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The Surface Pathways of the South Atlantic: Revisiting
the Cold and Warm Water Routes Using

Observational Data

K. L. Drouin' () and M. S. Lozier"

'Earth and Ocean Sciences Department, Nicholas School of the Environment, Duke University, Durham, NC, USA

Abstract The relative contributions of the Atlantic Meridional Overturning Circulation upper limb
source waters in the South Atlantic (SA) remain largely unresolved. We contribute to a resolution by
using observational data to explore water mass pathways feeding into the Benguela Current, considered a
major component of the Atlantic Meridional Overturning Circulation upper limb in the SA. We focus on the
pathways from the Pacific Ocean via the Drake Passage (traditionally termed the “cold” water route) and the
Indian Ocean via Agulhas Leakage (traditionally termed the “warm” water route). We employ two main
observational data sets: (1) surface drifter trajectories from the National Oceanic and Atmospheric
Administration's Global Drifter Program and (2) the Ocean Surface Current Analysis Real-time product.
Based on our Lagrangian analysis, the majority of particles originating in the Drake Passage remain in the
Antarctic Circumpolar Current, with a small portion reaching the northern limb of the SA subtropical
gyre, and a few infiltrating the Agulhas Current region. The majority of particles released in the Agulhas
Current follow the Agulhas Return Current and recirculate in its vicinity. Only a small portion leaks into the
SA. Observed pathways reveal strong interactions between the two source waters in the Brazil-Malvinas
Confluence, the SA subtropical gyre, the Benguela Current, and the Agulhas Current region. Results from
backward trajectories suggest a sizable contribution of waters from the Drake Passage to the Benguela
Current but show disagreement between the two datasets in the magnitude of this contribution.

Plain Language Summary The Atlantic Meridional Overturning Circulation is an important
component of the climate system. The relative proportion of the source waters that comprise the upper
limb of this circulation in the South Atlantic is still debated. Here we investigate the surface pathways of
source waters from the Pacific and Indian Oceans using two main observational data sets. Specifically, we
use ocean drifters and a satellite and in situ data derived ocean surface current product. We find that source
waters from the Pacific and Indian Oceans share many pathways throughout the South Atlantic basin,
especially in the gyre and boundary regions. The source waters of the Benguela Current, which merges
waters of the upper limb, stem from the South Atlantic interior, the Pacific Ocean, and the Indian Ocean. The
contribution of the Pacific Ocean is larger than recently assumed, while the contribution from the Indian
Ocean is on the lower end of previous estimates from the literature.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) consists of a northward flowing warm and salty
upper limb, which compensates a southward flowing cold and fresh lower limb. While this overall depiction
of the northward heat flux throughout the Atlantic basin is well understood (Garzoli & Matano, 2011)
relative contribution of the source waters for the upper limb in the South Atlantic is still debated.
Specifically, there is disagreement as to whether the upper limb of the AMOC is primarily fed by cold, fresh
waters from the Pacific Ocean, which enter the SA basin through the Malvinas Current (MC) via the Drake
Passage (DP), or by warm, salty waters from the Indian Ocean, which enter the South Atlantic (SA) via
Agulhas leakage in the form of mesoscale eddies and filaments. The former is traditionally referred to as
the “cold water route” following (Rintoul, 1991), while the latter is termed the “warm water route” following
(Gordon, 1986). It has also been suggested that a minor contribution to the source waters of the upper limb
stems from local water masses formed within the SA (Stramma & England, 1999).

Interest in these competing sources stems from an expectation that the prevalence of one over the other
affects the variability and stability of the AMOC because of their influence on deep water formation in the
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North Atlantic (Garzoli & Matano, 2011). For example, Beal et al. (2011) suggest that salinity input via
Agulhas leakage acts as a stabilizing mechanism for the AMOC by offsetting freshwater forcing in the
North Atlantic. However, modeling results from Weijer and van Sebille (2014) indicate that such salinity
input would be too weak to change the stratification of the North Atlantic. Since several studies suggest that
Agulhas leakage has increased over the past few decades (Biastoch et al., 2009; Durgadoo et al., 2013) and
another predicts a continued increase under current climatic conditions the relative contribution of the
warm water route continues to be of interest.

In the years since the seminal studies of Gordon (1986) and Rintoul (1991), numerous studies have tried to
quantify the relative importance of these two pathways, with no consensus to date (Garzoli & Matano, 2011).
Gordon et al. (1992) attempted to reconcile the two viewpoints by suggesting an indirect contribution from
the Pacific waters. The authors suggested that waters entering the SA via the DP follow the Antarctic
Circumpolar Current (ACC) eastward, are subsequently entrained in the Indian Ocean subtropical gyre
and then eventually merged with the Agulhas Current (AC) to reenter the SA basin via Agulhas leakage.
This route forms part of the super-gyre that connects the Indian, Pacific, and Atlantic Ocean basins (De
Ruijter, 1982; Speich et al., 2007).

Both the warm water route (Donners & Drijfhout, 2004; Lee et al., 2019; Speich et al., 2001; Speich et al.,
2007; Weijer et al., 2002) and the cold water route (Macdonald, 1998; Sloyan & Rintoul, 2001; You, 2002) have
found heavy favor in past studies. Two recent studies, however, suggest a more comparable role for the path-
ways, while still attributing a larger contribution to the warm route (Rodrigues et al., 2010; Riihs et al., 2019)
The divergent estimates of the cold and warm water route contributions can be partially explained by the use
of different data sets and methods, as well as the use of coarse-resolution models (Donners & Drijfhout, 2004;
Riihs et al., 2019)

The majority of these past studies have addressed the contributions of the cold and warm water routes
from a modeling perspective, either in the Eulerian or Lagrangian framework. The purpose of this study
is to reinvestigate the source waters of the AMOC upper limb in the SA using observational data. The
observational data sets available for this study—surface drifters and satellite derived ocean surface
current fields—yield information on surface velocities only. To alleviate this constraint, we qualitatively
compare the surface drifter trajectories to subsurface floats. However, since these floats are primarily
isobaric, they too are unable to capture the full three-dimensional pathways. We admit the constraint
placed on this study by this limitation, but in the absence of three-dimensional velocities from the
observational record, surface pathways can provide valuable, albeit imperfect, information about the
circulation (Mariano et al., 2002; van Sebille et al., 2011). Our purpose then is not to produce a
comprehensive assessment of the upper limb pathways but rather to understand what we can learn
about surface pathways in the SA, as they pertain to the AMOC upper limb, from the observational
database alone. A follow-on study, using numerical modeling output, will examine the full three
dimensionality of the pathways. As such, this present study will also provide important validation for
the modeled pathways.

