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Abstract
The Agulhas Current is one of the strongest western boundary currents of the global ocean and plays a
fundamental role in the exchange of heat and salt between the Indian and Atlantic Oceans through the
Agulhas leakage system. Variability in the current influences regional circulation, inter-basin
exchange, and potentially the Atlantic Meridional Overturning Circulation (AMOC). Despite its
climatic importance, the relative roles of atmospheric forcing, large-scale climate variability, and
intrinsic ocean dynamics in controlling Agulhas Current transport remain incompletely understood.
This study investigates the mean structure, transport variability, heat transport characteristics, and
forcing mechanisms of the Agulhas Current using an Eulerian framework based on ocean reanalysis
and atmospheric datasets.
The mean circulation is characterized by a narrow, surface-intensified western boundary current
extending to depths of approximately 800—-1000 m, followed by a pronounced retroflection south of
Africa. Volume transport estimates reveal a persistent southward flow with a mean transport of
approximately 63 Sv and substantial variability (standard deviation = 21 Sv), indicating a highly
dynamic current system. Spectral and time-series analyses show that variability is dominated by
interannual and longer-timescale fluctuations, with only weak seasonal modulation and no significant
long-term trend. Comparison with the Nifio-3.4 and Dipole Mode Index (DMI) indicates episodic
correspondence with ENSO and Indian Ocean Dipole variability, but no robust or consistent
relationship.
Heat transport diagnostics demonstrate that the Agulhas Current is a major pathway for poleward heat
redistribution in the southwestern Indian Ocean. Meridional heat transport is strongly concentrated
within the upper ocean and closely follows the velocity structure of the current, indicating that
variations in current strength directly modulate thermal energy transport. Analysis of wind stress curl
reveals only a weak relationship with transport variability (r = 0.11), with no significant lagged
response or coherent spatial structure, suggesting that local atmospheric forcing plays a minor role in
controlling transport fluctuations.
Composite analyses of extreme transport states show that variability is primarily associated with
changes in current intensity rather than shifts in position. High-transport periods are characterized by

a strengthened and coherent current core, whereas low-transport periods exhibit weakened and
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fragmented flow structures. These results indicate that Agulhas Current variability is governed
predominantly by intrinsic ocean dynamics, mesoscale instability, and large-scale circulation
adjustments rather than direct local wind forcing.

KEYWORDS: Agulhas Current; Western Boundary Current Dynamics; Volume Transport Variability;
Ocean Heat Transport; Interannual Variability; Indian Ocean Dipole; ENSO; Wind Stress Curl.

1. Introduction

Western boundary currents are among the most energetic components of the global ocean
circulation and play a fundamental role in the redistribution of heat, salt, freshwater, and
momentum between tropical and high-latitude oceans. As the western boundary current of the
South Indian Ocean subtropical gyre, the Agulhas Current represents one of the strongest
current systems in the world ocean, transporting warm and saline tropical waters poleward
along the southeastern coast of Africa. Owing to its large transport, intense mesoscale
variability, and climatic significance, the Agulhas Current exerts a profound influence on
regional circulation, air—sea interactions, marine ecosystems, and global climate variability.
The Agulhas Current system forms a critical component of the inter-ocean exchange between
the Indian and Atlantic Oceans. After flowing southward along the African continental
margin, the current undergoes a dramatic retroflection south of Africa, where most of its
transport returns eastward into the Indian Ocean as the Agulhas Return Current. However, a
fraction of the flow escapes into the South Atlantic through a process known as Agulhas
leakage. This leakage occurs through the shedding of Agulhas Rings, eddies, and filaments
that transport substantial quantities of heat and salt from the Indian Ocean into the Atlantic
Ocean. Consequently, the Agulhas system constitutes a major choke point of the global
overturning circulation and plays a critical role in regulating the upper limb of the Atlantic
Meridional Overturning Circulation (AMOC) (Biastoch et al., 2009; Beal et al., 2011).
Variations in Agulhas leakage have been linked to changes in Atlantic stratification, salinity
budgets, and long-term AMOC variability, emphasizing the broader climatic significance of
the Agulhas system. Recent studies further suggest that changes in Southern Hemisphere
wind systems may influence leakage variability and inter-basin exchange, thereby affecting
large-scale climate processes.

