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A regional assessment of three global ocean reanalysis products is presented for
southern Africa’'s major oceanographic features. The reanalyses include Mercator
Ocean’s Global Reanalysis (GLORYS), the Commonwealth Scientific and Industrial
Research Organisation’s (CSIRO) Bluelink Reanalysis (BRAN) and the Fleet Numerical
Meteorology and Oceanography Center’s (FNMOC) global Hybrid Coordinate Ocean
Model (HYCOM) reanalysis. The aim is to provide modelers with sufficient information for
selecting the appropriate product for use as boundary conditions to force their regional
ocean models, as well as to provide marine industries, relevant government agencies
and academics with insight into the optimal reanalysis product for their purposes. The
reanalyses are compared to both assimilated and independent observational datasets
spanning various regions within the southern African marine environment. While all
reanalysis products reproduce the eastern and western boundary current systems
surrounding southern Africa, limitations exist. BRAN outperforms the other reanalyses
in its representation of the Mixed Layer Depth, contributing to its good representation
of coastal SSTs in the Benguela upwelling system, whereas GLORYS and HYCOM’s
misrepresented MLD result in significant warm biases in this region. The Angola-
Benguela Frontal Zone and it’'s variability is best reproduced by BRAN and HYCOM.
The Agulhas Current system’s major components are well reproduced by both GLORYS
and BRAN. HYCOM, however, simulates considerably more early retroflections than are
observed which have resulted in its mean eastward location. While all the reanalyses
overestimate the occurrence of Agulhas meanders, GLORYS and BRAN resolve the
associated variability best. Agulhas Current transport is best resolved by GLORYS,
unlike BRAN and HYCOM which largely overestimate the magnitude of its south-
westward flow, linked to their misrepresentation of the Current’s vertical structure. The
bay-scale and nearshore evaluations highlighted issues pertaining to the resolution of
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the reanalyses and their use at such a small scale. The reanalyses are limited by their
resolution, as well as by their misrepresentation of submesoscale processes or lack
thereof, prompting the need for the development of regional downscaled models in and
around the southern African oceans based on the global ocean reanalysis products.

Keywords: ocean reanalysis, model evaluation, Agulhas Current system, Benguela upwelling system, ocean
observations, regional processes, regional dynamics

INTRODUCTION

Historically, the extratropical Southern Hemisphere has
been subject to considerably lower quality and quantity of
oceanographic observations than the extratropical Northern
Hemisphere (Ciasto and Thompson, 2008). While concerted
efforts have been made to increase such observations in and
around South Africa’s oceans (Beal et al.,, 2015; Kersalé et al.,
2018; McMonigal et al., 2020), the absence of a comprehensive
regional oceanographic observation system is still palpable.
Typically, regions deficient in observational data rely on global
model output but their performance is not always geographically
uniform (Holt et al, 2017; de Souza et al., 2020). This is
particularly relevant in coastal and shelf sea regions such as those
found within southern African waters.

The marine environment surrounding southern Africa is
characterized by a variety of oceanographic processes and
features (Carr et al., 2021). The west coast is dominated by one of
the four major eastern boundary upwelling systems of the world —
the Benguela upwelling system, which contributes significantly to
the global fisheries catch (Hutchings et al., 2009). This region is
dominated by seasonally variable upwelling which is controlled
by the South Atlantic Atmospheric Anticyclone. In contrast,
the east and south coasts are dominated by the largest western
boundary current in the Southern Hemisphere - the Agulhas
Current system, which facilitates an inter-ocean exchange of
heat, salt and energy through a major leakage (Agulhas leakage)
from the Indian to the Atlantic Ocean (Beal et al., 2011). This
leakage has been found to have considerable influence on global
climate as well as climate change (Lutjeharms et al., 1992; Beal
et al, 2011). In its mean state, the Agulhas Current system
comprises of the Agulhas Current located along South Africa’s
east and south coasts, the Agulhas Retroflection (AR), located
just south of Cape Town, and the Agulhas Return Current
observed meandering into the Indian Ocean at approximately
39°S (ARC; Figure 1). The proximity of an eastern boundary
current to a western boundary current makes the southern Africa
marine environment unique and dynamically diverse (Veitch
and Penven, 2017; Carr et al.,, 2021). This makes it essential
for global models to accurately simulate the dynamics of such a
globally significant region. These contrasting dynamics are also
what makes this region particularly challenging to simulate.

Global ocean reanalysis products provide estimates for the
long-term evolution of the state of the ocean by providing
long term physical and biogeochemical ocean characteristics
at a global scale (Verezemskaya et al.,, 2021). These reanalysis
products optimally assimilate various in situ and satellite ocean
observations into an ocean general circulation model which can

potentially provide more accurate estimates of the ocean state and
its variability relative to estimates solely based on observations
or models which exclude data assimilation (Verezemskaya et al.,
2021). Nevertheless, these global reanalysis products encounter
inherent inaccuracies at regional scales which combined with the
absence of a comprehensive regional oceanographic observation
system has resulted in a growing demand for regional ocean
models in southern Africa. These regional models are developed
specifically to represent local processes and features generally
absent from global simulations. A multistep process is used in the
development of such a model which includes but is not limited to
the incorporation of region-specific high-resolution bathymetry,
a selection of suitable physical processes, definitions of model
parameterizations and numerical schemes, as well as relevant
forcing fields and appropriate boundary conditions (de Souza
et al., 2020). In addition to providing boundary conditions to
regional models, global ocean reanalysis products are often used
directly to inform both scientific and industrial studies within
the southern African region, often with little assessment of their
suitability for the intended use.

This study presents a regional assessment of three global
ocean reanalysis products for southern Africa’s Oceans. The aim
is to provide modelers with sufficient information for selecting
the appropriate global reanalysis product to use as boundary
conditions to force their regional ocean models as well as to
provide marine industries, relevant government agencies and
academics with insight into the optimal reanalysis product
for their purposes. The reanalysis products evaluated herein
are the Mercator Ocean’s Global Reanalysis (GLORYS), the
Commonwealth Scientific and Industrial Research Organisation’s
(CSIRO) Bluelink Reanalysis (BRAN) and the Fleet Numerical
Meteorology and Oceanography Center’s (FNMOC) global
Hybrid Coordinate Ocean Model (HYCOM) reanalysis. These
products are evaluated against a variety of observational datasets,
ranging from satellite data to in situ datasets originating from
various regions within the southern African ocean.