To meet our goal of using available observations to assess surface pathways in the SA, we produce three sets
of trajectories: those directly available from surface drifters, those computed from a Markov chain using the
surface drifter record, and those computed from surface velocity fields. Additionally, we compare the surface
drifter trajectories to subsurface float trajectories. An inspection of the similarities and differences among
these sets allows for a more robust evaluation of the surface pathways. Finally, we note that our goal is a
description of the mean, rather than temporally varying pathways. The remainder of this paper is organized
as follows: Section 3 provides an overview of the observational datasets and methods; section 4 presents and
discusses the results; and section 4 summarizes the findings.

2. Data and Methods

We define our study region between 70°S-10°S and 70°W-50°E and refer to it as the SA domain (Figure 1).
For the analysis of the Markov chain and the trajectories computed from surface velocity fields, we further
define four geographical subdomains: the northern SA, the southern SA, the Agulhas Region (AR), and
the DP (Figure 1).
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Figure 1. Map of the SA domain with the names of relevant ocean currents. Specific study regions are demarcated by dark blue lines. The northern SA is defined
between 70°W and 20°E and 30°S and 10°S; the southern SA is defined between 70°W and 20°E and 70°S and 30°S with the exception of the region defined
between 70°W and 50°W and 70°S and 50°S, which is defined as the Drake Passage; the Agulhas Region is defined between 20°E and 50°E and 70°S and 10°S. Black
contours (0.2-m intervals) are the absolute dynamic topography in meters from AVISO. The background shading indicates the number of GDP drifters per one-by-1°
grid box. Grid boxes containing less than the median number of drifters (15) are colored in the same color. The schematic pathways and eddies highlight the
traditional cold route from the Pacific Ocean (Gordon, 1986) and warm route from the Indian Ocean (Rintoul, 1991). The abbreviations denote the following ocean
currents: AC = Agulhas Current; ACC = Antarctic Circumpolar Current; ARC = Agulhas Return Current; BEC = Benguela Current; MC = Malvinas Current;

SAC = South Atlantic Current.

Our focus lies on the identification of pathways from the DP (waters entering the SA across 70°W) and the
Agulhas Current (AC; water flowing across 32°S between 30°E and 35°E), as well as pathways to the
Benguela Current (BEC; waters crossing 30°S between 0° and 15°E). Since this work primarily addresses
the geographical origins and pathways of the surface waters of the SA, the cold and “warm” water routes
are henceforth referred to as “Drake Passage” and “Agulhas” waters, respectively.

Previous studies involving the upper limb of the AMOC have chosen the North Brazil Current as a region of
interest as it acts as a bottleneck for the waters of the upper limb (Riihs et al., 2013; Riihs et al., 2019).
However, past studies have indicated that the connection to the North Brazil Current is at least partially sub-
surface (Johns et al., 1998; Schott et al., 1998; Schott et al., 2005; Stramma, 1991). A relatively recent study, for
example, showed that only 1% of surface trajectories released in the Agulhas Current would reach the North
Atlantic over 100 years, a value that increases to 2% when the three-dimensional nature of the pathway is
taken into account (van Sebille et al., 2011). To minimize the impact of the surface constraint on our study,
instead of choosing the North Brazil Current as the end point for trajectories released at the source locations,
we use the upstream BEC. This current is also sourced by the same Pacific and Indian Ocean waters (Garzoli
& Gordon, 1996; Garzoli & Matano, 2011) yet is located much closer to the source locations.

We use two observational data sets to produce surface pathways: (1) satellite-tracked surface drifters from the
National Oceanic and Atmospheric Administration’s Global Drifter Program (GDP; publically available for
download at: https://www.aoml.noaa.gov/phod/gdp/index.php) and (2) the Ocean Surface Current
Analysis Real-time (OSCAR) generated by Earth Space Research (publically available for download at:
https://podaac.jpl.nasa.gov/dataset/ OSCAR_L4_OC_third-deg). We use a third observational data set, sub-
surface floats from the World Ocean Circulation Experiment Subsurface Float Data Assembly Center
(WFDAC) at Woods Hole (publically available for download at: https://www.aoml.noaa.gov/phod/float_
traj/data2.php), to compare our surface trajectories to subsurface trajectories. These datasets are discussed
further in the following sections, as is our use of a Markov chain to compute pathways. For a discussion
and maps of the OSCAR and surface drifter velocity fields we refer the reader to Johnson et al. (2007),
Dohan and Maximenko (2010), and Laurindo et al. (2017).
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Figure 2. Surface drifter and subsurface float trajectories from the Drake Passage. (a) Trajectories of 517 drifters passing through the grey box (70°S-50°S, 70°W-50°
W). The drifters are colored by their preferred pathways: Drifters entering the SA in the MC are colored in blue; drifters remaining in the ACC are colored in
light blue. Drifters that enter the SA in the ACC but, subsequently, become entrained in the MC are counted as MC drifters. Drifters that escape the ACC and travel
on a more northerly route are colored in dark blue. (b) Similar to (a) but for the trajectories of 37 floats passing through the DP. The average depth of the floats is
783 + 159 m with a range of 50-1,554 m. Note that there is an updated version of this float data set available, however, the version we employ (version 1.0) has
identical data to the newer version (version 2.0) in the SA. The 37 floats include 36 ALACE floats and 1 PALACE float.

2.1. Surface Drifters and Subsurface Floats

The GDP surface drifter data consists of 15-m drogued and undrogued drifters, whose longitudinal and lati-
tudinal positions are reported every 6 hr. Here the full GDP data set is subsampled to include surface drifters,
henceforth referred to as “drifters,” passing through our SA domain (Figure 1) between November 1989 and
June 2018. Since undrogued drifters do not accurately capture the motion of near-surface currents (Lumpkin
& Pazos, 2007; Niiler & Paduan, 1995; Pazan & Niiler, 2001), their trajectories are excluded from this analysis.
However, the trajectories of drifters that have lost their drogue are included up to the point of drogue loss.
Given these constraints, the SA GDP data set is comprised of 3,425 trajectories. Note that while this full
SA GDP data set is used for the construction of the Markov chain, the qualitative analysis of the drifter tra-
jectories only includes drifters that are located in the vicinity of the DP, the AC, and the BEC (Figures 2-5)
and have a minimum lifetime of thirty days.