The dynamical structure of the Agulhas Current is characterized by strong western boundary
intensification, energetic mesoscale variability, and complex interactions between
atmospheric and oceanic processes. Previous observational and modeling investigations have
demonstrated that the current exhibits substantial variability over a wide range of temporal

and spatial scales. Mesoscale meanders, Natal Pulses, eddy interactions, and upstream
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variability originating from the Mozambique Channel and East Madagascar Current
contribute significantly to fluctuations in transport and current structure. Furthermore, the
Agulhas retroflection region is recognized as one of the most dynamically active regions of
the global ocean, where nonlinear instabilities generate Agulhas Rings that subsequently
transport Indian Ocean waters into the South Atlantic. Recent syntheses highlight the
importance of mesoscale and submesoscale processes in regulating leakage variability, ocean
mixing, and inter-ocean exchange within the greater Agulhas system.

Although the Agulhas Current has been extensively studied, important uncertainties remain
regarding the mechanisms governing its transport variability. The large-scale circulation is
fundamentally linked to wind-driven subtropical gyre dynamics and western boundary
intensification theory. However, the extent to which local atmospheric forcing directly
influences transport fluctuations remains unclear. Wind stress curl regulates Sverdrup
transport and large-scale gyre circulation, yet several studies indicate that western boundary
currents may respond more strongly to basin-scale pressure gradients, remote forcing, and
intrinsic ocean variability than to local atmospheric forcing. In addition, mesoscale eddies
and nonlinear ocean dynamics may modify or obscure the direct response of the current to
atmospheric variability, complicating the interpretation of transport fluctuations.

Large-scale climate modes provide an additional source of variability. The El Nifio-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) influence atmospheric circulation,
wind fields, and oceanic pressure gradients throughout the Indian Ocean basin. Through these
mechanisms, climate modes can affect upper-ocean thermal structure, circulation pathways,
and western boundary current dynamics. Moreover, variability associated with the Southern
Annular Mode (SAM) and poleward shifts of the Southern Hemisphere westerlies has been
linked to changes in Agulhas leakage and inter-ocean exchange. Numerical and observational
studies suggest that strengthening westerlies may enhance leakage transport and modify
retroflection dynamics, thereby influencing the transfer of heat and salt into the Atlantic
Ocean (Biastoch et al., 2009; Beal et al., 2011).

The climatic importance of the Agulhas Current extends beyond volume transport alone. As a
major conduit for poleward heat transport in the southwestern Indian Ocean, the current
contributes substantially to the redistribution of thermal energy and influences regional
weather and climate. Variability in heat transport affects upper-ocean heat storage, air—sea
heat exchange, and downstream thermal conditions in both the Indian and Atlantic Oceans.
Consequently, understanding the variability of heat transport is essential for evaluating the

role of the Agulhas system in regional climate regulation and global ocean heat redistribution.
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Despite significant advances in understanding Agulhas dynamics, relatively few studies have
simultaneously examined current structure, volume transport variability, heat transport
variability, climate-mode influences, and atmospheric forcing within a unified framework.
Consequently, the relative contributions of local wind forcing, large-scale climate variability,
and internal ocean dynamics to Agulhas transport fluctuations remain incompletely
understood. Addressing these uncertainties is particularly important given the role of the
Agulhas system in inter-basin exchange and its potential influence on future climate
variability.

The present study investigates the structure and variability of the Agulhas Current using a
comprehensive Eulerian framework based on ocean reanalysis and atmospheric datasets.
Specifically, the objectives are to: (1) characterize the mean circulation and transport
structure of the Agulhas Current; (2) quantify the spatial and temporal variability of volume
and heat transport; (3) examine the influence of large-scale climate modes, including ENSO
and the Indian Ocean Dipole, on transport variability; and (4) assess the role of local wind
stress curl forcing in modulating current strength. We hypothesize that (i) transport variability
is governed primarily by intrinsic ocean dynamics rather than direct local wind forcing, (ii)
heat transport variability is closely linked to fluctuations in current intensity, and (iii) large-
scale climate modes influence transport indirectly through basin-scale -circulation
adjustments. By integrating circulation diagnostics, transport estimates, climate indices, and
atmospheric forcing analyses, this study aims to improve understanding of the mechanisms
governing Agulhas Current variability and its role within the broader climate system.

2. Data and Methodology

2.1 Study Area

The Agulhas Current system is located in the southwestern Indian Ocean and forms the
western boundary current of the South Indian Ocean subtropical gyre. Originating from the
confluence of the Mozambique Channel flow and the East Madagascar Current, the Agulhas
Current flows southwestward along the southeastern coast of Africa before undergoing
retroflection south of Africa and partially returning to the Indian Ocean as the Agulhas Return
Current (Lutjeharms, 2006; Beal et al., 2011). The study domain encompasses the main
Agulhas Current pathway, retroflection region, and adjacent southwestern Indian Ocean (Fig.
2). A transport section was defined approximately normal to the mean current axis to capture
the principal volume and heat transport associated with the current system.