DATASETS

Ocean Reanalysis Products

This study evaluates the three main reanalysis products that
are commonly used in the field of marine science in the
southern hemisphere. While each of the products is eddy-
resolving within the southern African region that is the focus
of this intercomparison, with horizontal resolutions of between
~7 and 11 km, the several important differences that distinguish
them are described below.
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FIGURE 1 | OSTIA Sea Surface Temperature (2020-02-05) over the southern African marine environment. The black boxes delineate the five subregions of the
Northern Benguela (NB), the Southern Benguela (SB), the Agulhas Bank (AB), the Northern Agulhas (NA) and the Mozambique Channel (MC). The map depicts the
locations for the Angola Benguela Frontal Zone (ABFZ2), the St Helena Bay Monitoring Line (SHBML), the South Atlantic Meridional overturning circulation Basin-wide
Array (SAMBA), the Agulhas Current Time-Series Experiment (ACT), the Agulhas System Climate Array (ASCA). The UTRs are located in Doringbaai (DB), Oudekraal
(OK), Betty’s Bay (BB), Mossel Bay (MB), Algoa Bay (AB), Aliwal Shoal (AS), and Sodwana (SD).

Mercator Ocean’s Global Reanalysis

The results from Mercator Ocean’s GLORYS12V1, hereafter
referred to as GLORYS, will be evaluated in this study. GLORYS
spans January 1993 to December 2019 and is generated using the
Nucleus for European Modelling of the Ocean (NEMO) ocean
model version 3.1. and is driven at the surface by the European
Centre for Medium-Range Weather Forecasts’ (ECMWF) ERA-
Interim reanalysis, as well as ERA5 from 2019-01-01 (Lellouche
et al, 2019; Fernandez and Lellouche, 2021). It has a 1/12°
horizontal resolution with 50 vertical layers. Observational data
are assimilated using a reduced-order Kalman Filter scheme. The
observational data includes delayed-time along track sea level
anomaly data from all altimetric satellites, satellite Sea Surface
Temperature (SST), Centre ERS d’Archivage et de Traitement
(CERSAT) Sea Ice Concentration as well as in situ temperature
and salinity profiles from the Coriolis Ocean database ReAnalysis
(CORA), further details can be found in Supplementary Table 1.
GLORYS data is available from the CMEMS website: http://
marine.copernicus.eu/.

Commonwealth Scientific and Industrial Research
Organisation’s Bluelink Reanalysis

BRAN2020 (hereafter referred to as BRAN), is the reanalysis
product from Bluelink - a collaborative initiative between the

Australian Department of Defence, Bureau of Meteorology and
CSIRO, covers the period from January 1993 to December 2019
and incorporates updates which have resulted in a considerable
improvement in accuracy to its predecessors (Chamberlain
et al.,, 2021). These updates include a new two-step multiscale
ensemble optimal interpolation data assimilation process and
the utilization of new data products which have greater spatial
coverage and fewer gaps. The observational data assimilated into
BRAN include delayed-time along track sea level anomaly data,
satellite SST data, as well as in situ temperature and salinity
observations from the CORA database and from the near-real
time database maintained at the Australia Bureau of Meteorology
(Supplementary Table 1; Chamberlain et al., 2021). The model
configuration used is the Ocean Forecasting Australian Model,
version 3 (OFAM3; Oke et al, 2013) which is forced with
atmospheric conditions from Japanese 55-year Reanalysis (JRA-
55; Kobayashi et al., 2015). OFAM3 is a near-global, eddy-
resolving, z* configuration of the Geophysical Fluid Dynamics
Laboratory’s Modular Ocean Model (MOM) version 5. BRAN has
a 1/10° horizontal resolution with 51 vertical layers. The upper
100 m has 14 layers, with 19 layers between 100 and 500 m, 6
layers between 500 and 1,000 m, and a final 12 layers deeper than
1,000 m. BRAN data is publicly available at https://doi.org/10.
25914/6009627c7af03.
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Fleet Numerical Meteorology and Oceanography
Center’s Reanalysis — Hybrid Coordinate Ocean
Model

FNMOC’s global reanalysis product, hereafter referred to as
HYCOM, is based on the Hybrid Coordinate Ocean Model
(HYCOM) which is forced with atmospheric conditions from
the National Centers for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR) and Climate Forecast
System Version 2 (CFSv2) from 2011-04-01. Observational data,
such as satellite altimeter observations, satellite and in situ SST
observations, as well as in situ vertical temperature and salinity
profiles from XBTs, Argo floats and moored buoys (detailed in
Supplementary Table 1) are assimilated into HYCOM using
the Navy Coupled Ocean Data Assimilation system (NCODA;
Cummings, 2005; Cummings and Smedstad, 2013, 2014). The
results from HYCOM experiment GLBv0.08 version 53.X,
covering the period from January 1994 to December 2015, are
evaluated in this study. HYCOM has a horizontal resolution of
1/12° between 40°S and 40°N, 1/25° poleward of these latitudes
with 41 vertical layers. HYCOM is accessible from: https://www.
hycom.org/dataserver.

Observational Datasets

The reanalysis products are evaluated against in situ and satellite
datasets which are described below. It is however, important
to note that many of these datasets have been assimilated into
the reanalysis products and therefore a relatively high degree of
agreement is expected between them.

Operational Sea Surface Temperature and Sea Ice
Analysis

The Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) product is produced by the United Kingdom
Meteorological Office and distributed by CMEMS at
http://marine.copernicus.eu/. This is a daily gap-free (level
4) product of global foundation SST and ice concentration
(Good et al., 2020). For the purpose of this study, only the
foundation SST is used. It has a 1/20° horizontal resolution
spanning the period from January 1981 to the present. It is a
combination of in situ data from drifting and moored buoys,
as well as satellite data from sensors such as the AVHRR,
Advanced ATSR, AMSRE, Spinning Enhanced Visible and
Infrared Imager (SEVIRI), and the Tropical Rainfall Measuring
Mission Microwave Imager (TMI).