DROUIN AND LOZIER 7085



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Geophysical Research: Oceans 10.1029/2019JC015267

10°W 10°E 30°E 50°E

a. Surface drifters (78)

Agulhas
leakage: 6%

Y
30°S O

50° S
b. Subsurface floats (52)

Agulhas

leakage: 10%
50° S

©
eturn Current: 25%

30°S

Figure 3. Surface drifter and subsurface float trajectories from the Agulhas. (a) Trajectories of 78 drifters passing through
the grey box (34.5°S-15°S, 20°E-50°E). The drifters are colored by their preferred pathways: Drifters leaking into the SA
are colored in red; drifters that follow the ARC and subsequently exit the domain via the ARC are colored in dark red.
Drifters that do not leak or exit through the ARC are colored in grey. (b) Similar to (a) but for the trajectories of 52 floats.
The average depth of the floats is 678 + 332 m with a range of 4-1,294 m. The 52 floats include 17 ALACE floats, 16
PALACE floats, and 19 RAFOS floats.

Our analysis of the drifters is constrained by their limited temporal and spatial coverage. The average lifetime
of the drifters used in this study is 0.5 + 0.5 years. Additionally, their spatial coverage is nonuniform
(Figure 1), as it is subject to sampling bias from cruise routes and targeted sampling strategies. The mean
number of drifters per 1° grid box is 22 + 23. As explained in the next subsections, we remove the lifetime
constraint of the observed drifters with the use of a Markov chain (McAdam & van Sebille, 2018; Miron et
al., 2017; Miron et al., 2019; van Sebille et al., 2012). We also address the bias from the non-uniform drifter
distribution by using the satellite-derived OSCAR fields to compute Lagrangian pathways, also
described below.

Most significantly, the drifters are drogued to a depth of 15 m and constraint to the surface. Hence, as
mentioned in the introduction, they do not capture the three dimensionality expected from water
pathways. To partially account for the lack of three dimensionality, we qualitatively compare the

DROUIN AND LOZIER

7086



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015267

a. Surface drifters (33)

30°S

10° E 30°E 50° E

Agulhas
leakage: 3%

.3:(5-

%7\

o= ::’;',' <
if(&“‘ei“ z
> D

b. Surface drifters (37)

30°S

30°S

Agulhas

(02
)

A S Z
N

Agulhas
leakage: 10%
—— /N
7 S8

-

Figure 4. Sensitivity of Agulhas leakage estimates. The colors are as defined in Figure 3 caption. The (a) 33 drifter trajectories passing through the AC at 30°S
(grey box). The (b) 37 drifter trajectories passing through the AC at 32°S (grey box). The (c) 51 drifter trajectories passing through the AC at 34°S (grey box).

drifters to subsurface floats available through WFDAC. We highlight again that these subsurface floats,
henceforth referred to as “floats,” are primarily isobaric and, hence, still do not reflect three-
dimensional pathways. As mentioned in the introduction, an investigation of three-dimensional and
subsurface pathways awaits further study.
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Figure 5. Surface drifter and subsurface float trajectories in the ARC. (a) Trajectories of 225 drifters passing through the grey box (37°S-34.5°S, 20°E-50°E) at any
point during their lifetime. Blue drifters originate west of 10°W and south of 40°S. Red drifters originate within the Agulhas domain defined in Figure 3 (34.5°S-15°S,
20°E-50°E). Grey drifters originate elsewhere in the domain. (b) Same as (a) but for the trajectories of 84 floats passing through the vicinity of the ARC. The 84
floats include 28 ALACE floats, 17 PALACE floats, and 39 RAFOS floats.

2.2. Markov Chain From Surface Drifter Trajectories

In general, a Markov chain describes the transition from a present state to a future (or past) state, based on
probability distributions. In this context, it serves as a tool to explore oceanic surface pathways and connec-
tions implicit in the drifter record on a longer time scale (McAdam & van Sebille, 2018; van Sebille et al.,
2012). A detailed description of the use of Markov chains and their limitations in oceanographic applications
can be found in (McAdam & van Sebille, 2018). Though we acknowledged the limits imposed by drifter cov-
erage above, we note here that the validity of the Markov chain is not influenced by the non-uniform sam-
pling of the drifters (see Miron et al., 2019 for details).

To construct the Markov chain from the GDP drifter data, we divide the domain into a discrete grid with a
horizontal resolution of dx and dy. Next, we split the drifter trajectories into subtrajectories of length dt
and consider all positions at time ¢ = ¢, in a specific grid cell and find the position of those drifters at time
t = t, + dt. We then determine the probability of moving from that grid to another grid over the time step
dt. We repeat this step for all grid cells and summarize the probabilities in a transition matrix. After

DROUIN AND LOZIER

7088



'AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015267

determining all probabilities for all grids, we initialize particles in a specific grid and compute their probabil-
istic trajectories over 5 years.

The steps outlined above largely follow the method outlined in McAdam and van Sebille (2018) with two
exceptions: First, we normalize the drifter trajectories by the total number of drifter trajectories in a grid cell
at time ¢ = ¢, rather than by the number of drifter trajectories that leave a given grid cell over the time step dt.
This modification accounts for drifters that remain in a given grid cell over the assigned time step dt. Second,
we construct the transition matrix using only the trajectories of drogued drifters, due to the limitations of
undrogued drifters described above.

Here we also construct a “backward” Markov chain to trace surface waters back to their sources. In this case,
the probability distribution for each grid cell is calculated based on the drifter position at time ¢t = ¢, and t = ¢,
—dt.

2.2.1. Markov Chain Parameters

Following McAdam and van Sebille (2018), the spatial grid for the Markov chain is set to dx = dy = 1°, which
yields a total of 4,887 grid cells in our SA domain. We take advantage of the full SA drifter data set and split
the 2,983 drifter trajectories into roughly 2.1 million subtrajectories. This yields an average of 860 + 686
observations per grid cell, with 237 grid cells (5%) containing less than 50 observations. Note that approxi-
mately 1% of the grid cells are absorbing, that is, once a drifter enters an absorbing grid cell it remains there
indefinitely, since there is a zero probability of leaving an absorbing grid cell (Miron et al., 2017; van der
Mheen et al., 2019). Accordingly, we exclude the absorbing grid cell from our analysis (van der Mheen et
al., 2019).