2.2 Oceanographic and Atmospheric Datasets

2.2.1 Ocean Reanalysis Data
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Ocean circulation and hydrographic fields were obtained from the Simple Ocean Data
Assimilation Version 3.15.2 (SODA3) reanalysis (Carton et al., 2018). SODA3 is based on
the Modular Ocean Model version 5 (MOMS) and assimilates a wide range of ocean
observations, including satellite altimetry, sea-surface temperature, Argo profiles, expendable
bathythermographs (XBTs), and moored observations (https://apdrc.soest.hawaii.edu/).
Monthly mean fields spanning 1980-2022 were utilized in this study. The native model
resolution is approximately 0.25° with 50 vertical levels extending from the surface to the
deep ocean. Variables used include:

Zonal velocity (u)

Meridional velocity (v)

Potential temperature (T)

These fields were used to estimate mean circulation structure, volume transport, and
meridional heat transport.

2.2.2 Atmospheric Reanalysis Data

Atmospheric  forcing  fields were  obtained from the ERAS5  reanalysis
(https://cds.climate.copernicus.eu/) produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Hersbach et al., 2020).

Monthly mean:

10-m zonal wind (U10)

10-m meridional wind (V10)

were used to calculate wind stress and wind stress curl. ERAS provides a horizontal
resolution of approximately 0.25° and is widely used for investigations of air—sea interaction
and ocean circulation forcing.

2.2.3 Climate Indices

To investigate large-scale climate influences, monthly Nifio-3.4 and Dipole Mode Index
(DMI) data were obtained from the National Oceanic and Atmospheric Administration
(NOAA).

The Nino-3.4 index was used as a measure of El Nifio—Southern Oscillation (ENSO)
variability (Trenberth, 1997), while DMI was used to represent the Indian Ocean Dipole (Saji
et al., 1999).

2.3 Eulerian Transport Framework

Transport calculations were performed using an Eulerian framework in which ocean

properties were evaluated across a fixed transect intersecting the Agulhas Current. Similar
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approaches have been widely applied in western boundary current studies (Beal and Elipot,
2016).
Velocity fields were interpolated onto the transport section and projected onto the local
section-normal direction. The total volume transport Q was calculated as:
T = [[v,dzds
where v, represents the velocity normal to the section, dz is vertical layer thickness, and ds is
horizontal distance along the section. Transport values were expressed in Sverdrups (Sv).
2.4 Heat Transport Calculation
Meridional heat transport was calculated following standard ocean heat transport
formulations (Ganachaud and Wunsch, 2003):
Q =pCpf [v,Tdzds
where p is seawater density (1025 kg m™), C,, is the specific heat capacity of seawater (3990
J kg °C™), v, is section-normal velocity and T is ocean temperature.
Temperature fields were interpolated onto the velocity grid prior to integration. Heat transport
estimates were expressed in petawatts (PW).
2.5 Wind Stress Curl Analysis
Surface wind stress was estimated using the bulk aerodynamic formulation (Large and Pond,
1981):
Tx = PairCaUu
Ty = PairCaUv
Where pg;, is air density, C, is the drag coefficient, U is wind speed magnitude, and u and v are
zonal and meridional wind components.

Wind stress curl was then computed as:

a0ty 07y
VT = Ty

Regional averages were used to assess the relationship between atmospheric forcing and
transport variability.
2.6 Time Series Processing
Monthly transport and wind-stress-curl time series were standardized to a common temporal
framework.
Seasonal variability was removed using climatological monthly means:

X' =X = Xmontn

where X'represents the anomaly field, X,,,nn denotes the climatological monthly mean..
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Linear trends were removed prior to variability analysis to isolate interannual and longer-
timescale fluctuations.

2.7 Spectral Analysis

2.7.1. Meridional Volume Transport

The meridional volume transport across the zonal section at 34°S was calculated by
integrating the meridional velocity component, v, over the cross-sectional area. In continuous

form, the transport is given by
X2 Zg
T(t) = f f v(x,z, t)dzdx
X1 Zp

where T(t) is the volume transport (m%/s), v is the meridional velocity (m/s), x denotes the
zonal distance along the section, and z represents depth. The limits x; and x> correspond to
20°E and 40°E, respectively, while zs and z, denote the surface and bottom boundaries.

