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Abstract 8 

The Agulhas Current is one of the strongest western boundary currents of the global ocean and plays a 9 

fundamental role in the exchange of heat and salt between the Indian and Atlantic Oceans through the 10 

Agulhas leakage system. Variability in the current influences regional circulation, inter-basin 11 

exchange, and potentially the Atlantic Meridional Overturning Circulation (AMOC). Despite its 12 

climatic importance, the relative roles of atmospheric forcing, large-scale climate variability, and 13 

intrinsic ocean dynamics in controlling Agulhas Current transport remain incompletely understood. 14 

This study investigates the mean structure, transport variability, heat transport characteristics, and 15 

forcing mechanisms of the Agulhas Current using an Eulerian framework based on ocean reanalysis 16 

and atmospheric datasets. 17 

The mean circulation is characterized by a narrow, surface-intensified western boundary current 18 

extending to depths of approximately 800–1000 m, followed by a pronounced retroflection south of 19 

Africa. Volume transport estimates reveal a persistent southward flow with a mean transport of 20 

approximately 63 Sv and substantial variability (standard deviation ≈ 21 Sv), indicating a highly 21 

dynamic current system. Spectral and time-series analyses show that variability is dominated by 22 

interannual and longer-timescale fluctuations, with only weak seasonal modulation and no significant 23 

long-term trend. Comparison with the Niño-3.4 and Dipole Mode Index (DMI) indicates episodic 24 

correspondence with ENSO and Indian Ocean Dipole variability, but no robust or consistent 25 

relationship. 26 

Heat transport diagnostics demonstrate that the Agulhas Current is a major pathway for poleward heat 27 

redistribution in the southwestern Indian Ocean. Meridional heat transport is strongly concentrated 28 

within the upper ocean and closely follows the velocity structure of the current, indicating that 29 

variations in current strength directly modulate thermal energy transport. Analysis of wind stress curl 30 

reveals only a weak relationship with transport variability (r ≈ 0.11), with no significant lagged 31 

response or coherent spatial structure, suggesting that local atmospheric forcing plays a minor role in 32 

controlling transport fluctuations. 33 

Composite analyses of extreme transport states show that variability is primarily associated with 34 

changes in current intensity rather than shifts in position. High-transport periods are characterized by 35 

a strengthened and coherent current core, whereas low-transport periods exhibit weakened and 36 



2 

 

fragmented flow structures. These results indicate that Agulhas Current variability is governed 37 

predominantly by intrinsic ocean dynamics, mesoscale instability, and large-scale circulation 38 

adjustments rather than direct local wind forcing. 39 

KEYWORDS: Agulhas Current; Western Boundary Current Dynamics; Volume Transport Variability; 40 

Ocean Heat Transport; Interannual Variability; Indian Ocean Dipole; ENSO; Wind Stress Curl.   41 

1. Introduction 42 

Western boundary currents are among the most energetic components of the global ocean 43 

circulation and play a fundamental role in the redistribution of heat, salt, freshwater, and 44 

momentum between tropical and high-latitude oceans. As the western boundary current of the 45 

South Indian Ocean subtropical gyre, the Agulhas Current represents one of the strongest 46 

current systems in the world ocean, transporting warm and saline tropical waters poleward 47 

along the southeastern coast of Africa. Owing to its large transport, intense mesoscale 48 

variability, and climatic significance, the Agulhas Current exerts a profound influence on 49 

regional circulation, air–sea interactions, marine ecosystems, and global climate variability. 50 

The Agulhas Current system forms a critical component of the inter-ocean exchange between 51 

the Indian and Atlantic Oceans. After flowing southward along the African continental 52 

margin, the current undergoes a dramatic retroflection south of Africa, where most of its 53 

transport returns eastward into the Indian Ocean as the Agulhas Return Current. However, a 54 

fraction of the flow escapes into the South Atlantic through a process known as Agulhas 55 

leakage. This leakage occurs through the shedding of Agulhas Rings, eddies, and filaments 56 

that transport substantial quantities of heat and salt from the Indian Ocean into the Atlantic 57 

Ocean. Consequently, the Agulhas system constitutes a major choke point of the global 58 

overturning circulation and plays a critical role in regulating the upper limb of the Atlantic 59 

Meridional Overturning Circulation (AMOC) (Biastoch et al., 2009; Beal et al., 2011). 60 

Variations in Agulhas leakage have been linked to changes in Atlantic stratification, salinity 61 

budgets, and long-term AMOC variability, emphasizing the broader climatic significance of 62 

the Agulhas system. Recent studies further suggest that changes in Southern Hemisphere 63 

wind systems may influence leakage variability and inter-basin exchange, thereby affecting 64 

large-scale climate processes. 65 

The dynamical structure of the Agulhas Current is characterized by strong western boundary 66 

intensification, energetic mesoscale variability, and complex interactions between 67 

atmospheric and oceanic processes. Previous observational and modeling investigations have 68 

demonstrated that the current exhibits substantial variability over a wide range of temporal 69 

and spatial scales. Mesoscale meanders, Natal Pulses, eddy interactions, and upstream 70 
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variability originating from the Mozambique Channel and East Madagascar Current 71 

contribute significantly to fluctuations in transport and current structure. Furthermore, the 72 

