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Abstract we analyze the contribution of the Agulhas Current on the central water masses of the
Benguela upwelling system (BUS) over the last decades in a high-resolution ocean simulation driven

by atmospheric reanalysis. The BUS is an Eastern Boundary Upwelling System where upwelling of cold
nutrient-rich water favors biomass growth. The two distinct subregions, North and South Benguela, differ in
nutrient and oxygen properties of the upwelling water mass. Our analysis indicates that the contribution of
Agulhas water to the upwelling is very strong in both subregions. Although the water masses feeding the
upwelling have a common origin, their pathways are distinct in both regions. Whereas for the central waters
of South Benguela the path is rather direct from where it is formed, the central waters of North Benguela
takes a longer route through the equatorial current system. Not only the travel time from the Agulhas
Current to the BUS is longer but also the central water mass is twice as old for the northern part when
compared to the southern. Our analysis traces the pathways, history, and origin of the central water masses
feeding upwelling in the BUS and emphasizes the direct impact of the Agulhas Current on the upwelling
region. The variability of that link between the Indian Ocean and the South Atlantic is likely to change the
nutrient and oxygen content, as well as temperature and salinity of the water masses in the upwelling
region.

Plain Language Summary This study investigates the link between two important ocean
circulation systems in the South Atlantic-Indian Ocean sector: the Benguela upwelling system (BUS) and
the Agulhas Current. In the BUS, located off southwest Africa, cold nutrient-rich water is transported to the
surface from deeper layers, leading to high productivity. The BUS has two distinct parts, North Benguela
water masses is nutrient rich, and oxygen poor, South Benguela water mass has higher oxygen
concentrations. The Agulhas Current, flowing along the southeast coast of Africa, leaks into the South
Atlantic Ocean south of the BUS. We assess the contribution of Agulhas water to the water masses in North
and South Benguela, the travel time and pathways of the water masses into the upwelling regions. For this
purpose, we analyze a global high-resolution ocean simulation. Our analysis reveals that the contribution
of Agulhas water is high, in both parts of the BUS. The South Benguela water reach the upwelling region
on a short route from the Cape Basin and the Brazil-Malvinas Confluence Zone. The North Benguela water,
in contrast, takes a longer way by traveling through the whole South Atlantic. This leads to lower oxygen
concentrations in North Benguela.

1. Introduction

The Agulhas Current is the western boundary current of the South Indian Ocean (Beal & Bryden, 1997). It
transports warm and saline water originating from the Mozambique Channel and East Madagascar Current
southwestward along the coast of Mozambique and South Africa. When reaching the southern tip of the
African continent, most of the water turns eastward back into the Indian Ocean with the Agulhas Return Cur-
rent (Beal et al.,, 2011). A small fraction, however, leaves the Agulhas System and flows westward into the
Atlantic Ocean (Gordon, 1986). This so-called Agulhas leakage is not only a source of warm and saline water
for the South Atlantic and therefore an important part of the global thermohaline circulation (Gordon, 1986;
Gordon et al,, 1992), it may also feed with its nutrient rich water masses the Benguela upwelling system
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5 (BUS; Gordon et al., 1992). The BUS is one of the four important Eastern

Boundary Upwelling Systems (EBUSs) that support a large fraction of the
global ocean primary production (Shannon, 1985). Here we assess the
influence of the Agulhas leakage on the BUS in a high-resolution ocean
simulation and investigate by which pathways the central water masses of
North and South Benguela enter the upwelling system.

Eastern South Atlantic Central Water (ESACW) is formed when Agulhas
leakage water mixes in the Cape region with the South Atlantic Cen-

SST anomaly [ C]

tral Water (SACW; Mohrholz et al., 2008). The SACW itself is formed in
-5 the Brazil-Malvinas Confluence Zone in the western South Atlantic off

80°W

40°E 80°E

Argentina and Uruguay (Stramma & England, 1999). Here water is sub-

Figure 1. Model domain of the nest with 1/20° resolution (black box) of the  dycted in the confluence of the southward Brazil Current and the north-
global simulation INALT20 with 1/4° resolution outside the nest domain. ward Falkland Current. The SACW is then transported eastward with the

Color shading indicates sea surface temperature (SST) anomaly in degrees
Celsius of the global base model with regard to the zonal mean of the South

South Atlantic Current toward the African continent and equatorward with

Atlantic and Indian Ocean, averaged over the whole simulation period the Benguela Current. In this study we adopt the definition according to

(1958-2009).

their T-S characteristics in the Angola Dome and the Cape Basin, respec-

tively, as done by Poole and Tomczak (1999) and Mohrholz et al. (2008).
According to this point of view SACW is defined by the T-S range of 8.00-16.00 °C, 34.72-35.64 psu and
ESACW by the T-S range of 5.95-14.41 °C, 34.41-35.30 psu.