For the discretized model grid, the above transport equation was approximated as

Nz Ny

T(t) = Z Z v;;(t)Az;Ax;

i=1 j=1

where N, and Ny are the number of depth levels and longitude grid points, respectively; vij is
the meridional velocity at grid cell (1,)); Az; is the vertical layer thickness; and Ax; is the zonal
grid spacing.
The zonal grid spacing was calculated using the spherical Earth approximation (Stewart,
2008),

Ax; = Rcos(@)Al;
where R=6.371x10° m is Earth's radius, ¢ is the latitude of the section (34°S), and A); is the
longitudinal grid spacing in radians.
The resulting transport was converted to Sverdrups (Sy) according to Ts = % where 1 Sy =
10° m¥/s.
To investigate the dominant temporal variability of the transport, the transport time series was
linearly detrended prior to spectral analysis. The power spectral density (PSD) was estimated
using both Welch and multitaper methods.
For a stationary time series x(t), the PSD is defined as the Fourier transform of the

autocovariance function (Priestley, 1981),
S(f) = f R (v)e ?mtgr

where R(7) is the autocovariance function, fis frequency, and 7 is the time lag.
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2.7.2. Welch Spectrum
The Welch estimator computes the PSD by averaging periodograms obtained from

overlapping data segments (Welch, 1967):

K
1
Sur(F) = 2 ) ()
k=1

where K is the number of segments and Ix(f) is the periodogram of the k-th segment. In this
study, a segment length of 128 months with 50% overlap was used.

2.7.3. Multitaper Spectrum

The multitaper method estimates the PSD using multiple orthogonal tapers (Thomson, 1982):

1 K
Sur(H) = 2 D w1
k=1

where Ik(f) is the tapered spectral estimate obtained using the k-th discrete prolate spheroidal
sequence (DPSS) taper, and wi(f) represents the adaptive weighting coefficients. This method
reduces spectral leakage and improves the statistical stability of spectral estimates,
particularly at low frequencies.
Spectra were computed assuming a monthly sampling interval (At=1 month, corresponding to
a sampling frequency fs =1 cycle month—1). Results are presented on logarithmic frequency—
power axes to facilitate identification of dominant modes of variability across a wide range of
timescales.
2.8 Correlation and Lag Analysis
Pearson correlation coefficients were calculated to quantify relationships among:

e Agulhas transport

e Wind stress curl

e Nifio-3.4

e DMI
Lag correlations were computed over £12 months to identify delayed responses between
atmospheric forcing and transport variability.
Statistical significance was evaluated using Student's t-test at the 95% confidence level..
2.9 Composite Analysis
To identify circulation characteristics associated with extreme transport conditions, transport
anomalies were categorized into:

e High-transport years (> +1 standard deviation)

e Low-transport years (< —1 standard deviation)
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Composite velocity and transport fields were calculated separately for each category.
Statistical significance of composite differences was assessed using a two-tailed Student's t-
test (p <0.05).

2.10 Spatial Correlation Analysis

Spatial correlations between wind stress curl anomalies and transport variability were
calculated at each grid point across the study domain. This analysis provides a geographical
assessment of the extent to which local atmospheric forcing contributes to Agulhas Current
transport variability and identifies regions exhibiting statistically significant coupling.

3. Results

3.1 Mean Circulation Structure of the Agulhas Current

The mean circulation pattern of the Agulhas Current is presented in Figure 3, while the
corresponding vertical structure is shown in Figure 4. The current forms a narrow and intense
western boundary jet along the southeastern coast of Africa, characterized by strong poleward
flow concentrated adjacent to the continental slope. The current exhibits pronounced western
boundary intensification, consistent with the classical dynamics of subtropical gyre
circulation (Lutjeharms, 2006; Beal et al., 2011).

The vertical section (Figure 4) reveals a surface-intensified current core extending to depths
of approximately 800—1000 m. The strongest velocities occur within the upper ocean and
gradually weaken with depth, although a coherent subsurface signal remains evident
throughout the upper thermocline. The confinement of high velocities near the continental
margin indicates that the majority of transport is concentrated within a relatively narrow
boundary current corridor.

Together, Figures 3 and 4 demonstrate that the Agulhas Current functions as a vertically
coherent western boundary current capable of transporting substantial volumes of water, heat,
and salt toward the southern Indian Ocean.

3.2 Seasonal Variability of Transport

The seasonal cycle of Agulhas Current transport is shown in Figure 5. Monthly climatological
transport exhibits relatively small variations throughout the annual cycle, with only modest
departures from the long-term mean.

The weak amplitude of the seasonal cycle indicates that seasonal forcing contributes only a
limited fraction of the total transport variance. No persistent seasonal maximum or minimum
is observed, suggesting that transport variability is dominated by processes operating on

interannual and longer timescales rather than by direct seasonal forcing.
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These results are consistent with previous studies that identified weak seasonality and strong
mesoscale variability as characteristic features of the Agulhas Current system (Beal and
Elipot, 2016).