High Resolution Sea Surface Temperature Extraction
The high resolution (1 km) SST extraction product is derived
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) aboard the Aqua and Terra satellites. Data from the
AVHRR, NOAA and Polar Orbiting Environmental Satellite
(POES) have also been included from January 2000 to December
2003. AVHRR SST retrievals were adjusted to account for
the bias that results from the difference in equator crossing
times between the NOAA and EOS platforms. Data from
swath granules were extracted for the geographical region
covering 32-40° S, 16-28° E and mapped to a rectangular
projection containing 96 pixels x 96 pixels per degree.

In the 12gen NASA Ocean Biology Processing Group SST
processing chain, each MODIS SST pixel is subjected to a
series of quality tests to detect the influence of the swath
edge, sunglint, cloud, or aerosols and assigned a quality level
of 0-4, with 0 being uncompromised and 1-4 representing
a decreasing level of confidence in valid SST pixel retrieval.
The MODIS/AVHRR decision tree for cloud classification is
very conservative and often misclassifies cloud-free pixels in
the proximity of cloud and strong geophysical frontal zones.
To improve the retrieval of valid SST data, a statistical method
was employed whereby each pixel was tested for validity, by
confirming that the absolute value of the difference between
the measured SST value and a 5-day average of all available
MODIS SST pixels at that location was within 1.5 times
its climatological monthly standard deviation. A significant
reduction in sampling error is achieved through the production
of daily average composites from the resultant day and
night SST retrievals.

Satellite Altimetry Data — Copernicus Marine
Environment Monitoring Service

The daily delayed-time satellite altimetry data, produced and
distributed by CMEMS at http://marine.copernicus.eu/, has a
1/4° horizontal resolution spanning the period from January 1993
to the present (Pujol and Mertz, 2019). It consists of daily gridded
sea level anomalies and derived variables which are computed
with respect to a 20-year (1993-2012) mean (Rio et al., 2014).
Only the Absolute Dynamic Topography (ADT) and geostrophic
velocity components datasets are considered herein.

Coriolis Ocean Dataset for Reanalysis

The Coriolis Ocean Dataset for Reanalysis (CORA) product,
produced by Coriolis and distributed by CMEMS at http://
marine.copernicus.eu/, includes gridded objective analysis fields
of temperature and salinity. CORA version 5.2 is a global
dataset of in situ temperature and salinity measurements
which covers the period January 1990 to June 2020 (Szekely
et al, 2019). CORA comprises a variety of observational
data from platforms including Argo floats, fixed moorings,
gliders, drifters, sea mammals as well as from CTDs and
XBTs aboard research vessels (Szekely et al, 2019). It is
important to note that none of the in situ datasets (SAMBA,
SHBML, ACT, and ASCA) used in this evaluation form part of
the CORA dataset.

Agulhas Current Time-Series Experiment

The Agulhas Current Time-Series Experiment (ACT) consists
of 12-hourly gridded cross-sectional velocity data (April
2010 to February 2013) based on in situ current meter
measurements (Beal et al., 2015). The data are accessible from
the Rosenstiel School of Marine and Atmospheric Sciences’ Beal
lab at https://beal-agulhas.rsmas.miami.edu/data-and-products/
index.html. The mooring array, described in greater detail in
Beal et al. (2015), was deployed along the TOPEX/Jason satellite
ground track 96 (Figure 1) and consisted of seven current meter
moorings and four Current and Pressure recording Inverted Echo
Sounders (CPIES).

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 837906


https://www.hycom.org/dataserver
https://www.hycom.org/dataserver
http://marine.copernicus.eu/
http://marine.copernicus.eu/
http://marine.copernicus.eu/
http://marine.copernicus.eu/
https://beal-agulhas.rsmas.miami.edu/data-and-products/index.html
https://beal-agulhas.rsmas.miami.edu/data-and-products/index.html
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Russo et al.

Intercomparison of Global Reanalysis Products

Agulhas System Climate Array

The Agulhas System Climate Array (ASCA) consists of 20-hourly
gridded cross-sectional velocity data (April 2016 to June 2018)
based on in situ current meter measurements (Gunn et al,
2020; McMonigal et al., 2020). The data are accessible from
the Rosenstiel School of Marine and Atmospheric Sciences’ Beal
lab at https://beal-agulhas.rsmas.miami.edu/data-and- products/
index.html. ASCA, the continuation and expansion of ACT, is
an international collaborative oceanographic project where a
mooring array, deployed along the TOPEX/Jason satellite ground
track 96, was designed to provide long term observations of
Agulhas Currents volume, temperature, and salinity transports
(McMonigal et al., 2020). The mooring array consists of two
shelf and seven full-depth tall moorings which are outfitted
with acoustic Doppler current profilers (AD), current meters
and microCATs. The moorings are interspersed with five
CPIES which also extend the array to 300 km offshore
(McMonigal et al., 2020).

South Atlantic Meridional Overturning Circulation
Basin-Wide Array

The South Atlantic Meridional overturning circulation Basin-
wide Array (SAMBA') is an in situ mooring array that provides
a unique opportunity to observe the inter-ocean and coastal-
ocean exchanges taking place along 34.5°S for a sustained period.
SAMBA was initiated in 2013 with the deployment of four CPIES
and this was followed by the addition of four deep sea moorings
(M7, M8, M9, and M10) extending from the continental shelf
edge to 15° E, and two shallow water moorings (M3 and M4)
in 2014 (Kersalé et al., 2018). The four deep sea moorings are
located along 34.5°S at the 1,000, 2,000, 3,000, and 4,500 m
isobaths, respectively. Each mooring is equipped with a 75 kHz
upward facing ADCPs located at approximately 500 m depth
which records current speed and direction from approximately
500 to 50 m (Carr, 2018). For the purpose of this study the current
data spanning from July 2014 to October 2018 are used.