The two water masses SACW and ESACW are the central water masses tapped by the BUS. The BUS is located
at the coasts of Angola, Namibia, and South Africa. As all other EBUSs (California, Humboldt, and Canary
upwelling systems) it is driven by the trade winds. The equatorward, coastal-parallel winds in the subtrop-
ics induce offshore transports of surface water along the coast. Upwelling water balances the offshore flow
with cold and nutrient-rich waters from deeper layers (Bakun et al., 2010). The Benguela upwelling region
is bounded by the Angola-Benguela-Front at around 15-17°S in the north and the Cape region at 34°S in
the south. The Luderitz upwelling cell at 27°S separates the upwelling system into a northern and a south-
ern part (Tim et al., 2015) with distinct characteristics and seasonality. Observational studies suggest that
the central waters of the South Benguela region are dominated by ESACW, whereas central waters in North
Benguela are mainly fed by SACW (Mohrholz et al., 2008). Its high productivity and rich marine resources make
the Benguela upwelling area a region of high ecological and economic interests (Pauly & Christensen, 1995).
Records of changes in the upwelling ecosystems and productivity on interannual and interdecadal time scales
thus prompt our investigation of the linkage between the upwelling system and the Agulhas leakage.

Previous studies suggest that position and intensity of the westerlies over the Indian Ocean impact the
Agulhas leakage (Biastoch & Boning, 2013; Biastoch et al., 2009; Durgadoo et al., 2013). The midlatitude west-
erlies are the prevailing winds over the Agulhas leakage region. The intensification of the westerlies in the
recent past causes an increase in Agulhas leakage (Biastoch et al., 2009; Durgadoo et al., 2013). These varia-
tions in the Agulhas leakage are candidate processes to change the composition of central water masses in
the Benguela upwelling region. They possibly determine if upwelling water is oxygen rich and young with a
significant amount of preformed nutrients to make the upwelling system a sink for atmospheric CO,, or oxy-
gen poor with dominant recycled nutrients and high CO, supersaturation that makes the upwelling system
a source for atmospheric CO,. The oxygen, nutrient, and CO, content are essential for the productivity and
ecosystem of the upwelling region and for the climate system.

Our working hypothesis, based on Poole and Tomczak (1999) and Mohrholz et al. (2008), is that the water
mass in North Benguela is mainly SACW that is older than the feed water in the southern Benguela due to
the longer pathway from its formation in the confluence region to the northern upwelling region. The water
mass is transported northwestward with the Benguela Current toward the equator and then eastward with
the Equatorial Undercurrent and/or Counter Current. Its long way through the South Atlantic is associated
with collection of nutrients and CO, and loss of oxygen by respiration and mineralization of sinking organic
matter. The major central water mass in South Benguela, in contrast, is the ESACW, which would be younger
due to the shorter travel path from the formation region in the southwest Atlantic. The zonal anomaly of sea
surface temperature (Figure 1) exhibits the Benguela upwelling region off the southwest coast of Africa with
its low temperatures as well as the two hypothesized source regions, the Brazil-Malvinas Confluence Zone in
the southwestern Atlantic and the Agulhas Current system, both marked by warm temperature anomalies.
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The two studies of Poole and Tomczak (1999) and Mohrholz et al. (2008) are based on observational data sets
with low temporal and spatial resolution. A validation of this hypothesis in a multidecadal high-resolution
ocean simulation has, to our knowledge, not been performed yet and is subject of this study.

Our approach is based on Lagrangian analysis of the trajectories of water parcels advected with ocean cur-
rents (see section 2) simulated with an eddy-rich ocean model forced by atmospheric reanalysis for the period
1958-20009. It aims to quantify the contribution of the Agulhas Current on the central water masses of the
BUS and to clarify the pathways and the ages of these water masses. A high-resolution model simulation
is necessary to reliably represent the mesoscale variability of the Agulhas Current and the Agulhas leakage
(Biastoch et al., 2008).

Previous studies based on model simulations analyze the impact of the Agulhas leakage on the western
boundary systems of the tropical Atlantic Ocean (Castellanos et al., 2017) and on the North Atlantic (Riihs et
al, 2013), its correlation with the Atlantic multidecadal Oscillation (Biastoch et al., 2015), its contribution to
tropical Atlantic warming (Libbecke et al., 2015), the source water of the leakage (Durgadoo et al., 2017), and
the contribution of Agulhas water to the Benguela Current (Veitch & Penven, 2017). We focus on the amount
of Benguela central water masses originating from the Agulhas Current and the Brazil-Malvinas Confluence
Zone, the pathways of the water masses into the upwelling region, and their age. While the physical ocean
model used here does not include a biogeochemical submodel, origin and age (travel time after last ventila-
tion) of central water masses are used as an indication on nutrient and oxygen content of the water masses
in the Benguela upwelling region.