3.3 Spectral and Interannual Variability

The power spectrum of Agulhas Current transport anomalies is shown in Figure 6. Spectral
energy is concentrated primarily at low frequencies, indicating that transport variability is
dominated by interannual and longer-timescale fluctuations. The absence of a strong annual
peak further confirms the weak seasonal modulation identified in Figure 5.

Interannual variability is illustrated in Figure 7a. The transport record exhibits alternating
periods of enhanced and reduced transport that persist over several years, indicating the
presence of substantial low-frequency variability. These fluctuations occur without a
systematic long-term trend and reflect the dynamically variable nature of the Agulhas system.
The predominance of low-frequency variability suggests that transport fluctuations are
associated with large-scale oceanic adjustments and internal dynamical processes rather than
high-frequency atmospheric forcing.

3.4 Relationship with Large-Scale Climate Modes

Figure 7b compares Agulhas Current transport variability with the Nifio-3.4 and Dipole Mode
Index (DMI) time series representing ENSO and Indian Ocean Dipole variability,
respectively.

Periods of enhanced transport occasionally coincide with phases of ENSO and 10D
variability. However, the correspondence is not consistent throughout the record. Some
transport anomalies occur during significant climate events, whereas others arise
independently of the climate indices.

The episodic nature of these relationships suggests that large-scale climate modes may
influence Agulhas transport indirectly through basin-scale circulation adjustments, but they
do not represent the primary source of variability. Instead, transport fluctuations likely arise
from the combined influence of remote climatic forcing and intrinsic ocean dynamics
(Biastoch et al., 2009; Beal et al., 2011).

3.5 Spatial and Vertical Distribution of Heat Transport

The mean meridional heat transport associated with the Agulhas Current is shown in Figure
8. Substantial poleward heat transport occurs along the western boundary of the southwestern
Indian Ocean, confirming the role of the Agulhas Current as a major conduit for thermal

energy redistribution.
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Spatial variability in heat transport closely follows changes in current intensity and structure.
Reduced transport near the southern boundary reflects the influence of the Agulhas
retroflection, which redirects part of the flow eastward into the Indian Ocean and modulates
downstream heat export.

The vertical distribution of heat transport is presented in Figure 9. Heat transport is strongly
surface-intensified, with the majority of the poleward heat flux confined to the upper few
hundred metres of the water column. Heat transport decreases rapidly with depth owing to the
combined reduction in current velocity and temperature gradients.

The close correspondence between Figures 4 and 9 indicates that the vertical distribution of
heat transport is primarily governed by the velocity structure of the current. Consequently,
changes in current intensity directly influence the magnitude of poleward heat transport.

3.6 Volume Transport Variability

The temporal evolution of Agulhas Current volume transport is shown in Figure 10. The
current exhibits a mean southward transport of approximately —62.97 Sv, while transport
within the current core averages approximately —67.19 Sv. The standard deviation of
approximately 20.66 Sv indicates substantial variability around the mean state.

Transport fluctuations occur across a broad range of timescales and include both short-term
and interannual variations. Periods of enhanced transport are characterized by strengthening
of the current core, whereas weaker transport periods correspond to reduced current intensity.

No statistically significant long-term trend is evident over the analysis period, indicating that
the Agulhas Current remains approximately stationary in its mean transport characteristics
despite substantial temporal variability.

3.7 Influence of Wind Stress Curl

The relationship between local atmospheric forcing and Agulhas transport variability is
examined in Figure 11. The correlation between transport anomalies and wind stress curl
anomalies is weak (r = 0.11; r* = 0.01), indicating that local wind forcing explains only a
small fraction of the observed transport variability.

Lag-correlation analysis reveals no meaningful delayed response between wind stress curl
and transport, with maximum correlation occurring near zero lag. Similarly, spatial
correlation patterns exhibit weak and spatially incoherent structures throughout the study
region.

These results indicate that local wind stress curl exerts only a minor influence on Agulhas
Current transport variability and suggest that transport fluctuations are primarily controlled

by large-scale pressure gradients and intrinsic ocean dynamics.
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3.8 Composite Analysis and Conceptual Synthesis

Composite velocity anomalies for high- and low-transport states are presented in Figure 12.
High-transport conditions are characterized by a strengthened and spatially coherent western
boundary current, whereas low-transport states exhibit weaker and more fragmented flow
structures.