St Helena Bay Monitoring Line

The St Helena Bay Monitoring Line (SHBML) is a 187 km long
transect consisting of 12 stations and is orientated perpendicular
to the coast, starting just oft Eland’s Bay (Lamont et al., 2015).
The dataset consists of vertical sections of temperature, salinity,
and oxygen which were sampled on a monthly basis starting from
April 2000 to December 2011 via Conductivity-Temperature-
Depth (CTD) casts (Lamont et al., 2015). For the purpose of
this study only the temperature and salinity data are used. The
SHBML data can be accessed via the South African Data Centre
for Oceanography (SADCO?).

Coastal Underwater Temperature Recorders

The South African Coastal Temperature Network’s (SACTN)
in situ coastal ocean temperature records are located at 129
sites scattered along the South African coastline. These daily
records span from 1972 to 2017 and of these 129 sites, 49 were

Thttps://doi.org/10.15493/DEA.MIMS.26052050
Zhttp://sadco.csir.co.za/

measured using underwater temperature recorders (UTRs) and
the remaining 80 were measured using hand-held thermometers.
Only six of the UTR sites at varying depths were used, two
of which are located on the west coast, two on the south
coast and two on the east coast (Figure 1). The locations
include (from west to east) Doringbaai (DB), Oudekraal (OK),
Betty’s Bay (BB), Mossel Bay (MB), Aliwal Shoal (AS), and
Sodwana (SD). The SACTN UTR records used in this study
were maintained by the South African Department of Forestry,
Fisheries and the Environment and by Ezemvelo KwaZulu-Natal
Wildlife (EKZNW).

Algoa Bay Hydrographic Records

The Algoa Bay Sentinel Site (ABSS) is the most comprehensive
coastal observation network in South Africa. Part of the
South African Environmental Observation Network’s (SAEON)
contribution to the ABSS has been the deployment of ADCPs
and UTRs in the region. SAEON’s Elwandle Node have produced
and curated the hydrographic temperature and current records
at various sites in Algoa Bay. Only a portion of the available data
has been used for this study with the ADCPs are located at Cape
Recife and Bird Island, whereas the UTRs are located at St Croix
and at the Algoa Bay mouth.

RESULTS AND DISCUSSION

For the purpose of this study, all reanalysis products have
been regridded to match the spatial resolution of the respective
observational datasets.

Large Scale

The performance of the reanalysis products is evaluated within
the region between 5-45°S, and 0-60°E, covering the southern
African marine environment (Figure 1). The reanalysis data were
co-located in time and space to coincide with the respective
observational datasets. The reanalysis products were evaluated
over the period from January 1993 to December 2019 apart from
HYCOM, which was evaluated over the period from January
1994 to December 2015. The effect of evaluating HYCOM over
a different period to the other reanalysis products is presumed to
be negligible based on the large temporal coverage of all datasets.

Surface Characteristics

While the OSTIA SST anomaly bias in BRAN is low everywhere
(<~0.5°C, except in the region of the Agulhas Return Current),
all three global reanalysis products have largest SST biases
(Figure 2) within the Benguela coastal upwelling regime and in
the region of the Agulhas Return Current (ARC). The former
is likely related to atmospheric forcing products that do not
sufficiently capture the nearshore wind-field, or a mixed layer
depth that is too deep. On the other hand, given that the ARC is
characterized by an intense front with quasi-stationary meanders,
the alternating cool (negative) and warm (positive) biases in that
region suggest that they are related to model inaccuracies in
its position and/or the position of its standing meanders. This
is particularly evident in HYCOM (Figure 2c), where a band
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HYCOM.

FIGURE 2 | Maps of monthly L4 OSTIA Sea Surface Temperature (a-c) anomaly bias, (d-f) correlation, and (g-i) root mean square error for GLORYS, BRAN, and

of underestimated SSTs lies north of a band of overestimated
SSTs for the length of the ARC, suggesting a southward offset
of the positive meridional SST gradient that characterizes it.
GLORYS is the only model that produces a significant warm bias
(>1°C) within the Agulhas Current. This could be related to the
misrepresentation of the position of the Agulhas Current as it
flows alongside the coast, but also as it veers away from the coast
as it approaches the Agulhas Bank.

The extent to which each of these models captures overall
SST variability is shown in the maps of correlation and RMSE
(Figure 2). Highest correlations and lowest RMSE values are
produced in BRAN, with variability in the upwelling regime,
associated with the upwelling front, and intense frontal region
associated with the ARC being captured less well (lower
correlations and higher RMSEs). Correlations and RMSE values
suggest that, similarly, GLORYS and HYCOM perform worse
in these regions associated with intense SST fronts. Given that
various satellite SST products display a high degree of variance
in the vicinity of these intense frontal zones (Carr et al., 2021),
it is not surprising that all of the model products perform worse
in these regions.

The modeled seasonal cycle of SST, presented in plots
of spatially averaged SST for each of the predefined
subregions (Mozambique Channel: MC, Northern Agulhas:
NA, Agulhas Bank: AB, Southern Benguela: SB, and the Northern

Benguela: NB) in Figures 3A-E, shows that each model correctly
reproduces the seasonal cycle in each: highest SSTs in January
and lowest in August. Similarly, the interannual variability of the
average SST in these subregions is well reproduced in each model
(Figures 3F-]) and is confirmed by the high correlations and low
RMSE:s of their SST anomalies compared with satellite.

Satellite SST is a spatially and temporally cohesive dataset that
provides a convenient benchmark to which the output of global
models can be compared. However, it has been shown by Carr
et al. (2021) that various satellite products show a high level of
disagreement in regions of intense SST fronts, which are abound
around the coastline of southern Africa: the Benguela upwelling
front, the Angola-Benguela Front, the Agulhas Retroflection and
Return Current. For this reason, and that it is these satellite
products that are assimilated into models, evaluations should be
interpreted with caution.