2. Data and Methods

2.1. Model Simulation

For our analysis we use a hindcast experiment with the global nested ocean-only configuration INALT20 of the
NEMO model (Madec, 2008), a successor of INALTO1 (Durgadoo et al., 2013). INALT20 consists of a global base
model (ORCA025; Barnier et al., 2006) with a tripolar Arakawa-C grid and at an eddy-permitting horizontal
resolution of 1/4° and a therein embedded nest (AGRIF; Debreu et al., 2008) covering the area 70°W to 70°E
and 10°N to 63°S with a resolution of 1/20°. This eddy-resolving nest provides the advantage, among others,
to realistically simulate the greater Agulhas system, including the region where the Agulhas rings are formed
in the retroflection area, entering the Atlantic Ocean as Agulhas leakage. The nesting is two-way, allowing
the nest not only to receive information from the global base model at its boundaries but also to transport
the effect of mesoscale processes outside the nest domain. Simulated fields were stored as 5-daily means,
covering the period 1958 to 2009. This hindcast simulation was driven by the atmospheric COREv2-forcing
(Large & Yeager, 2009), and it was preceded by an interannually forced 30 years spin-up.

2.2, Observational Data

We compare the model output with the ocean temperature and salinity of the World Ocean Atlas 2013 version
2 (WOAT13) data set (Boyer et al., 2013). WOA13 is an observation-based, gridded data set interpolated to stan-
dard depth levels provided by the National Centers for Environmental Information (NCEI) of NOAA (National
Oceanic and Atmospheric Administration). The decadal average from 1995 to 2004 of temperature and salin-
ity are analyzed with regard to the central water masses and possible model biases. WOA13 has a horizontal
resolution of 1/4° on 102 vertical levels.

2.3. Lagrangian Analysis of the Model Output

Here we analyze the three-dimensional, time-evolving, and volume-conserving velocity fields from the nested
region of the INALT20 hindcast (described in section 2.1) by means of off-line Lagrangian analyses performed
with the ARIANE tool, as described in Blanke and Raynaud (1997) and Durgadoo et al. (2017). Lagrangian
analyses have been widely used to analyze the simulated oceanic flow field of general circulation models
(van Sebille et al., 2018). Large sets of Lagrangian trajectories were calculated by advecting virtual fluid parcels
(small volumes of maximal 0.01 Sverdrup [Sv]) along analytically computed streamlines, representing volume
transport pathways. This provides the advantage of obtaining identical trajectories when calculating forward
and backward in time.

Two types of analysis are available within this tool, the quantitative and qualitative modes: In quantitative
mode, an initial geographical section is defined and a number of water parcels, proportional to the velocity
across this section, is seeded at every time step and their trajectories are calculated forward or backward in
time using the simulated current transports. As the parcels reach one of the predetermined sampling sections,
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Figure 2. Schematic map of initial (seeding) sections in red and final (sampling) sections in black of the
Agulhas-Benguela experiment (a), where the dashed gray line indicates the Good Hope Line (representing the leakage),
the North and South Benguela experiments (b), the Formation experiment (c), and the Luderitz experiment (d). Arrows
indicate the direction of transport at seeding and sampling sections.

their associated transports are summed up yielding the total transport from the release to the different sam-
pling sections. This is a common strategy used to quantify Lagrangian connectivity (e.g., Biastoch et al., 2008,
2009; Durgadoo et al., 2017; Riihs et al., 2013). Parcels reaching a sampling section are not further tracked.
Thus, in this quantitative mode, the results provide the volume of water and amount of parcels that reach
the first predefined sampling section, without considering that the parcels might arrive at another sampling
section later on.

In qualitative mode, the whole trajectory of each parcel is stored, along with the ambient temperature and
salinity at each position. Again, parcels can be tracked forward or backward in time. In contrast to the quanti-
tative mode, in which the calculation of the trajectories is stopped when a parcel reaches a sampling section,
in the qualitative analysis the trajectories are calculated for the whole period of the Lagrangian experiment. If
the model simulation period is deemed not long enough for the analysis of low frequency variability or long
paths the parcels can continue to travel through the ocean using the simulated velocities for several cycles
of the Lagrangian analysis. When cycling is needed to capture the time parcels need traveling through the
South Atlantic, parcels are cycled using the ad hoc method as described by, among others, van Sebille et al.
(2018). For pathways calculated forward, if the end of the simulation period 2009 is reached, parcels are fur-
ther tracked by starting again with the velocity fields of year 1958. For pathways calculated backward this is
done reversely, so that parcels reaching the 1958 are further tracked by using velocities of the year 2009 and
before in reverse order. Parcels are seeded every model output time step (every 5 days) throughout the seed-
ing year. As the simulation domain is limited to the model nest, parcels disappear when reaching the border
of the nest region.