Agulhas retroflection region is recognized as one of the most dynamically active regions of 73 

the global ocean, where nonlinear instabilities generate Agulhas Rings that subsequently 74 

transport Indian Ocean waters into the South Atlantic. Recent syntheses highlight the 75 

importance of mesoscale and submesoscale processes in regulating leakage variability, ocean 76 

mixing, and inter-ocean exchange within the greater Agulhas system. 77 

Although the Agulhas Current has been extensively studied, important uncertainties remain 78 

regarding the mechanisms governing its transport variability. The large-scale circulation is 79 

fundamentally linked to wind-driven subtropical gyre dynamics and western boundary 80 

intensification theory. However, the extent to which local atmospheric forcing directly 81 

influences transport fluctuations remains unclear. Wind stress curl regulates Sverdrup 82 

transport and large-scale gyre circulation, yet several studies indicate that western boundary 83 

currents may respond more strongly to basin-scale pressure gradients, remote forcing, and 84 

intrinsic ocean variability than to local atmospheric forcing. In addition, mesoscale eddies 85 

and nonlinear ocean dynamics may modify or obscure the direct response of the current to 86 

atmospheric variability, complicating the interpretation of transport fluctuations. 87 

Large-scale climate modes provide an additional source of variability. The El Niño–Southern 88 

Oscillation (ENSO) and the Indian Ocean Dipole (IOD) influence atmospheric circulation, 89 

wind fields, and oceanic pressure gradients throughout the Indian Ocean basin. Through these 90 

mechanisms, climate modes can affect upper-ocean thermal structure, circulation pathways, 91 

and western boundary current dynamics. Moreover, variability associated with the Southern 92 

Annular Mode (SAM) and poleward shifts of the Southern Hemisphere westerlies has been 93 

linked to changes in Agulhas leakage and inter-ocean exchange. Numerical and observational 94 

studies suggest that strengthening westerlies may enhance leakage transport and modify 95 

retroflection dynamics, thereby influencing the transfer of heat and salt into the Atlantic 96 

Ocean (Biastoch et al., 2009; Beal et al., 2011). 97 

The climatic importance of the Agulhas Current extends beyond volume transport alone. As a 98 

major conduit for poleward heat transport in the southwestern Indian Ocean, the current 99 

contributes substantially to the redistribution of thermal energy and influences regional 100 

weather and climate. Variability in heat transport affects upper-ocean heat storage, air–sea 101 

heat exchange, and downstream thermal conditions in both the Indian and Atlantic Oceans. 102 

Consequently, understanding the variability of heat transport is essential for evaluating the 103 

role of the Agulhas system in regional climate regulation and global ocean heat redistribution. 104 
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Despite significant advances in understanding Agulhas dynamics, relatively few studies have 105 

simultaneously examined current structure, volume transport variability, heat transport 106 

variability, climate-mode influences, and atmospheric forcing within a unified framework. 107 

Consequently, the relative contributions of local wind forcing, large-scale climate variability, 108 

and internal ocean dynamics to Agulhas transport fluctuations remain incompletely 109 

understood. Addressing these uncertainties is particularly important given the role of the 110 

Agulhas system in inter-basin exchange and its potential influence on future climate 111 

variability. 112 

The present study investigates the structure and variability of the Agulhas Current using a 113 

comprehensive Eulerian framework based on ocean reanalysis and atmospheric datasets. 114 

Specifically, the objectives are to: (1) characterize the mean circulation and transport 115 

structure of the Agulhas Current; (2) quantify the spatial and temporal variability of volume 116 

and heat transport; (3) examine the influence of large-scale climate modes, including ENSO 117 

and the Indian Ocean Dipole, on transport variability; and (4) assess the role of local wind 118 

stress curl forcing in modulating current strength. We hypothesize that (i) transport variability 119 

is governed primarily by intrinsic ocean dynamics rather than direct local wind forcing, (ii) 120 

heat transport variability is closely linked to fluctuations in current intensity, and (iii) large-121 

scale climate modes influence transport indirectly through basin-scale circulation 122 

adjustments. By integrating circulation diagnostics, transport estimates, climate indices, and 123 

atmospheric forcing analyses, this study aims to improve understanding of the mechanisms 124 

governing Agulhas Current variability and its role within the broader climate system. 125 

2. Data and Methodology 126 

2.1 Study Area 127 

The Agulhas Current system is located in the southwestern Indian Ocean and forms the 128 

western boundary current of the South Indian Ocean subtropical gyre. Originating from the 129 

confluence of the Mozambique Channel flow and the East Madagascar Current, the Agulhas 130 

Current flows southwestward along the southeastern coast of Africa before undergoing 131 

retroflection south of Africa and partially returning to the Indian Ocean as the Agulhas Return 132 

Current (Lutjeharms, 2006; Beal et al., 2011). The study domain encompasses the main 133 

Agulhas Current pathway, retroflection region, and adjacent southwestern Indian Ocean (Fig. 134 