Lines of constant SSH of the time-averaged (1993-2019 for
daily GLORYS, BRAN and the satellite altimetry data and 1994-
2015 for HYCOM) daily SSH field (Figure 4) are used as a
proxy for surface geostrophic currents: where they are close
together, the current is strong and where they are further apart
the current is weaker. The lines of constant SSH in Figures 4B,C
suggest that GLORYS and BRAN simulate a very well-defined
ARC (~39°S) similar to that present in the satellite data. In
contrast, the ARC does not appear as well defined in HYCOM
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Northern Benguela (NB) regions.

FIGURE 3 | (A-E) Monthly SST climatology and (F-J) time-series of monthly SST anomaly (annual cycle removed) for the reanalysis products and the OSTIA satellite
SST for the five different regions which include the Mozambigue Channel (MC), Northern Agulhas (NA), Agulhas Bank (AB), Southern Benguela (SB), and the

(Figure 4D). However, the two characteristic quasi-stationary
ARC meanders (Boebel et al., 2003b) are only well reproduced
in GLORYS, whereas they are not as distinctive in BRAN and
HYCOM (Figure 4).

The EKE is an important variable to consider when evaluating
numerical ocean models and data assimilation systems because
it is used as a proxy for mesoscale variability which allows for a
spatial overview accentuating regions of low and high mesoscale
variability (Backeberg et al., 2014; Braby et al., 2020). Here we
compare satellite-derived with model derived EKE (based on
the geostrophic surface current field). The reanalysis product is
regridded onto the lower resolution satellite data and the surface
geostrophic currents are calculated. The corresponding EKE is
calculated using the following formula:

where Uy = Ugeostrophic daily =" and V:g = Vgeostrophic duily_i_’
are the difference between the daily geostrophic velocity
components with their respective daily climatological means
(Santora et al., 2012).

While reanalysis products successfully reproduce many
aspects of the Agulhas Current system, they tend to either
overestimate or underestimate the frequency and size of the
source region eddies as well as the associated EKE levels
(Durgadoo et al., 2013; Backeberg et al., 2014; Loveday et al.,
2014). EKE and the associated ocean mesoscale eddies exhibit
a complicated relationship to atmospheric forcing (Patara
et al, 2016). Therefore, it is suggested that the different
atmospheric forcing of the three reanalysis products would affect
the respective EKE.

All of the global reanalysis products reproduce higher EKEs
in the Agulhas Retroflection region, the Agulhas Return Current,
within the Mozambique Channel, in a corridor from the
southeast of Madagascar toward the African continent and a
small region of high EKEs associated with the detachment of the
Agulhas Current from the coast as it approaches the Agulhas
Bank (Figures 4G,H). The general pattern of regions of high
EKE in all models therefore match the satellite-derived EKEs
well. However, all models tend to overestimate EKE within the
Mozambique Channel and in the corridor between southeast
Madagascar to the African continent. Cyclonic eddies are known
to form just north of Madagascar (Collins et al., 2014), whereas
dipole eddy pairs have been regularly observed to form just
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FIGURE 4 | (A-D) Contour maps of mean daily Sea Surface Height (SSH) with equally spaced contours and the O m contour in bold. (E-H) Maps of Eddy Kinetic
Energy (EKE) calculated from daily satellite altimetry data and reanalysis products, with the 100, 500, and 1,000 cm?2s~2 contours emphasized.
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south of Madagascar (Ridderinkhof et al., 2013). Therefore, it
is likely that all of the reanalysis products overestimate the
number of simulated cyclonic eddies north of Madagascar as
well as the number of simulated dipole eddy pairs that form
south of Madagascar.

The EKE along South Africa’s east coast is overestimated by
all the reanalysis products which suggest that they produce a
relatively less stable northern Agulhas Current than is observed
in the satellite data (Figures 4E-H). This is most likely as a result
of relatively higher mesoscale activity produced in the reanalysis
products, which in this region consists majorly of Agulhas
Meanders (Lutjeharms and Roberts, 1988) and Durban Eddies
(Guastella and Roberts, 2016) - two types of cyclonic eddies,
formed in this region, that propagate downstream along the
inshore edge of the Agulhas Current. All models reproduce the
position of high EKEs associated with the Agulhas Retroflection,
but differences exist in their magnitudes. All of the reanalyses
produce higher EKE in the retroflection region than is observed
(Figures 4E-H). This higher EKE is likely to be as a result of a
more variable retroflection location produced in the reanalyses
than is observed in the satellite data. This is confirmed by the
higher variance of the reanalyses’ retroflection longitudes in
comparison to that of the satellite data, the details of which are
further discussed in the “Agulhas Retroflection” section.

A similar spread of relatively high EKE in the South Atlantic
Ocean, stretching northward into the Southern Benguela region
and westward into the Cape Cauldron and is highlighted by the
100 cm?s~2 contour in Figures 4E-H. This region of intense
turbulence is relatively smaller in the satellite-derived EKEs. This
relatively higher mesoscale activity of the reanalysis products
could be as a result of increased simulation and propagation of
eddies and Agulhas Rings, as well as the increased occurrence of
Agulhas filaments and jet currents. The relatively higher EKE of
the reanalysis products in the Southern Benguela region could
result in a suppressive effect on biological production (Gruber
etal., 2011; Lachkar and Gruber, 2012).

Water Column

Given that specific oceanographic processes and features
dominate the different regions of the southern African marine
environment (Carr et al., 2021), the vertical structure of the
water column will be assessed with regards to the five regions
highlighted in Figure 1. The performance of the reanalysis
products in reproducing the vertical structure of the water
column is evaluated against the observational gridded monthly
CORA dataset through the analysis of temperature and salinity
profiles, as well as through a water mass analysis conducted
in the specific regions (Figure 5). The depth, salinity, and
temperature of the reanalysis products and the observational
CORA datasets are converted to pressure (p), Absolute Salinity
(SA) and Conservative Temperature (®), respectively, using
the functions from the Gibbs SeaWater (GSW) Oceanographic
Toolbox of TEOS-10 (McDougall and Barker, 2011). While only
GLORYS and BRAN assimilate the CORA dataset, the majority
of the vertical profiles making up the CORA dataset are from
Argo floats which have been assimilated into all of the reanalysis,
suggesting that any bias is expected to be negligible.