For the analyses presented in this paper, we chose the following setups:

« Agulhas-Benguela: experiment to study the amount of Agulhas water entering the BUS. Seeding in the Agul-
has Current at 32°S and between the eastern coast of South Africa and 32°E in all model layers, in the years
1969, 1979, 1989, 1999, and 2009, calculating forward for 70 years in quantitative mode (Figure 2a). As seed-
ing is proportional to the strength of the current and the southward current is dominating this section, the
parcels will not be spread homogeneously throughout the water column. Choosing different starting dates
for seeding has the purpose to cover interannual variations and generating robust results. Sampling sections
are here the two upwelling regions as defined in the next paragraphs, a section eastward of the seeding
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Figure 3. Profile of mean temperature (a) and salinity (b) of INALT20 (solid) and WOA13 (dashed) for North Benguela
(red curves, 15°S to 27°S) and South Benguela (blue curves, 27°S to 34°S) between 100 km offshore and the coast, over
the decade 1995-2004, interpolated to 1-m-depth intervals.

section at 32°S until 35°E, and a north-south transect at 35°E from 32°S until the southern end of the nest
domain at 63°S.

+ North Benguela: experiment to analyze the origin and pathways of the central water mass in North Benguela.
Parcels are seeded between 15°S and 27°S, 100 km offshore in the temperature and salinity range of the
SACW (8.00-16.00 °C, 34.72-35.64 psu; Mohrholz et al., 2008), in the same years as in the Agulhas experi-
ments and calculating backward for 70 years in quantitative mode. Sampling sections are the southernmost
tip of the African continent representing the leakage (20°E between the coast and 45°S), the equator and
a section embracing the Brazil-Malvinas Confluence Zone, the formation region, as described in the corre-
sponding experiment (60° to 20°W, 63° to 35°S; Figure 2b). For the qualitative mode we use the starting
positions of the experiment in quantitative mode seeding in the last year (2009), calculating backward over
the whole period.

« South Benguela: experiment to analyze the origin and pathways of central water mass in South Benguela.
Seeding between 27°S and 34°S, 100 km offshore in the temperature and salinity range of the ESACW
(5.95-14.41 °C, 34.41-35.30 psu; Poole & Tomczak, 1999), in the same years as in the other experiments, cal-
culating backward for 70 years in quantitative mode. Sampling sections as well as the setup of the qualitative
mode experiment are the same as for North Benguela (Figure 2b).

« Mixed-Layer run: experiment to locate the last mixed-layer contact of central water masses. Seeding in North
and South Benguela (as described above) in quantitative mode with one backward cycle over the simulation
period and having only the mixed-layer depth as sampling criterion where the parcels end.

- Formation region: experiment to study pathway of water from the Brazil-Malvinas Confluence Zone. Seeding
between 35°S and 45°S and 40°W and 60°W within depths between 100 and 500 m, in the first year (1958),
and calculating forward over the whole period in qualitative mode (Figure 2¢). The region used as formation
region has been chosen from previous studies (Stramma & England, 1999) and from the analysis of temper-
ature and salinity latitude-depth variations of INALT20 and WOA13 (not shown). This analysis identifies the
latitudinal position of the subduction region, which is largely covered by the chosen latitudinal range from
35°S to 45°S. Furthermore, the results of the backtracking of South Benguela parcels supports the location
of the formation region within the selected area.

- Luderitz: experiment to quantify water crossing the Lideritz upwelling cell that separates North and South
Benguela. Seeding at 34°S between the western coast of South Africa and 8°E in all depths in the first year
(1958, and calculating forward over the whole simulation period in quantitative mode). Sampling sections
are here the Luderitz cell at 27°S between the coast and 8°E and a north-south orientated line in the west
(at 8°E) between 27°S and 34°S (Figure 2d).

Seeding and sampling sections of the experiments in quantitative mode are shown in Figure 2. As the runs
in quantitative mode for each set of experiments have five different starting years (1969, 1979, 1989, 1999,
and 2009), we restrict the travel time to 70 years so that integration periods are exactly the same, making the
different runs within a given set of experiments comparable. Furthermore, analyzing a set of experiments has
the advantage of covering interannual variations and generating robust results, using integration periods as
long as possible (with regard to computation times). The purpose is to analyze runs with the fewest possible
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Figure 4. Histogram of the depth-related water volume (km?3) that fulfill the criterion of South Atlantic Central Water in
North Benguela (15°S to 27°S) (a) and Eastern South Atlantic Central Water in South Benguela (27°S to 34°S) (b) of
INALT20 (red) and WOA13 (blue) between 100 km offshore and the coast, for the decade 1995-2004, interpolated to
1-m vertical intervals and summed up to layers of 50 m thickness.

parcels that do not reach any sampling section and thus could not be evaluated. Furthermore, the variance of
the simulated horizontal velocities in the seeding area of the Agulhas Current and in the Benguela upwelling
region at 100 m depth during the seeding years covers 99% of their total variance during the whole simulation
period. Thus, these five years (1969, 1979, 1989, 1999, and 2009) represent more than 99% of the variance of
the transport in this region. As most of the transport variance in the study regions is captured, our results are
not sensitive to the chosen seeding years. With this choice of seeding years we do not accidentally cover only
years of very weak upwelling or certain Agulhas Current strength but a wide spectra of velocities.