We define dt as the advective time scale for surface particles. A simple scaling analysis, with a nominal length
scale of 40-100 km and velocities of 0.1-1 ms™", yields a range for dt of 0.5-10 days. We justify our choice of
the midrange value (dt = 5 days) as follows. First, we conducted sensitivity simulations using dt = 1, 5, 10,
and 100 day(s) and used two metrics to compare the actual drifter positions to the positions predicted by
the Markov chain particles. To ensure the best comparison, we subsampled the drifter trajectories to the time
step of each Markov chain. Specifically, we calculated (1) artificial dispersion, defined as the number of grid
cells occupied by Markov particles that are not occupied by the original drifters, normalized by the total
number of grid cells occupied by the Markov particles and (2) undercapture, defined as the number of grid
cells occupied by the original drifters that are not occupied by the Markov chain particles, normalized by the
total number of grid cells occupied by the original drifters. Ideally, both quantities should be minimized. A
comparison of these metrics for all tested dt values reveals that after 300 days, dt = 5 days gives a relatively
low artificial dispersion (~14%) and small undercapture (~10%). For dt = 1 day and dt = 100 days, the artifi-
cial dispersion is ~15% and ~40% and the under-capture is ~12% and 35%, respectively. Additionally, a time
scale of 5 days exceeds the Lagrangian decorrelation time scale of the surface ocean of two to three days
(LaCasce, 2008) meaning that the velocity field is memoryless after five days. This loss of memory is a
requirement for the Markov chain (Miron et al., 2017). Finally, this advective timescale also matches the tem-
poral resolution of the OSCAR fields. For more information on artificial dispersion in Markov chains, the
reader is also referred to McAdam and van Sebille (2018).

Ideally, one could construct a three-dimensional Markov chain from the subsurface floats. However, their
limited number (480), which results in an average coverage of 4 + 4 floats per grid cell (compared to an aver-
age of 22 + 23 surface drifters per grid cell), coupled with their scattered distribution throughout the SA and
irregular reporting time, precludes this possibility.

2.3. Lagrangian Particle Simulations in OSCAR

The OSCAR fields are two-dimensional velocity fields representative of the upper 30 m of the ocean and are
computed from quasi-linear and steady flow momentum equations using in situ measurements and satellite
altimetry data as input (Bonjean & Lagerloef, 2002). These velocities are available globally at a spatial resolu-
tion of one-third degree and a temporal resolution of 5 days. For this study, we use the 2000-2017 OSCAR
fields covering our SA domain. Prior years are excluded from this study as they do not have enough data cov-
erage close to the South African coast.

To optimize the comparison between the drifter trajectories, the Markov chain, and the Lagrangian particle
simulations using OSCAR, we release particles daily over a period of 10 years. The particles are advected
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forward in time from the DP and AC, as well as backward in time from the BEC using a fourth-order Runge-
Kutta integration scheme with a time step of 1 hr. Over the 10-year period, trajectories are integrated for 5
years, with positions recorded every 5 days. The OSCAR fields are interpolated to each particle position at
each time step bicubically in space and linearly in time. To minimize the number of particles advected onto
land, particles close to land (i.e., 1°) are advected using the Forward Euler method instead of the Runge-
Kutta scheme. Additionally, in these cases the velocities are not interpolated and only the component paral-
lel to the coast of the closest available velocity is used for the integration.

For our analysis of the OSCAR pathways, we only include particles that last the whole integration period,
leave the domain prior to 5 years (DP and AC), or reach the source regions prior to 5 years (BEC). For the
DP and BEC simulations, approximately 90% of launched particles match these criteria. For the AC simula-
tions this value is slightly lower, at around 75%. The majority of particles are lost close to the shore, due to a
lack of data coverage and the needed interpolation and integration scheme. Note that approximately 8% are
lost from each launch site, meaning that no one launch site experiences more or less loss than any other.

2.4. Data Analysis

The GDP drifter trajectories are qualitatively analyzed in terms of their preferential pathways and quantita-
tively in terms of their travel time to certain sections of the domain. The WFDAC subsurface float trajectories
are used as a qualitative comparison of pathways for the surface drifter trajectories.

We create two different probability maps for the results of the Markov chain (Figures 7-9) and the OSCAR
fields (Figures 10-12). For the first map, we count the number of particles that pass through each grid cell
over 5 years and normalize this count by the total number of particles released. Note that each particle is only
counted once per grid cell. As such, each grid cell can have a maximum value of 100% if all released particles
pass through that particular grid cell over the 5-year integration time period. This distribution map high-
lights preferential pathways, since high particle concentrations denote the routes that most of the
particles follow.

For the second map, we count the total number of particle positions in each grid cell over the course of 5
years and normalize this count by the total number of particle positions of all released particles. Thus, the
cumulative sum of all grid cells is 100%. While this type of distribution map also shows preferential path-
ways, it primarily highlights areas of large residence time. Combining these two views allows us to, for exam-
ple, determine if high particle concentrations result from many particles following a specific path or from
strong recirculation in the area (van Sebille et al., 2018).

3. Results and Discussion

In section 4.1, we discuss what can be inferred from the original GDP data set by qualitatively analyzing the
trajectories of drifters passing through the DP, the AR, and the BEC and qualitatively compare the trajec-
tories to subsurface floats. In sections 4.2 and 3.3, we take a more quantitative approach and discuss the
results of the Markov chain and OSCAR particle advections, respectively, in the same regions.

3.1. Surface drifter and subsurface float trajectories

3.1.1. Drake Passage

A total of 517 drifters enter our SA domain through the DP (Figure 2). One fifth of those divert to the north
and enter the MC (21%; blue), while the rest remain in the ACC (79%; light blue). The drifters entering the
MC primarily pass through the DP north of 60°S. The entanglement, looping, and eddying motion of the MC
drifters highlight the energetic and dynamic nature of the Brazil-Malvinas Confluence (Garzoli, 1993; Jullion
et al., 2010; Willson & Rees, 2000). As the drifters move eastward, a few that had followed the MC (blue) sub-
sequently rejoin the ACC, while a few others that had been following the ACC are entrained into the South
Atlantic Current (dark blue), highlighting continuous exchange between the two currents (Boebel et al.,
1999). Though a previous study had suggested a lack of exchange between the ACC and the South
Atlantic Current after 50°W (Speich et al., 2001), our results show continuous exchange up to approximately
35°W, in agreement with previous work by Boebel et al. (1999) and a recent modeling study by Riihs et al.
(2019). Some drifter trajectories follow intra-gyre pathways in the SA basin (Figure 2), an observation in
agreement with a modeling study by (Schmid, 2014). The author suggests that the South Atlantic Current
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may be connected to the southern South Equatorial Current via pathways that cross the interior of the
subtropical gyre.