The difference field highlights statistically significant positive velocity anomalies confined to
the Agulhas Current pathway, indicating that transport variability primarily reflects changes
in current intensity rather than large-scale displacement of the current axis. The spatial
confinement of these anomalies further suggests that variability is generated within the
boundary current system itself. The schematic highlights the dominant role of internal ocean
dynamics and mesoscale variability in regulating transport fluctuations and inter-basin
exchange, while illustrating the broader climatic significance of the Agulhas system through
its connection to Atlantic buoyancy forcing and the Atlantic Meridional Overturning
Circulation (AMOC) (Beal et al., 2011; Biastoch et al., 2009).

4. Discussion

4.1 Mean Structure and Transport Characteristics of the Agulhas Current

The present analysis confirms that the Agulhas Current is a narrow, energetic western
boundary current characterized by strong poleward flow along the southeastern coast of
Africa. The mean circulation pattern and vertical structure (Figures 3 and 4) reveal a surface-
intensified current extending to depths of approximately 800-1000 m, consistent with
previous observational and modeling studies (Lutjeharms, 2006; Beal et al., 2011). The
confinement of the current core near the continental slope reflects the classical process of
western boundary intensification associated with subtropical gyre circulation.

The estimated mean transport of approximately 63 Sv is consistent with reported values from
hydrographic observations, current-meter arrays, and numerical simulations, which generally
range between 60 and 80 Sv (Beal et al., 2011; Beal and Elipot, 2016). The agreement
between the present estimates and previous studies provides confidence in the ability of the
reanalysis data to reproduce the large-scale characteristics of the Agulhas Current system.

The observed transport magnitude highlights the importance of the Agulhas Current as a
major conduit for the poleward redistribution of mass, heat, and salt in the Indian Ocean. As
one of the strongest western boundary currents in the global ocean, the Agulhas Current
contributes significantly to regional circulation and inter-ocean exchange processes.

4.2 Dominance of Interannual Variability over Seasonal Forcing

12



398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

One of the principal findings of this study is the relatively weak seasonal cycle compared
with the pronounced interannual variability observed in the transport record (Figures 5-7).
Seasonal fluctuations account for only a small proportion of total variance, whereas low-
frequency oscillations dominate the transport spectrum.

This behaviour contrasts with several eastern boundary current systems where seasonal wind
forcing represents the primary source of variability. In the Agulhas Current system, mesoscale
eddies, upstream current variability, and basin-scale oceanic adjustments appear to exert
greater control over transport fluctuations than direct seasonal atmospheric forcing.

The predominance of interannual variability is consistent with previous investigations that
identified strong low-frequency fluctuations associated with variability in the Mozambique
Channel, East Madagascar Current, and Agulhas retroflection dynamics (Lutjeharms, 2006;
Beal et al., 2011). These results suggest that transport variability is governed primarily by
internal oceanic processes and large-scale circulation adjustments rather than by local
seasonal forcing.

4.3 Climate-Mode Influences on Agulhas Transport

The comparison between transport anomalies and climate indices indicates that ENSO and
IOD variability may influence the Agulhas system, although the relationships are neither
persistent nor statistically robust throughout the analysis period (Figure 7). Periods of
enhanced or reduced transport occasionally coincide with major ENSO and IOD events;
however, substantial transport anomalies also occur in the absence of pronounced climate
forcing.

The weak and intermittent correspondence suggests that large-scale climate modes influence
Agulhas transport indirectly through modifications of basin-scale wind fields, thermocline
structure, and oceanic pressure gradients rather than through direct forcing mechanisms. Such
indirect influences may be transmitted through changes in the subtropical gyre circulation and
upstream current systems before affecting the Agulhas Current.

Previous studies have demonstrated that climate variability can modulate Indian Ocean
circulation through atmospheric teleconnections and oceanic wave propagation. Nevertheless,
the present results indicate that external climate forcing alone is insufficient to explain the
observed transport variability. Instead, transport fluctuations likely arise from interactions
between climate forcing and intrinsic ocean dynamics, including mesoscale variability and
retroflection processes (Biastoch et al., 2009; Beal et al., 2011).

4.4 Heat Transport and Climatic Implications

13
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The Agulhas Current serves as a major pathway for poleward heat transport in the
southwestern Indian Ocean. The heat transport distribution (Figures 8 and 9) closely follows
the velocity structure of the current, with the majority of thermal energy transport
concentrated within the upper ocean where both velocities and temperature gradients are
strongest.

The strong correspondence between volume transport and heat transport demonstrates that
fluctuations in current intensity directly influence the magnitude of heat redistribution.
Consequently, periods of enhanced transport are associated with increased poleward heat
flux, whereas weaker current states result in reduced heat transport.