The contributions of water masses are calculated in quantitative mode by taking the total volume of the
seeded parcels minus the meanders, the volume of seeded parcels that end at the seeded section/area (in
Sverdrup). Depending on travel times and on the length of the ARIANE analysis, there are some parcels that
do not end at any section. “Lost” parcels that cannot be accounted for because they do not reach any prede-
fined sampling section are less than 5% in all experiments, except for the Mixed-Layer run for North Benguela
where a larger fraction (19.7%) of the transport that leave the seeding section is lost.

3. Results

3.1. Model Validation

The eddy-resolving simulation INALT20 will be shown elsewhere to adequately represent the Agulhas Cur-
rent system (F. U. Schwarzkopf, personal communication, April 18, 2018). For the purpose of this analysis, we
validate the model performance with regard to the central water masses and the upwelling in the BUS.

In the Benguela upwelling region (15°S to 34°S, between the coastline and 100 km offshore), the simulated
temperature and salinity profiles are very similar to the observational data set WOA13 (Figure 3) for the period
1995-2004. Both data sets show a warmer and saltier water mass in the North Benguela region than in the
South Benguela region. They show comparable vertical profiles, even though the horizontal resolution of
both data sets are very different (1/4° for WOA13 and 1/20° for INALT20). The mean temperature difference
between INALT20 and WOA13 is 0.6 °C at 10 m depth and 1.4 °C at 100 m depth averaged over the upwelling
region. In 10 m depth the temperatures have a cold bias directly at the coast and a warm bias in the rest of the
upwelling region, again defined as the area that extents 100 km off the coast (not shown). An overestimation
of equatorward winds may cause the negative bias directly at the coast (Veitch et al., 2010; Xu et al., 2014).
The general positive bias in 10 and 100 m depth is well known from coupled models, especially in the EBUSs
(Richter, 2015). In this ocean-only simulation, the bias might have its origin in a too strong Benguela under-
current caused by a too deep thermocline in the Angola Current region (Xu et al., 2014). This intense Benguela
undercurrent might cause an overestimation of the contribution of water from the equatorial region to North
Benguela central water masses and thus enhanced travel times and an underestimation of the contribution
from South Benguela via the Luderitz cell.
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Figure 5. Mean annual cycle of simulated upwelling (vertical velocity) in The upwelling itself, defined here as the simulated vertical velocity at 100

meters per month for North Benguela (red line, 15°S to 27°S) and South
Benguela (blue line, 27°S to 34° S) between the coast and 100 km offshore,
in 100 m depth over the simulation period 1958-2009.

m depth, shows an annual cycle and strength, comparable to other model
studies (Small et al., 2015; Tim et al.,, 2015, 2016). Direct comparison to
observations is not possible as there are no long-term direct observations
of upwelling intensity. However, we compared the modeled SST and tem-
perature in 10 m depth to the HadISST and WOA, respectively. At both depths, the simulation has a cold bias
directly at the coast and a warm bias in the rest of the upwelling region. Nevertheless, the upwelling region
can be clearly identified in the INALT20 SST and 10-m temperature. Upwelling is strongest in austral winter
in North Benguela and in austral summer in South Benguela (Figure 5), as previously found by Shannon and
O'Toole (2003). The choice of 100 m depth as representative for the upwelling is supported by the simulated
depth of the mixed layer. The mixed-layer depth is here defined as the depth where the density differs by at
least 0.01 kg/m3 from the density at 10 m depth. The simulated mixed-layer depth in the upwelling region
is on average 24 m. In only 0.05% of the cases is the mixed-layer depth in the upwelling region below 100
m over the whole simulation period. Furthermore, vertical velocities are strongest in the upper 250 m. Thus,
validating the vertical velocity at 100 m depth provides a plausible representation of the upwelling.

3.2. Amount of Agulhas Water in the Benguela Upwelling Region
The variations of the Agulhas leakage and the amount of Agulhas water in the Benguela upwelling region
impact the nutrient and oxygen concentrations in the upwelling area.The simulated Agulhas leakage (defined

20 T
——sign. trend: 4.98 Sv

-h
wn

—_
o

leakage transport [Sv]

5

1960 1970 1980 1990 2000
year of seeding [y]

Figure 6. Trend of the Agulhas leakage transport at the Good Hope Line (3-8°E, 45-33°S, and 8-18°E, 33°S). Only
parcels reaching the leakage within 5 years are considered.
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Figure 7. Schematic map of initial (seeding) and final (sampling) sections with the corresponding percentage of volume
transport (Sverdrup) that reaches each sampling section. In turquoise is the Agulhas-Benguela experiment. Percentages
in brackets refer to the percentage of leakage water. In red is the North Benguela experiment and in blue the South
Benguela experiment. Black lines represent the sampling sections as further described in section 2. Arrows indicate the
direction of transport at seeding and sampling sections.

as in Biastoch et al., 2008; Durgadoo et al., 2013) is 12.9 Sy, around 20.4% of the Agulhas Current averaged
over the period 1995-2005. This matches results of previous studies that analyzed the impact of Agulhas
water onto the North Atlantic and the sources of the leakage water (Durgadoo et al.,, 2017; Rihs et al.,
2013). The leakage has significantly increased over this period by 4.98 Sv (Figure 6), as previously found by
Biastoch et al. (2009).