2). A transport section was defined approximately normal to the mean current axis to capture 135 

the principal volume and heat transport associated with the current system. 136 

2.2 Oceanographic and Atmospheric Datasets 137 

2.2.1 Ocean Reanalysis Data 138 
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Ocean circulation and hydrographic fields were obtained from the Simple Ocean Data 139 

Assimilation Version 3.15.2 (SODA3) reanalysis (Carton et al., 2018). SODA3 is based on 140 

the Modular Ocean Model version 5 (MOM5) and assimilates a wide range of ocean 141 

observations, including satellite altimetry, sea-surface temperature, Argo profiles, expendable 142 

bathythermographs (XBTs), and moored observations (https://apdrc.soest.hawaii.edu/). 143 

Monthly mean fields spanning 1980–2022 were utilized in this study. The native model 144 

resolution is approximately 0.25° with 50 vertical levels extending from the surface to the 145 

deep ocean. Variables used include: 146 

Zonal velocity (u) 147 

Meridional velocity (v) 148 

Potential temperature (T) 149 

These fields were used to estimate mean circulation structure, volume transport, and 150 

meridional heat transport. 151 

2.2.2 Atmospheric Reanalysis Data 152 

Atmospheric forcing fields were obtained from the ERA5 reanalysis  153 

(https://cds.climate.copernicus.eu/) produced by the European Centre for Medium-Range 154 

Weather Forecasts (ECMWF) (Hersbach et al., 2020). 155 

Monthly mean: 156 

10-m zonal wind (U10) 157 

10-m meridional wind (V10) 158 

were used to calculate wind stress and wind stress curl. ERA5 provides a horizontal 159 

resolution of approximately 0.25° and is widely used for investigations of air–sea interaction 160 

and ocean circulation forcing. 161 

2.2.3 Climate Indices 162 

To investigate large-scale climate influences, monthly Niño-3.4 and Dipole Mode Index 163 

(DMI) data were obtained from the National Oceanic and Atmospheric Administration 164 

(NOAA). 165 

The Niño-3.4 index was used as a measure of El Niño–Southern Oscillation (ENSO) 166 

variability (Trenberth, 1997), while DMI was used to represent the Indian Ocean Dipole (Saji 167 

et al., 1999). 168 

2.3 Eulerian Transport Framework 169 

Transport calculations were performed using an Eulerian framework in which ocean 170 

properties were evaluated across a fixed transect intersecting the Agulhas Current. Similar 171 
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approaches have been widely applied in western boundary current studies (Beal and Elipot, 172 

2016). 173 

Velocity fields were interpolated onto the transport section and projected onto the local 174 

section-normal direction. The total volume transport Q was calculated as: 175 𝑇 =  ∫∫�� �� �	 176 

where �
represents the velocity normal to the section, �� is vertical layer thickness, and �	 is 177 

horizontal distance along the section. Transport values were expressed in Sverdrups (Sv). 178 

2.4 Heat Transport Calculation 179 

Meridional heat transport was calculated following standard ocean heat transport 180 

formulations (Ganachaud and Wunsch, 2003): 181 � = �
�∫ ∫ �
𝑇 �� �	 182 

where � is seawater density (1025 kg m⁻³), 
� is the specific heat capacity of seawater (3990 183 

J kg⁻¹ °C⁻¹), �
 is section-normal velocity and 𝑇 is ocean temperature. 184 

Temperature fields were interpolated onto the velocity grid prior to integration. Heat transport 185 

estimates were expressed in petawatts (PW). 186 

2.5 Wind Stress Curl Analysis 187 

Surface wind stress was estimated using the bulk aerodynamic formulation (Large and Pond, 188 

1981): 189 �� = ����
��� 190 �� = ����
��� 191 

Where ���� is air density, 
� is the drag coefficient, � is wind speed magnitude, and � and � are 192 

zonal and meridional wind components. 193 

Wind stress curl was then computed as: 194 ∇ × � = ∂��∂� − ∂��∂�  197 

Regional averages were used to assess the relationship between atmospheric forcing and 195 

transport variability. 196 

2.6 Time Series Processing 198 

Monthly transport and wind-stress-curl time series were standardized to a common temporal 199 

framework. 200 

Seasonal variability was removed using climatological monthly means: 201 �′ = � − �‾!"
#ℎ 202 

where �′represents the anomaly field, �̅!"
#ℎ denotes the climatological monthly mean..  203 
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Linear trends were removed prior to variability analysis to isolate interannual and longer-204 

timescale fluctuations. 205 

2.7 Spectral Analysis 206 

2.7.1. Meridional Volume Transport 207 

The meridional volume transport across the zonal section at 34°S was calculated by 208 

integrating the meridional velocity component, v, over the cross-sectional area. In continuous 209 

form, the transport is given by 210 𝑇(')  =  ∫ ∫ �(�, �, ')����+,+-
�2�1  211 

where T(t) is the volume transport (m3/s), v is the meridional velocity (m/s), x denotes the 212 

zonal distance along the section, and z represents depth. The limits x1 and x2 correspond to 213 

20°E and 40°E, respectively, while zs and zb denote the surface and bottom boundaries. 214 

For the discretized model grid, the above transport equation was approximated as 215 