The climatic significance of this relationship extends beyond the Indian Ocean. Through its
influence on Agulhas leakage, variability in heat and salt transport can affect the
thermohaline properties of waters entering the South Atlantic Ocean. Numerous studies have
suggested that changes in Agulhas leakage contribute to variations in Atlantic salinity and
buoyancy forcing, potentially influencing the Atlantic Meridional Overturning Circulation
(AMOC) on longer timescales (Beal et al., 2011; Biastoch et al., 2015). The present findings
therefore reinforce the importance of the Agulhas Current as a key component of the global
climate system.

4.5 Wind Stress Curl versus Internal Ocean Dynamics

Perhaps the most important result of this study is the weak relationship between local wind
stress curl and Agulhas Current transport variability (Figure 11). The correlation coefficient (r
~ 0.11) indicates that local wind forcing explains only a very small fraction of the observed
transport variance. Furthermore, lag-correlation analyses reveal no coherent delayed response
between wind stress curl and transport fluctuations.

These findings suggest that local atmospheric forcing is not the dominant mechanism
governing Agulhas transport variability. Instead, transport fluctuations appear to be controlled
primarily by intrinsic ocean dynamics, mesoscale variability, and basin-scale pressure-
gradient adjustments. This interpretation is supported by the composite analyses (Figure 12),
which demonstrate that transport anomalies are associated mainly with changes in current
intensity rather than large-scale shifts in current position.

The weak influence of local wind forcing is consistent with the complex nature of the
Agulhas system, where transport variability arises from interactions among upstream source
waters, retroflection dynamics, mesoscale eddies, and inter-ocean exchange processes.
Variability in the Mozambique Channel, East Madagascar Current, and Agulhas retroflection

may therefore exert a stronger influence on transport than local atmospheric forcing.
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5. Conclusions

This study examined the structure, variability, and forcing mechanisms of the Agulhas
Current using ocean reanalysis and atmospheric datasets within an FEulerian transport
framework. By combining analyses of circulation structure, volume transport, heat transport,
climate variability, and atmospheric forcing, the study provides a comprehensive assessment
of the processes governing variability within one of the world's most energetic western
boundary current systems.

The mean circulation is characterized by a narrow, surface-intensified western boundary
current flowing poleward along the southeastern coast of Africa, with the current core
extending to depths of approximately 800-1000 m. The estimated mean volume transport of
approximately 63 Sv confirms the Agulhas Current as one of the strongest western boundary
currents in the global ocean and is consistent with previous observational and modeling
estimates (Lutjeharms, 2006; Beal et al., 2011; Beal and Elipot, 2016). Transport variability is
substantial, with a standard deviation of approximately 21 Sv, reflecting the highly dynamic
nature of the Agulhas system.

Temporal analyses indicate that interannual and longer-timescale fluctuations dominate
transport variability, whereas seasonal variability contributes only a minor fraction of the
total variance. Spectral analyses reveal the predominance of low-frequency variability,
suggesting that transport fluctuations are associated primarily with basin-scale circulation
adjustments and intrinsic ocean dynamics. Comparisons with the Nifio-3.4 and Dipole Mode
Index (DMI) indicate episodic correspondence between transport anomalies and large-scale
climate variability; however, no persistent or statistically robust relationship was identified.
These findings suggest that ENSO and IOD influence the Agulhas system indirectly through
large-scale ocean—atmosphere interactions rather than acting as primary drivers of transport
variability (Biastoch et al., 2009; Beal et al., 2011).

Heat transport analyses demonstrate that the Agulhas Current serves as a major conduit for
poleward heat redistribution in the southwestern Indian Ocean. The majority of heat transport
is concentrated within the upper ocean and closely follows the vertical structure of the
current. Variations in current strength directly modulate the magnitude of heat transport,
emphasizing the importance of transport fluctuations for regional heat budgets and ocean—
atmosphere interactions.

A key finding of this study is the weak relationship between local wind stress curl and
transport variability. The low correlation coefficient (r = 0.11) indicates that local

atmospheric forcing explains only a small proportion of the observed transport fluctuations.
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Composite analyses further reveal that variability is associated primarily with changes in
current intensity rather than substantial shifts in current position. Collectively, these results
indicate that Agulhas Current variability is governed predominantly by intrinsic ocean
dynamics, mesoscale variability, upstream circulation fluctuations, and basin-scale pressure-
gradient adjustments rather than by direct local wind forcing. This interpretation is consistent
with previous studies emphasizing the importance of mesoscale processes and remote forcing
in regulating variability within the greater Agulhas system (Lutjeharms, 2006; Beal et al.,
2011).