The path of the Agulhas water in the South Atlantic, analyzed in the Agulhas-Benguela experiment, gives a
first hint at the impact of these variable Indian Ocean water masses on the upwelling region. Around 3.6% of
the Agulhas Current water (seeded in the Agulhas Current at 32°S) and around 22.9% of the leakage water
(water that passes the Good Hope Line and leaves the Agulhas Current System) reach the South Benguela
upwelling region (Figure 7). In contrast, only 1.1% (7.1%) of the Agulhas water (leakage water) arrives in the
North Benguela upwelling region.

3.3. Origin and Pathways of Central Water Masses

In addition to the amount of Agulhas water reaching the upwelling regions, we are interested in its contribu-
tion to the central water masses in the BUS and the path that the central water masses take before entering
the upwelling region.

Analyzing the contribution of Agulhas water to the Benguela central water masses SACW and ESACW reveals
the importance of the Agulhas leakage as a source for the upwelling water masses, and shows that a large
proportion of water mass in the upwelling region did originate in the

Agulhas Current. Seeding in the two upwelling regions and tracking the
35

. | central water masses backward in time shows the strong contribution of
v I 30 the Agulhas Current not only on the South Benguela upwelling region,
but on both upwelling areas. Our Lagrangian analyses of the origins of

60°S

Figure 8. Percentage of parcels seeded in the Brazil-Malvinas Confluence
Zone (formation region) and calculated forward passing a 1° grid box at
least once during the whole simulation period (1958-2009).

60°W

30°W
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| =
; .”f < X central waters in South Benguela (North Benguela) show that on average
' 20 2 from 1.68 Sv (2.25 Sv) only 0.45 Sy, that is, 27.1% (0.54 Sv, 23.9%) origi-
s E nate directly from the region around the Brazil-Malvinas Confluence Zone,
| o while 1.18 Sy, that is, 70.4% (1.09 Sv, 48.2%) of the central waters stem
I F0e directly from the Agulhas region (Figure 7). Water from north of the equa-
L5 tor contributes 24.6% to the SACW in North Benguela, but only negligibly
- - ‘ to South Benguela ESACW. The residual 1-4% of the water volume do not
30° 60°)

reach any sampling section (Figure 7).

Trajectory analyses of the qualitative mode depict the pathways of SACW
and ESACW backward in time on the one hand, and of water from the
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Table 1

Transport (Sv), Percentage (%) of Contributions, and Travel Times (y) of the Experiments North
Benguela and South Benguela for the Five Different Starting Years

1969 1979 1989 1999 2009
North Benguela
Total-meander transport (Sv) 243 2.17 2.32 2.46 1.86
Leakage contribution (Sv) 1.20 1.06 1.19 1.14 0.84
Leakage contribution (%) 49.4 48.8 51.3 46.3 45.2
Formation contribution (Sv) 0.60 0.51 0.56 0.64 0.39
Formation contribution (%) 247 23.5 24.1 26.0 21.0
Time from leakage to North B. (y) 5.0 6.5 4.4 5.9 8.1
South Benguela
Total-meander transport (Sv) 1.75 1.74 1.57 1.94 1.39
Leakage contribution (Sv) 1.16 1.23 1.11 1.43 0.98
Leakage contribution (%) 66.3 70.7 70.7 73.7 70.5
Formation contribution (Sv) 0.54 0.45 0.42 0.49 0.37
Formation contribution (%) 30.9 25.9 26.8 253 26.6
Time from leakage to South B. (y) 1.9 1.6 1.3 0.9 1.4

formation region and of the Agulhas Current water forward in time on the other hand. Contrary to our hypoth-
esis, most of the central water mass from the confluence zone does not directly reach the upwelling region,
but flows into the Indian Ocean, and thus may reach Benguela as Agulhas leakage water only later. This is
shown in Figure 8 displaying the forward pathway of the parcels seeded in the Brazil-Malvinas Confluence
Zone. Calculating the percentage of parcels reaching the upwelling areas suggests that only 10.8% of the
parcels from the confluence arrives in South Benguela and only 7.9% reach North Benguela. But it has to be
kept in mind that this analysis covers only the 52 years simulation period and that water from the formation
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Figure 9. Percentage of parcels seeded in North Benguela (a) and South
Benguela (b) and calculated backward passing a 1° grid box at least once
during the whole simulation period (1958-2009).

region may require even longer travel times to reach the upwelling region.

This, however, would again hint at an extra loop through the Indian Ocean
and this is unlikely to have a strong influence on the transport to the
upwelling region with the Benguela Current.