𝑇(') ≈  ∑ ∑ ��2(')∆��∆�245
2=1

48
�=1  216 

where Nz  and Nx are the number of depth levels and longitude grid points, respectively; vij is 217 

the meridional velocity at grid cell (i,j); Δzi is the vertical layer thickness; and Δxj is the zonal 218 

grid spacing. 219 

The zonal grid spacing was calculated using the spherical Earth approximation (Stewart, 220 

2008), 221 ∆�2  =  9:;	(∅)∆=2 222 

where R=6.371×106 m is Earth's radius, ϕ is the latitude of the section (34°S), and Δλj is the 223 

longitudinal grid spacing in radians. 224 

The resulting transport was converted to Sverdrups (Sv) according to 𝑇>? = @106 where 1 Sv = 225 

106 m3/s. 226 

To investigate the dominant temporal variability of the transport, the transport time series was 227 

linearly detrended prior to spectral analysis. The power spectral density (PSD) was estimated 228 

using both Welch and multitaper methods. 229 

For a stationary time series x(t), the PSD is defined as the Fourier transform of the 230 

autocovariance function (Priestley, 1981), 231 C (D)  =  ∫ 9∞
−∞ (�)G−�2IJ#�� 232 

where R(τ) is the autocovariance function, f is frequency, and τ is the time lag. 233 
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2.7.2. Welch Spectrum 234 

The Welch estimator computes the PSD by averaging periodograms obtained from 235 

overlapping data segments (Welch, 1967): 236 

CK@(D)  =  1M ∑ NO(D)P
O=1  237 

where K is the number of segments and Ik(f) is the periodogram of the k-th segment. In this 238 

study, a segment length of 128 months with 50% overlap was used. 239 

2.7.3. Multitaper Spectrum 240 

The multitaper method estimates the PSD using multiple orthogonal tapers (Thomson, 1982): 241 

CK@(D)  =  1M ∑ QO(D)P
O=1 NO(D) 242 

where Ik(f) is the tapered spectral estimate obtained using the k-th discrete prolate spheroidal 243 

sequence (DPSS) taper, and wk(f) represents the adaptive weighting coefficients. This method 244 

reduces spectral leakage and improves the statistical stability of spectral estimates, 245 

particularly at low frequencies. 246 

Spectra were computed assuming a monthly sampling interval (Δt=1 month, corresponding to 247 

a sampling frequency fs =1 cycle month−1). Results are presented on logarithmic frequency–248 

power axes to facilitate identification of dominant modes of variability across a wide range of 249 

timescales. 250 

2.8 Correlation and Lag Analysis 251 

Pearson correlation coefficients were calculated to quantify relationships among: 252 

• Agulhas transport 253 

• Wind stress curl 254 

• Niño-3.4 255 

• DMI 256 

Lag correlations were computed over ±12 months to identify delayed responses between 257 

atmospheric forcing and transport variability. 258 

Statistical significance was evaluated using Student's t-test at the 95% confidence level.. 259 

2.9 Composite Analysis 260 

To identify circulation characteristics associated with extreme transport conditions, transport 261 

anomalies were categorized into: 262 

• High-transport years (> +1 standard deviation) 263 

• Low-transport years (< −1 standard deviation) 264 
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Composite velocity and transport fields were calculated separately for each category. 265 

Statistical significance of composite differences was assessed using a two-tailed Student's t-266 

test (p < 0.05). 267 

2.10 Spatial Correlation Analysis 268 

Spatial correlations between wind stress curl anomalies and transport variability were 269 

calculated at each grid point across the study domain. This analysis provides a geographical 270 

assessment of the extent to which local atmospheric forcing contributes to Agulhas Current 271 

transport variability and identifies regions exhibiting statistically significant coupling. 272 

3. Results 273 

3.1 Mean Circulation Structure of the Agulhas Current 274 

The mean circulation pattern of the Agulhas Current is presented in Figure 3, while the 275 

corresponding vertical structure is shown in Figure 4. The current forms a narrow and intense 276 

western boundary jet along the southeastern coast of Africa, characterized by strong poleward 277 

flow concentrated adjacent to the continental slope. The current exhibits pronounced western 278 

boundary intensification, consistent with the classical dynamics of subtropical gyre 279 

circulation (Lutjeharms, 2006; Beal et al., 2011). 280 

The vertical section (Figure 4) reveals a surface-intensified current core extending to depths 281 

of approximately 800–1000 m. The strongest velocities occur within the upper ocean and 282 

gradually weaken with depth, although a coherent subsurface signal remains evident 283 

throughout the upper thermocline. The confinement of high velocities near the continental 284 

margin indicates that the majority of transport is concentrated within a relatively narrow 285 

boundary current corridor. 286 

Together, Figures 3 and 4 demonstrate that the Agulhas Current functions as a vertically 287 

coherent western boundary current capable of transporting substantial volumes of water, heat, 288 

and salt toward the southern Indian Ocean. 289 

3.2 Seasonal Variability of Transport 290 

The seasonal cycle of Agulhas Current transport is shown in Figure 5. Monthly climatological 291 

transport exhibits relatively small variations throughout the annual cycle, with only modest 292 

departures from the long-term mean. 293 

The weak amplitude of the seasonal cycle indicates that seasonal forcing contributes only a 294 

limited fraction of the total transport variance. No persistent seasonal maximum or minimum 295 

is observed, suggesting that transport variability is dominated by processes operating on 296 

interannual and longer timescales rather than by direct seasonal forcing. 297 
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These results are consistent with previous studies that identified weak seasonality and strong 298 

mesoscale variability as characteristic features of the Agulhas Current system (Beal and 299 