The reanalysis products reproduce the observed vertical
structure of the water column throughout the southern African
marine environment reasonably well; however, temperature
appears to be considerably better resolved than salinity
(Figure 5). The temperature variability is captured best by
the reanalyses within the upper 50 m of the water column,
with r-values ranging between 0.6 and ~1. Overall, GLORYS
outperforms the other reanalyses showing smaller biases for
both temperature and salinity throughout the water column
(Figure 5). The three east coast regions (MC, NA, and AB;
Figures 5A-C) are dominated by the same water masses which
consist of Tropical Surface Water (TSW), Subtropical Surface
Water (STSW), South Indian Central Water (SICW), Antarctic
Intermediate Water (AAIW), Red Sea Water (RSW) and North
Atlantic Deep Water (NADW; Lutjeharms et al., 1986; Jackson
et al., 2012; Ullgren et al,, 2012). In comparison, the west coast
regions (NB and SB; Figures 5D,E) are dominated by Tropical
Surface Water (TSW), Subtropical Surface Water (STSW),
South Atlantic Central Water (SACW), Antarctic Intermediate
Water (AAIW), and North Atlantic Deep Water (NADW;
Shannon, 2001).

In the MC region (Figure 5A), GLORYS produces particularly
less saline TSW (relatively high RMSE of 0.3; Supplementary
Figure 2P), while HYCOM produces less saline STSW. HYCOM
and BRAN simulate less saline SICW, whereas in GLORYS they
are more saline. Given that the ®-S4 plots are latitudinally
and longitudinally averaged, the two intermediate water masses
(AAIW and RSW) become indistinguishable. GLORYS and
HYCOM reproduce the observed intermediate and deep waters
reasonably well, with near-zero RMSE values, whereas they are
considerably less saline in BRAN, with relatively high RMSE
values ranging between 0.05 and 0.1 (Supplementary Figure 2P).
In the NA region, GLORYS and BRAN simulate TSW and
STSW that are more saline than those observed, whereas they
are less saline in HYCOM (Figure 5B). HYCOM and BRAN
produce fresher SICW than those observed, whereas GLORYS
reproduces them well. While GLORYS reproduces the observed
intermediate and deep waters relatively well (low RMSE values;
Supplementary Figure 2), BRAN and HYCOM both produce
slightly cooler and more saline intermediate waters as well as
less saline deep waters. Further southeast, in the AB region,
GLORYS and BRAN produce TSW and STSW that are more
saline in comparison to what is observed, whereas in HYCOM
they are particularly less saline (Figure 5C). All the reanalyses
produce SICW that is warmer and less saline than what is
observed. GLORYS reproduces the observed intermediate waters
well, whereas HYCOM and BRAN produce cooler and more
saline intermediate waters. With regards to the deep waters,
GLORYS reproduces them well, whereas BRAN and HYCOM
simulate them to be cooler and less saline.

The TSW and STSW of the SB region are cooler and less saline
in HYCOM and BRAN, whereas GLORYS reproduces them well.
With regards to the SACW, GLORYS and HYCOM simulate
these well, whereas they are more saline in BRAN (Figure 5E).
GLORYS and HYCOM reproduce the observed AAIW and
NADW reasonably well, whereas BRAN produces AAIW which
is more saline and NADW that is cooler and less saline. Further
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FIGURE 5 | Vertical water column analysis for the CORA (black), GLORYS (blue), BRAN (red), and HYCOM (green) datasets along the southern African coastline in
the Mozambique Channel (MC), Northern Agulhas (NA), Agulhas Bank (AB), Northern Benguela (NB), and Southern Benguela (SB) regions. The figure consists of
latitudinally and longitudinally averaged (A-E) Conservative Temperature-Absolute Salinity plots, (F-J) Absolute Salinity profiles and (K-0) Conservative Temperature
profiles.
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upstream in the NB region (Figure 5D), all the reanalyses struggle
to reproduce the observed TSW, as they are less saline in the
reanalyses. GLORYS and HYCOM reproduce the remaining
observed water masses particularly well. In contrast, BRAN
(relatively high RMSE values for both temperature and salinity
throughout the water column; Supplementary Figures 2LS)
produces more saline STSW, SACW, and AAIW, whereas the
NADW is less saline.

Average temperature and salinity profiles for the upper
250 m of the water column of each subregion are shown
in Figures 5F-O. In the Mozambique Channel (MC), where
the temperatures in the upper ~30 m are approximately
homogeneous is indicative of the mixed layer (Figure 5K). In
this layer, all models converge and agree well with observations
with respect to temperature, however, GLORYS is much fresher
and BRAN, also fresher, but less so (Figures 5EK). All models
become more saline with depth until ~150 m (Figure 5F). In
the Northern Agulhas (NA; Figures 5G,L) subregion, largest
deviations from observations occur in HYCOM (too fresh and
too cool below the mixed layer), while BRAN and GLORYS
converge well with in situ observations. On the Agulhas
Bank (AB; Figures 5H,M), the salinity decreases with depth
throughout the water column for all models and is consistent with
observations, though HYCOM produces consistently too fresh
waters. In the Southern Benguela subregion (SB; Figures 5J,0),
all models reproduce an increasing salinity with depth in
the mixed layer, below which salinity decreases with depth.
While all models generally converge and agree well with the
temperature profile in this region, the salinity of BRAN and
HYCOM is underestimated in the mixed layer and overestimated
just at the base of the mixed layer for GLORYS. Beneath the
mixed layer, HYCOM continues to underestimate salinity, while
BRAN and GLORYS are close to observations. In the Northern
Benguela (NB; Figures 5I,N) subregion, largest deviations from
observations occur in BRAN with too fresh and slightly too cool
waters in the mixed layer and too saline and too warm waters
at greater depth. The compensating effect of too warm (too
cold)/too salty (too fresh) on the resulting density profile will
likely lead to a more accurately reproduced stratification.