When comparing the five cases with different seeding years of the North
and South Benguela experiments, it is noteworthy that for North and
South Benguela the total volume transport of central waters into the
upwelling region (the transport at the seeding section in the correspond-
ing seeding year) and the individual volumetric contributions of waters
with Agulhas origin vary roughly proportionally (Table 1). Total volume
transport refers to the total seeded transport minus the meanders, the
transport that ends at the seeding section. Larger transport of central
waters into North and South Benguela goes along with larger volumetric
contributions of waters with Agulhas origin. However, the here discussed
Lagrangian analyses are not sufficient to unequivocally determine a link
between Agulhas leakage strength and the Agulhas contribution to South
Benguela central waters. In principal, a larger Agulhas contribution could
stem from a preceded increase in Agulhas leakage transport and/or from
a higher percentage of Agulhas leakage waters reaching Benguela due to
changes in the subtropical gyre circulation (even if Agulhas leakage itself
stays constant or decreases).

For North Benguela, the volumetric contribution of waters with Agulhas
origin to the total transport of central waters into the upwelling region
seems to be locked to the average transit time between South of Africa
and North Benguela: The shorter the transit time, the larger the Agulhas
contribution. In the two years 1969 and 1989 with the largest Agulhas
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Figure 10. Location of last mixed-layer contact (in %) of the water masses that reach North Benguela (a) and South
Benguela (b) in a 1° grid box with gray lines representing the mean circulation (averaged over the simulation period
1958-2009), and their travel time from last mixed-layer contact when reaching North Benguela (c) and South
Benguela (d).

contributions of 1.2 Sv each (constituting 49.4% and 51.3% of the total transport of central waters into the
upwelling region in 1969 and 1989, respectively) virtual fluid parcels took on average 5.0 and 4.4 years for
the transit, respectively (Table 1). In the year 2009 with the smallest Agulhas contribution of 0.84 Sv (45.2% of
total central water transport) on average 8.1 years were needed for the transit. We hypothesize that this link
may indicate variability in biogeochemical properties of SACW imposed by variable Agulhas contribution. For
South Benguela travel times are very similar in all five cases ranging only between 1 and 2 years.

The North and South Benguela central water masses are thus dominantly fed by the Agulhas Current (Figure 9).
Differences arise along the two pathways: North Benguela upwelling feed water originating from the Agulhas
current crosses the entire South Atlantic and enters the upwelling region from the north. It does not take the
direct path through the Lluderitz upwelling cell that separates both upwelling regions at 27°S, as confirmed
by the Lideritz run, where we seeded the parcels at the southern border of South Benguela (34°S) between
the coast and 8°E. Only 19.1% of these parcels cross the 27°S latitude boundary between South Benguela
and North Benguela, whereas 80.9% leave the South Benguela upwelling region and flow westward with the
Benguela Current or with the Ekman transport.

3.4. Age of the Water Masses in the BUS

The water of the North BUS travels a longer way from the formation region and the Agulhas leakage than the
South Benguela central water mass. Accordingly, the computed travel times are on average longer for North
than for South Benguela. In this section we estimate the age of the water parcels, defined as the time from
the last time the parcel has been in the simulated mixed layer. The mixed-layer depth is here defined as the
level where the density differs by at least 0.01 kg/m? from the density at 10 m depth.

The ages of the central water masses in North and South Benguela show clear differences. The upwelling water
mass in North Benguela is on average 13.1 years old, whereas the central water mass in South Benguela has
an age of around 5.6 years (Figure 10).

We analyzed the horizontal location of the last position of the water parcels in the mixed layer. Figure 10
shows that both water masses originate from mainly two regions, a region in the Cape Basin and along the
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South African coast. Ventilation in the Cape Basin, north of the Subtropical Front and west of the Agulhas
Retroflection, might occur here due to mixing of water transported eastward with the South Atlantic Current
and Agulhas rings transporting Indian Ocean water into the Atlantic. The mixed-layer contact in the upwelling
region itself might be due to recirculation. As the variability of the vertical velocity in the upwelling region
is high and only 2.5% of the parcels for North Benguela and 0.2% for South Benguela are seeded within the
mixed layer, fluctuations in the vertical transport probably cause the ventilation of the central water masses in
the Benguela upwelling region. The formation region in the Brazil-Malvinas Confluence Zone is not a frequent
area for last mixed-layer contact. This implies that central water formed in this region reenters the ventilated
mixed layer before reaching the Benguela upwelling region or needs longer travel times. For both, North and
South Benguela, 45.3-50.0% of the seeded transport has been in the mixed layer within the simulation’s nest
domain. A large fraction (26.6% for North and 44.6% for South Benguela) originate from the Indian Ocean east
of 70°E and small amounts (2.7% and 5.0%) originate from the Pacific Ocean through Drake Passage. It has
to be kept in mind that for the North Benguela experiment 19.7% of the seeded transport do not reach any
sampling section.

4. Discussion and Conclusion

In the ocean simulation INALT20 driven by atmospheric reanalysis (COREv2) over the period 1958-2009, the
Agulhas Current and Agulhas leakage are the origins of the central water masses that are upwelled in the BUS.
The contribution of Indian Ocean water is 70.4% of the feed water mass in the South Benguela region, and
even in the North Benguela region 48.2% of the water mass has its origin east of 20°E.