Elipot, 2016). 300 

3.3 Spectral and Interannual Variability 301 

The power spectrum of Agulhas Current transport anomalies is shown in Figure 6. Spectral 302 

energy is concentrated primarily at low frequencies, indicating that transport variability is 303 

dominated by interannual and longer-timescale fluctuations. The absence of a strong annual 304 

peak further confirms the weak seasonal modulation identified in Figure 5. 305 

Interannual variability is illustrated in Figure 7a. The transport record exhibits alternating 306 

periods of enhanced and reduced transport that persist over several years, indicating the 307 

presence of substantial low-frequency variability. These fluctuations occur without a 308 

systematic long-term trend and reflect the dynamically variable nature of the Agulhas system. 309 

The predominance of low-frequency variability suggests that transport fluctuations are 310 

associated with large-scale oceanic adjustments and internal dynamical processes rather than 311 

high-frequency atmospheric forcing. 312 

3.4 Relationship with Large-Scale Climate Modes 313 

Figure 7b compares Agulhas Current transport variability with the Niño-3.4 and Dipole Mode 314 

Index (DMI) time series representing ENSO and Indian Ocean Dipole variability, 315 

respectively. 316 

Periods of enhanced transport occasionally coincide with phases of ENSO and IOD 317 

variability. However, the correspondence is not consistent throughout the record. Some 318 

transport anomalies occur during significant climate events, whereas others arise 319 

independently of the climate indices. 320 

The episodic nature of these relationships suggests that large-scale climate modes may 321 

influence Agulhas transport indirectly through basin-scale circulation adjustments, but they 322 

do not represent the primary source of variability. Instead, transport fluctuations likely arise 323 

from the combined influence of remote climatic forcing and intrinsic ocean dynamics 324 

(Biastoch et al., 2009; Beal et al., 2011). 325 

3.5 Spatial and Vertical Distribution of Heat Transport 326 

The mean meridional heat transport associated with the Agulhas Current is shown in Figure 327 

8. Substantial poleward heat transport occurs along the western boundary of the southwestern 328 

Indian Ocean, confirming the role of the Agulhas Current as a major conduit for thermal 329 

energy redistribution. 330 
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Spatial variability in heat transport closely follows changes in current intensity and structure. 331 

Reduced transport near the southern boundary reflects the influence of the Agulhas 332 

retroflection, which redirects part of the flow eastward into the Indian Ocean and modulates 333 

downstream heat export. 334 

The vertical distribution of heat transport is presented in Figure 9. Heat transport is strongly 335 

surface-intensified, with the majority of the poleward heat flux confined to the upper few 336 

hundred metres of the water column. Heat transport decreases rapidly with depth owing to the 337 

combined reduction in current velocity and temperature gradients. 338 

The close correspondence between Figures 4 and 9 indicates that the vertical distribution of 339 

heat transport is primarily governed by the velocity structure of the current. Consequently, 340 

changes in current intensity directly influence the magnitude of poleward heat transport. 341 

3.6 Volume Transport Variability 342 

The temporal evolution of Agulhas Current volume transport is shown in Figure 10. The 343 

current exhibits a mean southward transport of approximately −62.97 Sv, while transport 344 

within the current core averages approximately −67.19 Sv. The standard deviation of 345 

approximately 20.66 Sv indicates substantial variability around the mean state. 346 

Transport fluctuations occur across a broad range of timescales and include both short-term 347 

and interannual variations. Periods of enhanced transport are characterized by strengthening 348 

of the current core, whereas weaker transport periods correspond to reduced current intensity. 349 

No statistically significant long-term trend is evident over the analysis period, indicating that 350 

the Agulhas Current remains approximately stationary in its mean transport characteristics 351 

despite substantial temporal variability. 352 

3.7 Influence of Wind Stress Curl 353 

The relationship between local atmospheric forcing and Agulhas transport variability is 354 

examined in Figure 11. The correlation between transport anomalies and wind stress curl 355 

anomalies is weak (r ≈ 0.11; r² ≈ 0.01), indicating that local wind forcing explains only a 356 

small fraction of the observed transport variability. 357 

Lag-correlation analysis reveals no meaningful delayed response between wind stress curl 358 

and transport, with maximum correlation occurring near zero lag. Similarly, spatial 359 

correlation patterns exhibit weak and spatially incoherent structures throughout the study 360 

region. 361 

These results indicate that local wind stress curl exerts only a minor influence on Agulhas 362 

Current transport variability and suggest that transport fluctuations are primarily controlled 363 

by large-scale pressure gradients and intrinsic ocean dynamics. 364 
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3.8 Composite Analysis and Conceptual Synthesis 365 

Composite velocity anomalies for high- and low-transport states are presented in Figure 12. 366 