Regional and Shelf-Scale
The Agulhas Current System
The Agulhas Current is the largest and strongest WBC in the
Southern Hemisphere, flowing south-westward from 27 to 40°S
(Quilfen et al., 2018) and forms the intensified western limb of
the South Indian Ocean subtropical gyre (Imawaki et al., 2013)
with a mean volume transport of —75 Sv (McMonigal et al.,
2020). The AR region, located between 18 and 20°E, is where
the Agulhas Current undergoes a direction change and flows
eastward back into the Indian Ocean as the Agulhas Return
Current (ARC; Figure 1). Agulhas leakage, which takes place in
the AR region has been linked with a more westward location of
the AR (van Sebille et al., 2009).

While the Agulhas Current generally retroflects between 15
and 20°E (Russo et al,, 2021), it has been found to retroflect
on occasion east of 20.03°E. Events such as these are known

as early retroflections and have taken place in 1999, 2000/2001,
2008, 2011, and 2019 (Krug et al., 2014; Russo et al., 2021).
Early retroflections can influence inter-basin exchange as they
generally coincide with the shedding of large Agulhas Rings
into the Atlantic (de Ruijter et al., 2004; Dencausse et al,
2010). In addition, early retroflections can have detrimental
impacts on the biological productivity on the Agulhas Bank as
a result of an offshore advection of highly productive shelf water
which is ultimately lost to the surrounding ocean (Roberts and
Mullon, 2010). Studies have found the triggering mechanism for
early retroflections to be the interaction between large Agulhas
meanders/Natal Pulses (diameter >400 km) with the northward
extensions of the meanders in the ARC, which short-circuits the
Agulhas Currents flow, limiting its south-westward extension
(Lutjeharms, 1989; Biastoch et al., 2008; Russo et al., 2021).

Agulhas meanders, also known as Natal Pulses, are large
offshore meanders of the Agulhas Current which are associated
with cyclonic circulation, as well as a cold core eddy inshore
of the meander. By all accounts, they represent the dominant
form of variability in the otherwise stable flow of the northern
Agulhas Current (Lutjeharms et al., 2001; Elipot and Beal, 2015;
Malan et al., 2018). The frequency at which they occur is erratic,
with some studies observing no large meander events in a 2 year
period (Beal et al., 2015) and others observing from 1.7 (Krug
et al., 2014) to as many as 6 per year (de Ruijter et al., 1999).
They are associated with temporary inshore current reversals
(Roberts et al., 2010), the uplift of nutrient-rich water onto
the shelf which has been found to stimulate positive ecosystem
responses (Jackson et al., 2012; Goschen et al., 2015; Pivan et al,,
2016; Russo et al., 2019), and on occasion, they have been found
to influence retroflection dynamics triggering early retroflection
events (Lutjeharms and van Ballegooyen, 1988).

The Agulhas Current system not only influences the local
climate, including rainfall and extreme events (Nkwinkwa
Njouodo et al.,, 2018), as well as the physical and biological
activities of its adjacent shelf system (Beckley and van
Ballegooyen, 1992; Barlow et al., 2010; Russo et al., 2019) but
as it forms a major component of the global thermohaline
circulation, it has been found to influence also global climate
and subsequently climate change (Beal et al, 2011). Given
its significance in global circulation, it is important that
global reanalysis products accurately simulate it. Unfortunately,
prominent features, such as Agulhas meanders and the AR
remain poorly resolved in numerical ocean models (Tsugawa
and Hasumi, 2010; Braby et al., 2016). This section investigates
the extent to which the reanalysis products reproduce the
observed Agulhas Current system, as well as the features
pertaining to it.

Agulhas Transport

Two separate daily volume transport time-series have been
constructed using current data from the ACT and ASCA
(Figures 6A,B) datasets. While all three products are evaluated
against the ACT data, given that the ASCA data begins in 2016
and that HYCOM ends in 2015, only GLORYS and BRAN will be
included in the ASCA analysis. The u- and v-velocity components
have been transformed into along- and cross-shelf components,
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and the respective transports have been calculated using the
along-shelf velocity components.

The components pertaining to the mean velocity structure of
the Agulhas Current are captured fairly well by the reanalysis
products — all of which simulate the Agulhas Current’s south-
westward flow, as well as the north-eastward flow of the
Agulhas Undercurrent, albeit to varying extents (Figures 6C-1I).
Overall, these features and the observed total transport time-
series are reproduced best in GLORYS. In contrast, BRAN and
HYCOM produce a wider Agulhas Current, narrower Agulhas
Undercurrent and overestimate the offshore north-eastward flow
(Figures 6E,EI). Variations like these can have implications
on the total transports calculated through the sections. The
mean and standard error for the total observational transports
calculated for ACT and ASCA are —74.54 £ 1.15 Sv and
—73.18 £ 1.1 Sv, respectively, comparing well with those
calculated by Beal et al. (2015) and McMonigal et al. (2020).
They do not equal those of Beal et al. (2015) and McMonigal
et al. (2020) because they use a more sophisticated method to
identify the borders of the current to calculate the transport,
whereas fixed sections are used in this study. The south-westward
flow of the Agulhas Current is slightly underestimated by
GLORYS in the ACT analysis with a mean of —65.83 & 1.25 Sy,
whereas it overestimates it in ASCA analysis with a mean
of —75.63 £ 1.29 Sv. In contrast, BRAN overestimates the
Agulhas Current’s transport in both the ACT and ASCA
analyses, with mean transports of —123.69 £ 1.43 Sv and
—128.56 £ 1.26 Sv, respectively. Similarly, but to a lesser extent,
HYCOM also overestimates the ACT transport with a mean of
—116.27 £ 2.68 Sv.

While HYCOM simulates a relatively larger and stronger
Agulhas Current, it overestimates the variability through
its simulation of more Agulhas meanders than observed
(Figures 7D,G), producing a more variable total transport
time-series which does not correlate well (r-value = 0.17,
RMSE = 97.44) with the observations (Figure 6A). Despite
BRAN’s overestimation (noting that negative values indicate
south-westward transport) of the Agulhas Currents overall
transport, the variability in the daily transport is well captured
with r-values of 0.72 and 0.61 (p-values << 0.05) but still with
relatively higher RMSE values of 58.81 and 62.63 for the ACT and
ASCA data, respectively (Figures 6A,B). GLORYS captures the
variability of the transport time-series best with high r-values of
0.75 and 0.64 (p-values < < 0.05) and relatively low RMSE values
of 28.98 and 28.56 for the ACT and ASCA data, respectively
(Figures 6A,B).