Approximately 20% of drifters travel across 10°W. Of those, the majority are located in the ACC and a smaller
fraction (6%) is found in the BEC. Drifters traveling in the ACC (light blue; Figure 2) cross 10°W after 0.9 +
0.2 years. Drifters travelling via the MC (blue; Figure 2) and subsequently the South Atlantic Current only
cross 10°W after 1.7 + 0.4 years. Given the drifters’ relatively short lifetime of 0.7 + 0.5 years, these transit
times are likely underestimated, particularly so for the BEC with its longer transit from the DP. In addition
to these two pathways, a number of drifters are entrained into the Agulhas Return Current (ARC), suggesting
a possible conflation of the cold water and warm water routes closer to the warm source than previously sug-
gested (Gordon et al., 1992; Speich et al., 2007). As mentioned above, earlier work addressed the interaction
between the DP waters and Agulhas waters outside of the SA basin. Their primary focus was on DP water
recirculating within the Indian Ocean subtropical gyre or entering the Indian Ocean through Tasman
Leakage to form a super-gyre (Gordon et al., 1992; Speich et al., 2001; Speich et al., 2007). Instead, here we
suggest a mixing of these two sources just southeast of the African continent. Further evidence for this is dis-
cussed in the context of Figure 5.

The subsurface float trajectories (Figure 2b) qualitatively agree with their drifter counterparts (Figure 2a).
Again, there are two prominent pathways: One follows the ACC, and the other is along the MC and the
South Atlantic Current (Peterson & Stramma, 1991; Schmid, 2014). However, in contrast to the drifters, a
larger percentage of floats takes the latter route (62%) than the former route (38%). With the caveats of a
relatively small sample size (37 floats) and the fact that most of the floats are located in the northern DP,
this difference might indicate that the MC dominates at the subsurface. The floats have a longer average
lifetime (2.5 + 1.7 years) than the drifters (0.7 + 0.5 years). Given this extended lifetime, a larger fraction
of floats (37%; Figure 2b) crosses 10°W, compared to the drifters (21%; Figure 2a). As with the drifters, the
travel time to the BEC is longer (5.6 + 0.1 years) than the travel time to 10°W in the ACC (3.7 +
1.4 years).

3.1.2. Agulhas

Seventy-eight drifters are found in the Agulhas domain (Figure 3a). These drifters have an average lifetime
of 0.8 + 0.5 years. The majority of these drifters (72%) stay in the Indian Ocean without leaking into the SA
or following the ARC (Figure 3a; grey). A total of 22% exit the domain via the ARC, a few of which
subsequently reenter the domain (Figure 3a; dark red). The strong looping and entanglement of the drifter
trajectories (Figure 3a) highlights the enhanced eddy activity near the AC and ARC (Biastoch & Krauss,
1999). Approximately 6% of drifters (red) leak into the SA, defined here as crossing 32°S west of 20°
E (Figure 3a).

The float trajectories (Figure 3b) again show qualitatively similar pathways to the drifter trajectories
(Figures 3a and 3b). At depth, fewer floats exhibit the looping motion observed in the drifters, and the large
majority (71%) exits the domain via the ARC (Figure 3c). Keeping the relatively low number of float trajec-
tories in mind, the amount of leakage seems to be higher at depth (10%).

We emphasize here that the abovementioned percentages are very sensitive to the sampling criteria used
(Figure 4). For instance, by using a stricter definition of Agulhas leakage and only including those drifters
that pass directly through the AC at 30°S, we observe only one drifter (3%) leaking into the SA
(Figure 4a). Repeating this for the latitudes 32°S and 34°S, we obtain 5% and 9%, respectively
(Figures 4b and 4c).

These various leakage estimates (3%-9%) are notably lower than previous estimates using the GDP drifters,
which range from 25% to 33% (Richardson, 2007; van Sebille et al., 2009). To test whether this discrepancy
can be explained by the use of data from different time periods, we resampled the drogued drifters to match
the time periods used in these two previous studies: 1994-2004 for Richardson (2007) and 1995-2008 for van
Sebille et al. (2009). We calculate Agulhas leakage of 14% and 11% for the 1994-2004 and 1995-2008 periods,
respectively (using the 30°S definition of the AC; Figure 4a). Note that the only drifter that leaks into the SA
over the shortened time periods is the drifter shown in Figure 4a.

As highlighted above (Figure 4), differences in drifter sampling influence leakage estimates. Since
Richardson (2007) does not explicitly state how he defines AC drifters, a likely explanation for the
difference in leakage estimates is the difference in what is or is not considered an AC drifter.
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However, we suggest that the discrepancy in these estimates mainly arises because Richardson (2007) and
van Sebille et al. (2009) included undrogued drifters in their calculations. We note here that the differen-
tiation between drogued and undrogued drifters in the GDP data set received more attention after the
publication of these two papers (Lumpkin et al., 2013). The inclusion of undrogued drifters for our time
period at 30°S yields a leakage of 19%, still lower than the previous estimates (25%-33%), yet closer
to them.

When following our stricter definition of Agulhas leakage discussed above for the drifters and only using
floats flowing directly through the AC at 30°S, we observe three floats leaking into the SA, for a leakage value
of 11%. This estimate is also lower than a previous estimate made by (Richardson, 2007), who calculated a
leakage of 18% using RAFOS floats and 23% using ALACE floats. Since no additional floats were released
in that area since Richardson's study, we attribute this difference to the inclusion of a different number of
floats according to different sampling criteria.

3.1.3. Interaction Between the Drake Passage and Agulhas

To further evaluate the interaction between the DP and Agulhas drifters, we next consider the trajectories
of 225 drifters located in the vicinity of the ARC (Figure 5a). Strong comingling of DP drifters (blue),
Agulhas drifters (red), and drifters originating elsewhere in the domain (grey) is observed (Figure 5a).
Thus, these surface drifters illustrate that this interaction not only takes place in the BEC (Rodrigues et
al., 2010) but also, as discussed above, just south of the African continent where the AC retroflects into
the ARC (Boebel et al., 2003), as well as within the ARC itself. Specifically, as previously mentioned, some
DP drifters (highlighted in dark blue; Figure 5) are able to enter the ARC and leak back into the SA
without taking a detour through the Indian Ocean subtropical gyre. This observation is similar to a
pathway described by Riihs et al. (2019), whereby waters in the ACC take a small detour in the
Agulhas basin before leaking back into the South Atlantic. Similar behavior is observed in the floats,
though the apparent interaction between floats from the DP and AC is weaker due to the limited number
of floats (Figure 5b).

3.1.4. Benguela Current

There are 89 drifter trajectories that reach the BEC (Figure 6b), with the majority originating in the SA (grey;
85%). A small fraction can be traced back to the DP (blue; 11%) and an even smaller fraction to the AC (red;
4%). The large contribution of drifters from the SA is in agreement with (Garzoli & Gordon, 1996), who, how-
ever, also find a significant contribution from the AC. The number of drifters that can be traced back to the
DP is, again, likely limited by the relatively short lifetime of these drifters (1.1 + 0.8 years) relative to the tra-
vel time from the DP to the BEC. Note that the more northerly blue drifters could have also originated in the
Brazil Current. Given the relative proximity of the AC to the BEC, the lifetime is unlikely to play a significant
role, sampling bias could, however, be a contributing factor. Overall, drifters originating in the DP spread
across a larger longitudinal range than the drifters from the AC, which are more concentrated near the
South African coast. Drifters from the DP (blue) cross the SA in the relatively broad South Atlantic
Current, with their pathways spanning approximately 10° in latitude (Figure 6a). In contrast, the drifters
leaking from the Indian Ocean (red) are located in the narrow AC and closely follow the South African
coastline (Figure 6a).