High-transport conditions are characterized by a strengthened and spatially coherent western 367 

boundary current, whereas low-transport states exhibit weaker and more fragmented flow 368 

structures. 369 

The difference field highlights statistically significant positive velocity anomalies confined to 370 

the Agulhas Current pathway, indicating that transport variability primarily reflects changes 371 

in current intensity rather than large-scale displacement of the current axis. The spatial 372 

confinement of these anomalies further suggests that variability is generated within the 373 

boundary current system itself. The schematic highlights the dominant role of internal ocean 374 

dynamics and mesoscale variability in regulating transport fluctuations and inter-basin 375 

exchange, while illustrating the broader climatic significance of the Agulhas system through 376 

its connection to Atlantic buoyancy forcing and the Atlantic Meridional Overturning 377 

Circulation (AMOC) (Beal et al., 2011; Biastoch et al., 2009). 378 

4. Discussion 379 

4.1 Mean Structure and Transport Characteristics of the Agulhas Current 380 

The present analysis confirms that the Agulhas Current is a narrow, energetic western 381 

boundary current characterized by strong poleward flow along the southeastern coast of 382 

Africa. The mean circulation pattern and vertical structure (Figures 3 and 4) reveal a surface-383 

intensified current extending to depths of approximately 800–1000 m, consistent with 384 

previous observational and modeling studies (Lutjeharms, 2006; Beal et al., 2011). The 385 

confinement of the current core near the continental slope reflects the classical process of 386 

western boundary intensification associated with subtropical gyre circulation. 387 

The estimated mean transport of approximately 63 Sv is consistent with reported values from 388 

hydrographic observations, current-meter arrays, and numerical simulations, which generally 389 

range between 60 and 80 Sv (Beal et al., 2011; Beal and Elipot, 2016). The agreement 390 

between the present estimates and previous studies provides confidence in the ability of the 391 

reanalysis data to reproduce the large-scale characteristics of the Agulhas Current system. 392 

The observed transport magnitude highlights the importance of the Agulhas Current as a 393 

major conduit for the poleward redistribution of mass, heat, and salt in the Indian Ocean. As 394 

one of the strongest western boundary currents in the global ocean, the Agulhas Current 395 

contributes significantly to regional circulation and inter-ocean exchange processes. 396 

4.2 Dominance of Interannual Variability over Seasonal Forcing 397 
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One of the principal findings of this study is the relatively weak seasonal cycle compared 398 

with the pronounced interannual variability observed in the transport record (Figures 5–7). 399 

Seasonal fluctuations account for only a small proportion of total variance, whereas low-400 

frequency oscillations dominate the transport spectrum. 401 

This behaviour contrasts with several eastern boundary current systems where seasonal wind 402 

forcing represents the primary source of variability. In the Agulhas Current system, mesoscale 403 

eddies, upstream current variability, and basin-scale oceanic adjustments appear to exert 404 

greater control over transport fluctuations than direct seasonal atmospheric forcing. 405 

The predominance of interannual variability is consistent with previous investigations that 406 

identified strong low-frequency fluctuations associated with variability in the Mozambique 407 

Channel, East Madagascar Current, and Agulhas retroflection dynamics (Lutjeharms, 2006; 408 

Beal et al., 2011). These results suggest that transport variability is governed primarily by 409 

internal oceanic processes and large-scale circulation adjustments rather than by local 410 

seasonal forcing. 411 

4.3 Climate-Mode Influences on Agulhas Transport 412 

The comparison between transport anomalies and climate indices indicates that ENSO and 413 

IOD variability may influence the Agulhas system, although the relationships are neither 414 

persistent nor statistically robust throughout the analysis period (Figure 7). Periods of 415 

enhanced or reduced transport occasionally coincide with major ENSO and IOD events; 416 

however, substantial transport anomalies also occur in the absence of pronounced climate 417 

forcing. 418 

The weak and intermittent correspondence suggests that large-scale climate modes influence 419 

Agulhas transport indirectly through modifications of basin-scale wind fields, thermocline 420 

structure, and oceanic pressure gradients rather than through direct forcing mechanisms. Such 421 

indirect influences may be transmitted through changes in the subtropical gyre circulation and 422 

upstream current systems before affecting the Agulhas Current. 423 

Previous studies have demonstrated that climate variability can modulate Indian Ocean 424 

circulation through atmospheric teleconnections and oceanic wave propagation. Nevertheless, 425 

the present results indicate that external climate forcing alone is insufficient to explain the 426 

observed transport variability. Instead, transport fluctuations likely arise from interactions 427 

between climate forcing and intrinsic ocean dynamics, including mesoscale variability and 428 

retroflection processes (Biastoch et al., 2009; Beal et al., 2011). 429 

4.4 Heat Transport and Climatic Implications 430 
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The Agulhas Current serves as a major pathway for poleward heat transport in the 431 

southwestern Indian Ocean. The heat transport distribution (Figures 8 and 9) closely follows 432 

the velocity structure of the current, with the majority of thermal energy transport 433 

concentrated within the upper ocean where both velocities and temperature gradients are 434 

strongest. 435 

The strong correspondence between volume transport and heat transport demonstrates that 436 

fluctuations in current intensity directly influence the magnitude of heat redistribution. 437 

