecosystem Impact Index (0-10)
Gulf Stream North Atlantic +1.8 8.7
Humboldt Current South Pacific -0.9 9.1
Kuroshio Current North Pacific +1.5 7.9
Antarctic Circumpolar | Southern Ocean -1.2 8.3
Benguela Current South Atlantic -0.7 7.5
California Current East Pacific —0.6 8.0

Projected Climate and Ecosystem Parameters

By 2050, ocean surface temperatures are predicted to increase by 1.5-2.0C under SSP5-8.5, following
the already observed increase of 0.74C from the 20002023 study period. Thermohaline circulation is
predicted to decline by an additional 25-35%, added to the already measured decline of 15%. Ocean pH is
predicted to fall by a further 0.3-0.4 units, an acidification of an order of magnitude, which has no parallel
in 20 million years. The predicted rate of species range shift is predicted to nearly double from the current
rate of 72km decade—1 to 130-190 km decade—1, impacting species interaction, food web integrity, and
distribution of fishery resources. These indicate non-linear rates of change of several stress factors under
business-as-usual emission trajectories. Table 2 summarizes the observed (2000—2023) and projected
(2050) levels of key oceanographic and ecological parameters.

Table 2: Observed vs. Projected Values of Key Ocean and Ecosystem Parameters

Parameter Observed Value (2000-2023) | Projected Value (2050)
Sea Surface Temperature Rise +0.74°C +1.5 to +2.0°C
Thermohaline Circulation Change —15% slowdown —251t0 —35%
Ocean Acidification (pH drop) —0.11 units —0.3 to —0.4 units
Dissolved Oxygen Decline —2.0% —4t0o 7%
Species Range Shift Rate 72 km/decade 130-190 km/decade
Primary Productivity Change —6% (tropics) —12t0 —18%
Sea Level Rise +19 cm +40 to +60 cm

Regional Stratification and Biodiversity Assessment

The regional stratification analysis indicates the highest index values within the Arctic Basin (0.91),
with this likely attributed to an increase in fresh water input due to accelerating melting processes. Deep
water formation, along with nutrient upwelling has consequently decreased, raising stratification levels.
Biodiversity index scores from current systems range between the Arctic Basin (5.3/10) to the South Pacific
Humboldt (8.1/10). A critical conservation priority designation is granted to the South Pacific and Arctic
regions due to both the high rates of current change and high level of ecological reliance on current stable
upwelling regimes leading to acute risks of endemic species extinction. The Indian Ocean region recorded
a mid-range stratification index (0.65), but also showed a high biodiversity value (7.6/10), suggesting that
stability in currents within this basin to date has buffered ecosystem effects, though not indefinitely.
Figure 2 illustrates regional comparisons of both current oceanographic stratification and biodiversity
metrics across existing current regimes.
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Figure 2: Conceptual Model of Ocean Currents Impacting Climate and Marine Ecosystem Health

Projected Changes in Ocean Parameters

Table 3 shows the relative magnitude of expected changes to seven ocean variables with respect to the
2000 average. The expected changes to sea level and range shifts are the greatest in terms of absolute values,
whereas the decrease in primary production and the changes to oxygen have much more severe effects on
the entire food web, in relative percentage terms. This figure underlines how the climate will alter each
variable independently, in addition to in concert with one another.

Table 3: Projected Changes in Key Ocean Parameters (2000-2050)

Parameter Observed / Current | Projected
SST Rise +74% +200%
THC Slowdown —15% —35%
Ocean Acidification —11 units —40%
02 Decline —2% —7%
Species Range Shift 72 km 190 km
Primary Productivity —6% —18%
Sea Level Rise +19 cm +60 cm

V. Discussion

This study validated and expanded on existing evidence linking ocean current anomalies to quantifiable
marine ecosystem health declines. A Pearson correlation of r=0.81 between current velocity anomaly and
ecosystem impact index is one of the highest reported across comparative, multi-basin studies, highlighting
the direct nature of this relationship. A multiple regression explains 79% of ecosystem stress variance
through four parsimonious physical variables-SST anomaly, current velocity anomaly, salinity change, and
pH decline-at basin-wide scales. This is consistent with projections of cumulative climate impacts on
marine ecosystems (Hoegh-Guldberg and Bruno, 2010), but gives unprecedented quantitative, basin-scale
insight into what was previously a lacking aspect of marine climate change research.

A projected 25-35% slowdown in thermohaline circulation by 2050 would significantly impact heat
transport, carbon sequestration, and oxygen renewal to deep waters. In a 2050 climate scenario, this model
suggests an 18% decrease in primary marine productivity in tropical areas and up to a 22-37% increase in
average, regional velocity anomaly and subsequent ecosystem impact index degradation-a decrease in index
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value from 9.1 to below 6.0-in areas currently known for high-biodiversity, such as the Humboldt Current.
Degradation of that magnitude would trigger collapse-level impacts on the upwelling-dependent fisheries
that support millions of people across South America and West Africa. Species range shifts are projected
to exceed 130-190 km/decade by 2050, with currents increasingly acting as barriers rather than transporters
as species seek out their thermal envelope, exacerbating the risks of extinction for range-limited endemic
species.

A Gaussian Mixture Model thermal classification and stratification index analysis has created a
transferable and replicable method to detect susceptible currents before ecosystems are compromised,
whereas typical monitoring protocols rely on post-hoc species surveys to register damage. A detected
increase in salinity-driven stratification of 0.91 (SI) in the Arctic basin directly correlates with existing
observations of salinity-induced harm to marine organisms and points towards a critical future climate
tip-point.

VI. Conclusion

Ocean current systems act as both critical regulators of global climate and fundamental drivers of marine
ecosystem health. Their disruption due to human-caused climate change is poised to become a major threat
in the 21st century. Key findings include: a highly statistically significant correlation between current
velocity anomaly and ecosystem impact index across six major basins (r=0.81, p<0.01); a parsimonious
model explaining 79% of the ecosystem stress variance through four physical factors; an 18% predicted
drop in primary marine productivity in tropical areas by 2050 associated with projected 25-35%
thermohaline circulation slowdowns; up to 190km/decade species range shifts by 2050, and severely
compromised biodiversity in the Arctic and South Pacific. Evidence indicates that the degradation of marine
ecosystems through changes to ocean currents has already begun, and is likely to accelerate substantially
without robust global action.

The statistical significance of these observed and predicted changes highlights the need for urgent
incorporation of ocean current dynamics into international climate adaptation frameworks, including the
Kunming-Montreal Global Biodiversity Framework and emerging ocean governance instruments under
UNCLOS. The ecosystem impact index framework outlined in this study provides a robust and data-driven
tool for prioritizing where in ocean current systems conservation efforts are most needed. Future research
needs to address four priorities: the development of high-resolution coupled ocean-atmosphere models that
capture current-ecosystem feedback dynamics at sub-basin scales; continuous, high-resolution observation
of tipping points in the Arctic thermohaline system; exploration of cascading impacts through multi-species
ecological networks resulting from current-driven biodiversity shifts; and quantification of the
socio-economic costs associated with losses in both fishery productivity and carbon sequestration capacity
as ocean currents are altered. Development of new methods, including acoustic detection of pollution
anomalies associated with changes in current dynamics, would also be a valuable contribution to marine
conservation monitoring. Collaboration on global data sharing, modeling efforts, and conservation funding
mechanisms will be necessary to protect ocean currents and marine ecosystems for the future.
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