Though limited in number, the floats (Figure 6b) similarly highlight an interaction between floats coming
from the DP (blue), the Agulhas (red), and elsewhere in the SA (Boebel et al., 2003; Rodrigues et al.,
2010). Compared to the drifters, floats from the Agulhas (red) are located further away from the South
African shore. Both the Agulhas and DP floats (Figure 6b) follow similar pathways to their drifter
equivalents (Figure 6a).

The drifter trajectories examined above have revealed interesting and confirmed known features of the path-
ways in the SA (Peterson & Stramma, 1991; Schmid, 2014; Stramma & England, 1999). Drifters coming from
the DP mainly remain in the ACC, yet some divert northwestward to merge with the MC and subsequently
cross the SA basin in the South Atlantic Current. Drifters in the AC largely recirculate in its vicinity or retro-
flect in the ARC. Only a small number of drifters leak into the SA from the Indian Ocean. We highlight the
potential areas for interaction between these two source waters that are apparent from the drifter record: the
BEC, the area just south of the African continent and the ARC. Given the limited lifetime of the drifters and
their surface constraint, we are limited in the conclusions that can be drawn from this data set alone, yet, are
encouraged that the subsurface floats show many qualitative similarities. Not only does the similarity
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Figure 6. Surface drifters and subsurface floats reaching the Benguela Current. (a) Trajectories of 89 drifters reaching the BEC (grey box). These drifters have an
average lifetime of 1.1 + 0.8 years and are colored by their origin, as defined in Figure 5. (b) Same as (a) but for the trajectories of 15 floats reaching the BEC.
The average depth of the floats is 766 + 232 m with a range of 32-1,039 m. The 15 floats include six ALACE floats, one PALACE float, and eight RAFOS floats.

between these two data sets highlight the well-documented barotropic nature of SA south of 30°S (Killworth
& Hughes, 2002; Schmid, 2014; Stramma & England, 1999), it also justifies our use surface drifters to examine
pathways in our study region. Next, we turn to our discussion of the Markov chain.

3.2. Markov Chain

For details on the method used to produce the distribution maps of the Markov chain and OSCAR fields,
please refer to section 3.4.

3.2.1. Drake Passage

Five years after the launch of particles within the DP, a vast area of the southern SA is occupied by those par-
ticles (Figures 7a and 7b). Particles that pass through the DP south of 60°S tend to stay in the ACC and sub-
sequently leave the study domain via the ARC or ACC (Figure 7a). The ACC, MC, and South Atlantic
Current are revealed as preferential pathways by the high particle concentrations in Figure 7a. Higher par-
ticle concentrations are also observed in the Brazil-Malvinas Confluence, where particles are trapped in its
well-documented mesoscale eddy field (Berti et al., 2011; Mason et al., 2017; Olson et al., 1988). The eastern
portion of the subtropical gyre is also densely occupied (Figures 7a and 7b), consistent with its relatively slug-
gish currents. We note that these higher particle concentrations are also likely a result of the two dimension-
ality of the Markov chain. Specifically, downwelling would presumably reduce the concentration of particles
at the surface in areas of horizontal convergence such as this subtropical gyre.

After 5 years, approximately 16% of particles launched in the DP are located in the southern SA (Figure 7a).
These particles have either never left the region, returned to the southern SA by completing a circulation in
the subtropical gyre, or crossed into the AR and subsequently leaked back into the SA (Figures 7a and 7b). A
slightly larger number of particles (17%) can be found in the northern limb of the subtropical gyre
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Figure 7. Distribution of Markov chain particles, initialized within the DP along the black line (65°S-57°S; 70°W-69°W), after 5 years. The individual
subdomains are demarcated by black lines as defined in Figure 1. (a) Markov chain particle distribution normalized by the total number of released
particles. The blue percentages show a snapshot of the particle distribution after 5 years and, thus, sum to 100%. If the particle leaves the domain prior to
5 years, we use its last position in the domain. The straight black arrows indicate the percentage of particles that cross into a given region over 5 years (i.e.,
they do not sum up to 100% as a particle may cross more than one region over the 5-year period). The curved black arrows indicate the percentage of
particles that recirculate between two adjacent regions, that is, they indicate difference between the two previous percentages. Note that the black arrows do
not show the exact crossing location of particles. The gray contours show the climatological dynamic topography (m) as derived from AVISO with contour
intervals of 0.25 m. (b) Markov chain particle distribution normalized by the total number of particle positions over the course of 5 years.

(Figure 7a). These particles flow northward in the BEC or follow internal pathways that directly connect the
South Atlantic Current to the northern limb of the gyre, consistent with (Schmid, 2014).

After 5 years, the largest fraction of particles (67%) can be found east of 20°E in the AR (Figure 7a). While the
majority of these particles leave the domain in the ARC (Figure 7a), we observe a smaller number of particles
in the vicinity of the AC. Strong recirculations and mesoscale interactions in that region result in the high
concentrations shown in Figure 7b.

3.2.2. Agulhas

Qualitatively, the particles launched in the AC largely occupy the same spatial domain (Figures 8a and 8b) as
the particles initiated in the DP (Figures 7a and 7b), a similarity especially apparent in the northern limb of
the subtropical gyre. Most particles follow the AC (Figure 8a) or recirculate in its vicinity (Figure 8b) and sub-
sequently retroflect to form part of the ARC. Specifically, after 5 years, 80% of particles remain in or return to
the Indian Ocean (Figure 8a).
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Figure 8. Same as Figure 7 but for Markov chain particles initialized in the AC along the black line (32°S-31°S; 30°-35°E). (a) Markov chain particle distribution
normalized by the total number of released particles. (b) Markov chain particle distribution normalized by the total number of particle positions over the course of 5
years. Refer to the Figure 7 caption for additional details.

Approximately 20% of particles leak into the SA (Figure 8a), which is higher than the leakage estimated
directly from the drifter record (3%-10%; Figure 4), yet at the low range of the 25%-44% leakage cited in
the literature (Durgadoo et al., 2013; McAdam & van Sebille, 2018; Richardson, 2007; van Sebille et al.,
2009). In contrast to the particles reaching the BEC from the DP (Figures 7a and 7b), the leaked particles
from the AC tightly hug the South African coast and are more concentrated in the eastern part of the BEC
(Figures 8a and 8b).