The remaining water mass fractions originate from the Brazil-Malvinas Confluence Zone (around 25% in both
North and South Benguela) and from the equatorial current system that has a negligible contribution for
South Benguela, but 24.6% for the central water mass in North Benguela.

Our analysis of this ocean simulation supports the conclusions derived from observations of Mohrholz et al.
(2008) that the central water masses in the North and South Benguela upwelling regions differ in their tem-
perature and salinity. Furthermore, the different pathways into the upwelling region is as was hypothesized
by Mohrholz et al. (2008): Water from the confluence zone mixes with Agulhas water to form South Benguela
ESACW and flows with the Benguela Current into the upwelling region. In contrast, North Benguela SACW
enters the upwelling region largely by the equatorial current system and only a smaller fraction crosses the
Lideritz cell, the boundary between the two subsystems.

The origin of the water masses in the BUS is much more frequently the Agulhas Current than the subduction
region in the Brazil-Malvinas Confluence Zone. A large fraction of the subducted water in this region flows
eastward with the South Atlantic Current and returns with the Agulhas Return Current to the Indian Ocean.
Therefore, our study suggests that the Brazil-Malvinas subduction region is of minor importance in controlling
the composition of water masses in the BUS.

These differences are expressed in estimated water age and associated biogeochemical properties. The North
Benguela central water mass takes a longer path from the leakage and from the formation region in the con-
fluence zone than South Benguela central water mass. SACW thus is older than ESACW, and the location of the
last mixed-layer contact of both water masses is often southwest of the Cape of Good Hope, in the Cape Basin,
prior to mixed-layer contacts in the upwelling region itself. Thus, the ventilation of the central water masses
happens close to the African continent, where gas exchange equilibria with the atmosphere are attained and
nutrients are depleted. ESACW upwelling in South Benguela is, therefore, quite young with an average age
of 5.6 years, and oxygen utilization, CO, and nutrient build-up from remineralization of sinking organic mat-
ter are significantly lower than in SACW. Travel times from last ventilation of that water on the way to North
Benguela are twice as long—on average 13.1 years. This age difference can help explaining the contrasting
nutrient, CO, and oxygen properties of the upwelling feed water masses in the North and South Benguela
(Emeis et al., 2018).

The Agulhas leakage accounts for an average of 20% of the Agulhas Current System and our study shows
the strong link between the Agulhas Current water and the central water masses that feed upwelling in the
Benguela system. The leakage has significantly increased in this simulation over the last five decades, with a
quite stable leakage until 1990 and a pronounced increase during the last 20 years (see Figure 6), agreeing
with the results of Biastoch et al. (2009) based on a previous version of the model configuration analyzed
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here. The intensification of the leakage in the past, as a consequence of intensified extratropical westerly
winds (Durgadoo et al., 2013), is predicted to continue in the future (Biastoch & Boning, 2013). We hypothesize
that this proposed strengthening of the leakage due to wind changes in the future might lead to further
increase the Agulhas water contribution in the upwelling region off southwest Africa, as the volume transport
into the upwelling regions is larger if the contribution of the Agulhas is larger. Furthermore, travel times of
central water with Agulhas origin into North Benguela are shorter when the Agulhas contribution is larger.
Thus, variations and increases in the Agulhas leakage due to changes in the westerlies over the Indian Ocean
mightincrease the proportion of Agulhas water in both upwelling regions and decrease (at increasing oxygen
inventories) the nutrient and CO, concentrations of the central water masses of the BUS; if the westerlies wind
system indeed evolves in the future as predicted, it is to be expected that the effects will be stronger in the
northern Benguela than in the southern Benguela.

However, the poleward shift and intensification of the westerlies over the Southern Hemisphere is currently
intensely studied (Fyfe & Saenko, 2006; Hande et al., 2012; Russell et al., 2006; Swart & Fyfe, 2012; Yang et al.,
2007). The future evolution of these trends is still under debate. The ongoing increase in greenhouse gas
concentration would be responsible for a further southward displacement of the westerlies (Watson et al.,
2012). On the other hand, the ozone recovery over Antarctica after the implementation of emission reduction
of fluorocarbon compounds and subsequently reduced concentrations in the polar stratosphere are thought
to counteract this effect (Watson et al., 2012). Clearly, more research is needed to establish which factor will
be dominant in the future: Since this remote control has considerable impact on the Agulhas leakage, the
composition and travel times of the water masses feeding the Benguela upwelling, it also controls nutrient
and oxygen content of the upwelling water, the entire rich ecosystem and marine resources of the BUS.

Our analysis supports the age and pathways of the central water masses in the BUS previously estimated based
on observations and shows the large contribution of Agulhas water for the past five decades. The positive
trend in leakage fits changes in westerlies in the recent past, and, thus, our study hints at how the contribution
of Agulhas water to the BUS might change in the future.
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