The findings underscore the climatic significance of the Agulhas Current as a major pathway
for the transport of heat and salt between the Indian and Atlantic Oceans. Through its
connection to Agulhas leakage, variability within the Agulhas system has the potential to
influence Atlantic salinity distributions, buoyancy forcing, and components of the Atlantic
Meridional Overturning Circulation (AMOC), thereby linking regional ocean dynamics to
broader climate variability (Biastoch et al., 2009; Beal et al., 2011; Biastoch et al., 2015).
Future investigations incorporating eddy kinetic energy, sea-surface height variability,
Agulhas leakage diagnostics, and Southern Annular Mode influences would further improve
understanding of the mechanisms connecting Agulhas Current variability to regional and
global climate processes.
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688  Figure 1. Location of the Agulhas Current system in the southwestern Indian Ocean. The study
689  domain encompasses the southeastern coast of Aftrica, the Agulhas Current pathway, the Agulhas
690  Retroflection region, and adjacent portions of the South Atlantic and Indian Oceans. The red line
691 indicates the transport section used for volume and heat transport calculations.
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694  Figure 2. Bathymetry and geographical setting of the study region. Major circulation features of the
695  Agulhas system, Agulhas Retroflection, Agulhas Return Current, and Agulhas leakage pathways.
696  Bathymetry is shaded according to water depth (m).
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Figure 3. Mean surface circulation of the Agulhas Current derived from SODA reanalysis during the
study period. Shading represents current velocity magnitude (m s™'), while vectors indicate current
direction. The Agulhas Current appears as a narrow and intense western boundary current flowing
southwestward along the southeastern African continental margin before entering the retroflection

region south of Africa.
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Figure 4. Mean vertical structure of the Agulhas Current along the transport section (~34°S). Shading
represents section-normal velocity (m s™'), while contours indicate velocity structure. Positive and
negative values denote flow directions relative to the transport section. The figure illustrates the

surface-intensified nature of the current and its vertical penetration into the upper ocean.
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Figure 5. Seasonal cycle of Agulhas Current transport. a, Monthly climatology of volume transport
derived from the full study period (Top). b, Monthly transport values shown in an alternative
representation to facilitate comparison among months (bottom). Both panels indicate weak seasonal
variability, with transport remaining relatively stable throughout the year and exhibiting only minor
departures from the annual mean. The results suggest that seasonal forcing plays a limited role in

controlling the overall strength of the Agulhas Current.
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Figure 7. Relationship between Agulhas Current transport variability and large-scale climate modes.
(a) Time series of monthly transport anomalies (top). (b) Comparison of standardized Agulhas
transport anomalies with the Nifio-3.4 index and Dipole Mode Index (DMI) (bottom). Positive and
negative phases of ENSO and the Indian Ocean Dipole are indicated to assess potential climate

influences on transport variability.
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Figure 8. Spatial distribution of mean meridional heat transport associated with the Agulhas Current.
Shading represents heat transport magnitude, illustrating the concentration of poleward heat transport
within the western boundary current system and its downstream modification near the Agulhas

Retroflection region.
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Figure 9. Vertical distribution of meridional heat transport across the Agulhas Current section.
Shading indicates heat transport contributions as a function of depth and cross-sectional position. The
majority of heat transport is confined to the upper ocean, reflecting the combined influence of strong

velocities and elevated temperatures.
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Figure 10. Time series of Agulhas Current volume transport during the study period. The solid line
represents monthly transport estimates, while the dashed line indicates the long-term mean transport.
Positive and negative anomalies correspond to periods of enhanced and reduced current strength,

respectively.
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Figure 11. Relationship between Agulhas Current transport variability and wind stress curl. (a) Time

series comparison between transport anomalies and regional wind stress curl anomalies. (b) Scatter

plot showing the correlation between transport and wind stress curl. (c) Lag-correlation analysis

indicating the temporal relationship between atmospheric forcing and transport variability. (d) Spatial

correlation between transport anomalies and wind stress curl anomalies across the study region.

Stippling indicates statistically significant correlations at the 95% confidence level.
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Figure 12. Composite analysis of extreme transport states. (a) Mean circulation during high-transport
periods (> +1 standard deviation). (b) Mean circulation during low-transport periods (< —1 standard
deviation). (c) Difference between high- and low-transport composites. Shading represents velocity
anomalies, and stippling indicates regions where differences are statistically significant at the 95%
confidence level. The figure highlights the dominant role of current-intensity changes in generating

transport variability.
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