Particles with an AC origin that have leaked into the SA are primarily found in the subtropical gyre around
25°S and 20°W to 10°W (Figure 8b). After 5 years, the 20% of leaked particles are distributed as follows: 13%
are located in the northern limb of the subtropical gyre, while a smaller fraction has either remained in or
circulated back to the southern SA (7%). Some of the latter particles have invaded the western limb of the
subtropical gyre and reached the vicinity of the MC (Figure 8a, b), highlighting a further area of interaction
between DP and Agulhas waters.

3.2.3. Benguela Current

Particles initialized in the BEC and traced backward in time fill the entire SA basin after 5 years, indicating
that waters originating in the SA may also provide a source for the BEC (Figures 9a and 9b). However, the
majority of particles in the BEC can be traced back to the DP (67%) after a period of 5 years (Figure 9a).
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Figure 9. Same as Figure 7 but for Markov chain particles initialized in the BEC along the black line (30°S-29°S; 0°-15°E) and tracked backward for 5 years.
(a) Markov chain particle distribution normalized by the total number of released particles. (b) Distribution normalized by the total number of particle positions
over the course of 5 years. Refer to the Figure 7 caption for additional details.

Recall that the majority of DP surface drifters that reach the BEC pass through the northern part of the DP
(Figure 2). Here we find instead a substantial number of particles passing through the southern section of the
DP, as well as the northern section (Figure 9a). The second largest source of the BEC are particles originating
east of 20°E in the AR (23%; Figure 9a). Within the AR, particles mostly follow the narrow AC before leaking
into the SA (Figures 9a and 9b).

A fraction of particles (10%) cannot be traced back to either the DP or the AR over the 5 years. Most of these
(7%) originate north of 30°S. These particles are primarily located in the western limb of the subtropical gyre
(Figure 9a), but they also occupy portions of the gyre interior, as evidenced by the high concentrations
between 30°S and 10°S (Figure 9b). A smaller portion of these particles (3%) are still located in the southern
SA after five (Figure 9a).

Our estimate of the contribution of waters from the DP is substantially higher than most previous studies
which range between 6% and 40% (Friocourt et al., 2005; Rodrigues et al., 2010; Riihs et al., 2019; Speich
et al., 2001). Our higher estimate likely results from a combination of sampling issues in the vicinity of the
AC, which likely does not properly capture the pathway from the AC to the BEC, and the fact that our
estimate is derived solely from surface drifters. We note that a direct comparison with previous estimate is
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Figure 10. Distribution of Lagrangian particles initialized in the DP along the black line and advected forward for 5 years using the OSCAR fields. (a) Distribution
normalized by the total percentage of released particles. (b) Distribution normalized by the total number of particle positions over the course of 5 years. Refer to the
caption of Figure 7 for additional details.

challenging due to the use of different methods and different latitudes at which the relative contributions are
assessed, ranging from 33°S in Rodrigues et al. (2010) to 20°N in Speich et al. (2001).

As expected, the Markov chain results largely confirm the picture drawn from the drifter record. However,
this analysis also reveals additional areas of interaction between the DP and Agulhas waters. Particles
released at both sources occupy the Brazil-Malvinas Confluence, the subtropical gyre, and the ARC. From
these Markov chain results, we find that the primary source for the BEC are DP waters, with a smaller con-
tribution from the Agulhas and SA. Since the results of the Markov chain are constrained by the availability
of drifter data, we next turn to the results of the OSCAR fields as an independent confirmation of our results.

3.3. OSCAR Fields

3.3.1. Drake Passage

As with the Markov chain results, large portions of the SA basin and AR are occupied by particles launched
within the DP 5 years previously (Figure 10a). The number of particles following the ACC and the number of
particles following the MC upon exiting the DP are approximately the same in these OSCAR results
(Figures 10a and 10b), in contrast to the Markov chain results (Figures 7a and 7b). This difference can be par-
tially explained by the poor coverage of the OSCAR fields and drifter trajectories south of 60°S, which gives
preference to more northerly pathways such as the MC and the South Atlantic Current.
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As also observed in the Markov chain results (Figures 7a and 7b), particles initialized within the DP are den-
sely concentrated in the eastern portion of the subtropical gyre as a result of convergence at the ocean surface
(Figures 10a and 10b). Also similar to the previous results (Figures 7a and 7b), OSCAR particles that reach
the BEC from the DP are more concentrated toward the western and central parts of the BEC (Figures 10a
and 10b).

Most particles released within the DP exit the domain in the well-defined ARC (Figure 10a), with some par-
ticles reaching as far north as 10°S in the AR, where they recirculate between the AC and ARC (Figures 10a
and 10b). This spread of particles from the DP into the AR again highlights the coexistence of DP and
Agulhas waters in a number of areas of the domain. A small percentage of particles (1%) leak back into
the South Atlantic after crossing into the AR, similar to the shortcut pathway observed from the drifter
record (Figure 5).

After 5 years, the largest amount of particles are located east of 20°E in the AR (43%), with the remaining
particles almost equally distributed in the northern (30%) and southern (27%) portions of the subtropical
gyre (Figure 10a).

3.3.2. Agulhas Region

Approximately one fifth of the particles released in the AC leak into the SA (Figure 11a). This estimate is very
similar to the leakage calculated from the Markov chain (19%; Figure 10a) and, again, lower than estimates
from past literature (Durgadoo et al., 2013; McAdam & van Sebille, 2018; Richardson, 2007; van Sebille et al.,
2009). The majority of these leaked particles in the OSCAR results are found in the northern SA (15%), with a
smaller fraction flowing toward the Brazil-Malvinas Confluence and found in the southern SA (5%;
Figure 11a). The high concentrations observed near the western limb of the subtropical gyre (Figure 11b)
result from the recirculation of a small number of particles (Figure 11a). The rest of the particles launched
in the AC (80%) remain east of 20°E in the AR, or return to the AR after retroflecting in the ARC
(Figures 11a and 11b). These particles are most densely concentrated in the narrow AC (Figure 11a) but also
show strong recirculations in its vicinity (Figure 11b). These observations are remarkably consistent with the
results of the Markov chain (Figures 8a and 8b), derived from a completely independent data set.

We again point out that particles released within the DP (Figures 10a and 10b) and particles released in the
AC (Figures 11a and 11b) largely occupy the same regions in the domain. Specifically, they share pathways in
the Brazil-Malvinas Confluence, the subtropical gyre, and the ARC, as previously suggested by the Markov
chain results (Figures 7a, 7b, 8a, and 8b).