Consequently, periods of enhanced transport are associated with increased poleward heat 438 

flux, whereas weaker current states result in reduced heat transport. 439 

The climatic significance of this relationship extends beyond the Indian Ocean. Through its 440 

influence on Agulhas leakage, variability in heat and salt transport can affect the 441 

thermohaline properties of waters entering the South Atlantic Ocean. Numerous studies have 442 

suggested that changes in Agulhas leakage contribute to variations in Atlantic salinity and 443 

buoyancy forcing, potentially influencing the Atlantic Meridional Overturning Circulation 444 

(AMOC) on longer timescales (Beal et al., 2011; Biastoch et al., 2015). The present findings 445 

therefore reinforce the importance of the Agulhas Current as a key component of the global 446 

climate system. 447 

4.5 Wind Stress Curl versus Internal Ocean Dynamics 448 

Perhaps the most important result of this study is the weak relationship between local wind 449 

stress curl and Agulhas Current transport variability (Figure 11). The correlation coefficient (r 450 

≈ 0.11) indicates that local wind forcing explains only a very small fraction of the observed 451 

transport variance. Furthermore, lag-correlation analyses reveal no coherent delayed response 452 

between wind stress curl and transport fluctuations. 453 

These findings suggest that local atmospheric forcing is not the dominant mechanism 454 

governing Agulhas transport variability. Instead, transport fluctuations appear to be controlled 455 

primarily by intrinsic ocean dynamics, mesoscale variability, and basin-scale pressure-456 

gradient adjustments. This interpretation is supported by the composite analyses (Figure 12), 457 

which demonstrate that transport anomalies are associated mainly with changes in current 458 

intensity rather than large-scale shifts in current position. 459 

The weak influence of local wind forcing is consistent with the complex nature of the 460 

Agulhas system, where transport variability arises from interactions among upstream source 461 

waters, retroflection dynamics, mesoscale eddies, and inter-ocean exchange processes. 462 

Variability in the Mozambique Channel, East Madagascar Current, and Agulhas retroflection 463 

may therefore exert a stronger influence on transport than local atmospheric forcing. 464 
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5. Conclusions 465 

This study examined the structure, variability, and forcing mechanisms of the Agulhas 466 

Current using ocean reanalysis and atmospheric datasets within an Eulerian transport 467 

framework. By combining analyses of circulation structure, volume transport, heat transport, 468 

climate variability, and atmospheric forcing, the study provides a comprehensive assessment 469 

of the processes governing variability within one of the world's most energetic western 470 

boundary current systems. 471 

The mean circulation is characterized by a narrow, surface-intensified western boundary 472 

current flowing poleward along the southeastern coast of Africa, with the current core 473 

extending to depths of approximately 800–1000 m. The estimated mean volume transport of 474 

approximately 63 Sv confirms the Agulhas Current as one of the strongest western boundary 475 

currents in the global ocean and is consistent with previous observational and modeling 476 

estimates (Lutjeharms, 2006; Beal et al., 2011; Beal and Elipot, 2016). Transport variability is 477 

substantial, with a standard deviation of approximately 21 Sv, reflecting the highly dynamic 478 

nature of the Agulhas system. 479 

Temporal analyses indicate that interannual and longer-timescale fluctuations dominate 480 

transport variability, whereas seasonal variability contributes only a minor fraction of the 481 

total variance. Spectral analyses reveal the predominance of low-frequency variability, 482 

suggesting that transport fluctuations are associated primarily with basin-scale circulation 483 

adjustments and intrinsic ocean dynamics. Comparisons with the Niño-3.4 and Dipole Mode 484 

Index (DMI) indicate episodic correspondence between transport anomalies and large-scale 485 

climate variability; however, no persistent or statistically robust relationship was identified. 486 

These findings suggest that ENSO and IOD influence the Agulhas system indirectly through 487 

large-scale ocean–atmosphere interactions rather than acting as primary drivers of transport 488 

variability (Biastoch et al., 2009; Beal et al., 2011). 489 

Heat transport analyses demonstrate that the Agulhas Current serves as a major conduit for 490 

poleward heat redistribution in the southwestern Indian Ocean. The majority of heat transport 491 

is concentrated within the upper ocean and closely follows the vertical structure of the 492 

current. Variations in current strength directly modulate the magnitude of heat transport, 493 

emphasizing the importance of transport fluctuations for regional heat budgets and ocean–494 

atmosphere interactions. 495 

A key finding of this study is the weak relationship between local wind stress curl and 496 

transport variability. The low correlation coefficient (r ≈ 0.11) indicates that local 497 

atmospheric forcing explains only a small proportion of the observed transport fluctuations. 498 
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Composite analyses further reveal that variability is associated primarily with changes in 499 

current intensity rather than substantial shifts in current position. Collectively, these results 500 

indicate that Agulhas Current variability is governed predominantly by intrinsic ocean 501 

dynamics, mesoscale variability, upstream circulation fluctuations, and basin-scale pressure-502 

gradient adjustments rather than by direct local wind forcing. This interpretation is consistent 503 

with previous studies emphasizing the importance of mesoscale processes and remote forcing 504 

in regulating variability within the greater Agulhas system (Lutjeharms, 2006; Beal et al., 505 