3.3.3. Benguela Current

The results from the OSCAR fields show that over the course of 5 years, the largest source of the BEC are
particles originating east of 20°E in the AR (62%; Figure 12a). About half as many particles (33%) can be
traced back to the DP, and the remainder are found in the northern (4%) and southern SA (1%;
Figure 12a). With the caveat that these estimates are strictly derived from the surface flow, this distribution
of source waters is in better agreement than the Markov chain results with a previous observational study by
Rodrigues et al. (2010) that attributed a direct contribution from the DP of 4.7Sv (36%) and Agulhas leakage
of 8.5Sv (64%). Model results from Riihs et al. (2019) found contributions of 40% and 60% from the DP and
Agulhas Leakage, respectively, though their contributions were measured at the North Brazil Current and
not the BEC. Keeping in mind the small number of floats in the vicinity of the BEC (15), the results are also
in agreement with the distribution of float trajectories (Figure 5b).

However, this distribution differs from the results of the Markov chain (Figures 9a and 9b), which revealed
the DP to be a larger contributor (67%) to the source waters of the BEC than the AR (23%). This discrepancy is
likely a consequence of insufficient drifter coverage in the vicinity of the BEC. As discussed in the context of
the drifter trajectories, very few drifters that arrive in the BEC can be traced back to the AR (Figure 6a). In
other words, the drifters may not accurately capture the available pathways. We also note that the difference
in this DP and AR divide may be due to an inadequacy on the part of the OSCAR fields. In particular, the
OSCAR fields have a limited latitudinal extent and at times do not cover portion of the ACC. Hence, the
OSCAR fields might be undersampling the number of particles that are traced back to the DP.

The majority of particles that can be traced back to the DP are concentrated in the northern section of the DP
(Figure 12a), a preferential pathway previously observed in the drifter trajectories (Figure 2a). Particles com-
ing from the DP are entrained in the MC and subsequently reach the BEC in the wide South Atlantic Current
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Figure 11. Distribution of Lagrangian particles initialized in the AC along the black line and advected forward for 5 years using the OSCAR fields. (a) Distribution
normalized by the total percentage of released particles. (b) Distribution normalized by the total number of particle positions over the course of 5 years. Refer to the
caption of Figure 7 for additional details.

(Figure 12a). Note that prior to their arrival in the BEC, a small number of particles originating in the DP
flow east of 20°E into the AR, again highlighting a conflation between the DP and AR sources
(Figures 12a and 12b).

The particles that can be traced back to the AR mostly flow through the AC and are closely confined to the
South African coast (Figure 12a). Similar to the particles from the DP, they exhibit strong recirculations
along their pathways, as indicated by the elevated particle concentration in the AR and along the South
Atlantic Current (Figure 12b).

In summary, the OSCAR results for particles released in the DP and AC are in good agreement with the
results from the drifters, floats, and the Markov chain. Specifically, these OSCAR results yield similar quan-
titative estimates for the DP and AC distributions and highlight the same areas for interaction between the
DP and Agulhas waters. We do note that the particle distributions of the Markov chain are generally more
dispersive than those from the OSCAR fields. In other words, the Markov particles (Figures 7-9) occupy a
larger portion of the domain after a period of 5 years than the OSCAR particles (Figures 10-12). In part, this
difference can be explained by the two methodologies. The Markov chain may be connecting areas of the
domain that are not connected in the original drifter data set, as explained earlier in the context of
artificial dispersion.
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Figure 12. Distribution of Lagrangian particles initialized in the BEC along the black line and advected backward for 5 years using the OSCAR fields.
(a) Distribution normalized by the total percentage of released particles. (b) Distribution normalized by the total number of particle positions over the course of
5 years. Refer to the caption of Figure 7 for additional details.

The backward particle advection using the OSCAR fields attributes a larger source contribution to the AR
than the DP, while the Markov chain showed a larger contribution for the DP. Many past studies state that
the DP contribution is negligible compared to the AR input (Donners & Drijfhout, 2004; Speich et al., 2001;
Speich et al., 2007). However, keeping the caveat of two dimensionality in mind, our results indicate that the
two contributions are more comparable, as suggested by Rodrigues et al. (2010) and Riihs et al. (2019).

4. Conclusion

This study investigated the surface pathways of the SA and revisited the Indian and Pacific Ocean source
waters of the AMOC using observational data. Limitations imposed by the drifter data set were addressed
using a Markov chain and Lagrangian particle advections using OSCAR surface fields. Given the remaining
surface constraint, areas with known subsurface pathways were excluded from the analysis. We summarize
the key findings below.

As in previous studies, DP waters preferentially cross the extended SA basin in the ACC or enter it through
the MC, with waters crossing through the northern DP generally following the latter. Over 5 years, DP waters
tend to accumulate in the eastern portion of the subtropical gyre.
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AR waters mostly recirculate within the AR or exit toward the central Indian Ocean via the Agulhas Return
Current. AC waters leaking into the SA tend to be more concentrated on the West African coast than DP
waters but also largely recirculate in the subtropical gyre.

Additionally, this study shows that waters entrained in the ACC can escape to join the SAC and vice versa,
further east than suggested in previous studies (Boebel et al., 1999; Speich et al., 2001). Our observation is,
therefore, in agreement with a recent modeling study by Riihs et al. (2019). Some waters from the DP enter
the AR and potentially reenter the SA basin via the leakage route without recirculating in the Indian Ocean
subtropical gyre. The Agulhas leakage is at the lower end of previous estimates from the literature, which is
particularly the case for the estimate based on the drifter trajectories, as previous estimates had included
undrogued drifters (Richardson, 2007; van Sebille et al., 2009). We highlight that the estimate is highly sen-
sitive to the chosen subsetting criteria.

Over the course of 5 years, the primary surface source waters of the BEC are composed of AC waters, DP
waters, and local SA waters. While the backward Markov chain and OSCAR results are not in quantitative
agreement, both suggest that the DP inflow makes a sizable contribution to the source waters of the BEC
region and potentially the upper limb circulation of the AMOC. We highlight the varying traveling times
of these source waters, with the DP waters taking approximately twice as long to reach the BEC as the AC
waters at the ocean surface.

Multiple surface pathways exist that allow for the interaction between the traditional cold and warm routes.
Specifically, the AC region, the BEC region, the eastern portion of the subtropical gyre, and the Brazil-
Malvinas Confluence. This interaction suggests that the properties associated with these two source regions
may be indistinguishable by the time these waters flow out of the SA subtropical region (see Riihs et al.,
2019). Given that both source waters are strongly represented in the gyre interior, we postulate that gyre
dynamics also have an impact on setting the properties of the upper limb.
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