2011). 506 

The findings underscore the climatic significance of the Agulhas Current as a major pathway 507 

for the transport of heat and salt between the Indian and Atlantic Oceans. Through its 508 

connection to Agulhas leakage, variability within the Agulhas system has the potential to 509 

influence Atlantic salinity distributions, buoyancy forcing, and components of the Atlantic 510 

Meridional Overturning Circulation (AMOC), thereby linking regional ocean dynamics to 511 

broader climate variability (Biastoch et al., 2009; Beal et al., 2011; Biastoch et al., 2015). 512 

Future investigations incorporating eddy kinetic energy, sea-surface height variability, 513 

Agulhas leakage diagnostics, and Southern Annular Mode influences would further improve 514 

understanding of the mechanisms connecting Agulhas Current variability to regional and 515 

global climate processes. 516 
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Figure 1. Location of the Agulhas Current system in the southwestern Indian Ocean. The study 688 

domain encompasses the southeastern coast of Africa, the Agulhas Current pathway, the Agulhas 689 

Retroflection region, and adjacent portions of the South Atlantic and Indian Oceans. The red line 690 

indicates the transport section used for volume and heat transport calculations. 691 

 692 

 693 

Figure 2. Bathymetry and geographical setting of the study region. Major circulation features of the 694 

Agulhas system, Agulhas Retroflection, Agulhas Return Current, and Agulhas leakage pathways. 695 

Bathymetry is shaded according to water depth (m). 696 

 697 
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Figure 3. Mean surface circulation of the Agulhas Current derived from SODA reanalysis during the 698 

study period. Shading represents current velocity magnitude (m s⁻¹), while vectors indicate current 699 

direction. The Agulhas Current appears as a narrow and intense western boundary current flowing 700 

southwestward along the southeastern African continental margin before entering the retroflection 701 

region south of Africa. 702 

 703 

 704 

Figure 4. Mean vertical structure of the Agulhas Current along the transport section (34°S). Shading 705 

represents section-normal velocity (m s⁻¹), while contours indicate velocity structure. Positive and 706 

negative values denote flow directions relative to the transport section. The figure illustrates the 707 

surface-intensified nature of the current and its vertical penetration into the upper ocean. 708 
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 709 

 710 

Figure 5. Seasonal cycle of Agulhas Current transport. a, Monthly climatology of volume transport 711 

derived from the full study period (Top). b, Monthly transport values shown in an alternative 712 

representation to facilitate comparison among months (bottom). Both panels indicate weak seasonal 713 

variability, with transport remaining relatively stable throughout the year and exhibiting only minor 714 

departures from the annual mean. The results suggest that seasonal forcing plays a limited role in 715 

controlling the overall strength of the Agulhas Current. 716 
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 717 

Figure 6. Power spectral density of Agulhas Current transport anomalies.  718 

 719 

 720 
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Figure 7. Relationship between Agulhas Current transport variability and large-scale climate modes. 721 

(a) Time series of monthly transport anomalies (top). (b) Comparison of standardized Agulhas 722 

transport anomalies with the Niño-3.4 index and Dipole Mode Index (DMI) (bottom). Positive and 723 

negative phases of ENSO and the Indian Ocean Dipole are indicated to assess potential climate 724 

influences on transport variability. 725 

 726 

Figure 8. Spatial distribution of mean meridional heat transport associated with the Agulhas Current. 727 

Shading represents heat transport magnitude, illustrating the concentration of poleward heat transport 728 

within the western boundary current system and its downstream modification near the Agulhas 729 

Retroflection region. 730 

 731 
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Figure 9. Vertical distribution of meridional heat transport across the Agulhas Current section. 732 

Shading indicates heat transport contributions as a function of depth and cross-sectional position. The 733 

majority of heat transport is confined to the upper ocean, reflecting the combined influence of strong 734 

velocities and elevated temperatures. 735 

 736 

Figure 10. Time series of Agulhas Current volume transport during the study period. The solid line 737 

represents monthly transport estimates, while the dashed line indicates the long-term mean transport. 738 

Positive and negative anomalies correspond to periods of enhanced and reduced current strength, 739 

respectively. 740 

 741 
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 742 

Figure 11. Relationship between Agulhas Current transport variability and wind stress curl. (a) Time 743 

series comparison between transport anomalies and regional wind stress curl anomalies. (b) Scatter 744 

plot showing the correlation between transport and wind stress curl. (c) Lag-correlation analysis 745 

indicating the temporal relationship between atmospheric forcing and transport variability. (d) Spatial 746 

correlation between transport anomalies and wind stress curl anomalies across the study region. 747 

Stippling indicates statistically significant correlations at the 95% confidence level. 748 

 749 

 750 
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Figure 12. Composite analysis of extreme transport states. (a) Mean circulation during high-transport 751 

periods (> +1 standard deviation). (b) Mean circulation during low-transport periods (< −1 standard 752 

deviation). (c) Difference between high- and low-transport composites. Shading represents velocity 753 

anomalies, and stippling indicates regions where differences are statistically significant at the 95% 754 

confidence level. The figure highlights the dominant role of current-intensity changes in generating 755 

transport variability. 756 
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