Agulhas Meanders

For the evaluation of Agulhas Meanders, the daily location of
the Agulhas Current’s core is obtained by applying the Location
of the Agulhas Current Core and Edges (LACCE) algorithm
(Russo et al,, 2021) to all the reanalysis products and the
observational CMEMS satellite altimetry dataset, from which
the Agulhas Retroflection (AR) and Agulhas meanders can be
further investigated. The ability of the reanalysis products to
simulate Agulhas Meanders is investigated by calculating the
distance along a fixed transect between the Current’s core and

Ggqeberha, located along South Africa’s east coast (Figure 1).
While these meanders generally originate north of 30°S (Malan
et al, 2018), by the time they reach the region offshore of
Ggqeberha they have grown considerably in their offshore extent,
making them easier to detect. Any offshore deviations in the
Agulhas Current’s path which exceed one standard deviation
from the mean distance are associated with meander events
(Krug et al., 2014).

Of all the reanalysis products, GLORYS (r-value = 0.735,
RMSE = 9.212) and BRAN (r-value = 0.694, RMSE = 11.923)
reproduce the observed daily distance of the Agulhas
Current’s core relatively well, while HYCOM (r-value = 0.389,
RMSE = 22.130) does not (Figure 7). Overall, HYCOM
was found to largely overestimate the distance between
Gqgeberha and the Agulhas Current’s core. The satellite
data indicates that the Agulhas Current is on average
located 52.74 + 1344 NM from Gqeberha. GLORYS
was found to closely agree with the observational data
with a mean distance of 5246 =+ 1227 NM, while
both BRAN and HYCOM overestimated it with average
distances of 5852 =+ 1335 NM and 63.06 £ 19.50
NM, respectively.

The satellite data suggests that on average, 1.8 meanders
occur per year, comparing fairly well with the 1.7 meanders
per year calculated by Krug et al. (2014). It is important to
note that Krug et al. (2014) calculated this over a shorter
period (1992-2012) and it was calculated at a location slightly
further upstream. In comparison, the reanalysis products appear
to overestimate the number of meanders passing through the
Gqeberha transect with GLORYS identifying 2.5 meanders per
year, BRAN identifying 2.9 meanders per year and HYCOM
identifying 3.4 meanders per year.

The over-estimation of Agulhas Current meanders in the
reanalysis products is consistent with their over-estimation of
EKE in over the northern Agulhas Current (Figures 4E-H),
pointing to inadequately resolved energy dissipation processes
in the models. This could have implications further downstream
impacting on the Agulhas Retroflection’s position, as well as the
associated Indo-Atlantic heat and salt exchange, which could
ultimately impact global climate (Braby et al., 2016).

Agulhas Retroflection

The Agulhas Retroflection has been identified as the westernmost
co-ordinate pair of the LACCE identified core, as was similarly
done by Russo et al. (2021). The mean and standard deviation
for the observational retroflection longitude is 17.48°E + 2.53°
(Figure 8E). Of all the reanalysis products, GLORYS [r-value
(p-value << 0.05) = 0.857, RMSE = 3.056] and BRAN [r-
value (p-value << 0.05) = 0.815, RMSE = 3.152] reproduce the
observed daily retroflection longitude best albeit slightly further
west. The mean and standard deviation for the retroflection’s
longitude for GLORYS is 16.89°E £ 2.64° and for BRAN
it is 16.79°E + 2.68° (Figure 8E). In contrast, HYCOM |[r-
value (p-value << 0.05) = 0.503, RMSE = 3.718] produces
a retroflection that overall is located further east, with a
mean longitude and standard deviation of 18.81°E £ 2.97°
(Figure 8E). HYCOM, which produces the highest EKE pattern
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FIGURE 6 | (A,B) Time-series of total daily alongshore transports (calculated through the vertical sections) for GLORYS, BRAN, HYCOM and the in situ ACT and
ASCA data, respectively. Mean sectional alongshore velocity evaluations of the reanalyses against the (C-F) ACT and the (G-l) ASCA datasets. Negative (positive)

in the retroflection region (Figure 4), has the most variable
retroflection location (o> = 8.81). It is followed by BRAN
(62 = 7.21) and then by GLORYS (6% = 6.99) which best
captures the variability of the satellite-derived retroflection
location (02 = 6.41). The relationship between the location
of the Agulhas Retroflection and Agulhas leakage has been
investigated previously by van Sebille et al. (2009) who
found that a more westward location of the Retroflection
can be linked to increased Agulhas leakage in the form
of Indo-Atlantic transport. van Sebille et al. (2009) describe
two mechanisms relating a more retroflection location with
increase Agulhas leakage. Firstly, a westerly located zonal
jet is more unstable than easterly located one (Gill et al,
1974), therefore when the retroflection is located further west,

there is a larger possibility for instabilities to grow and
Agulhas rings to pinch off. Secondly, a more westerly located
retroflection results in rings to be released farther into the
Atlantic Ocean where there is a smaller possibility of being
reabsorbed into the Agulhas Current (Pichevin et al., 2009). As
a result, it is possible that BRAN and GLORYS simulate more
Agulhas leakage than is observed, while the opposite would be
true for HYCOM (Figure 8). However, further investigation,
specifically focussed on Agulhas leakage, would be required to
definitively conclude this.

An early retroflection is an event in which the Agulhas
Current ‘short circuits’ and retroflects more easterly (east of
22.54°E; Russo et al,, 2021) than usual. Previously documented
early retroflections have taken place in 1999, 2000/2001, 2008,
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FIGURE 7 | (A-D) Daily distance between the Agulhas Current’s core and Ggeberha used as a proxy to investigate the passage of Agulhas Meanders. The red stars
highlight early retroflection events (where the retroflection is east of 22.54°E), and the black stars highlight the meander events. The solid black line indicates the
mean distance, and the dashed black line indicates one standard deviation offshore from the mean. (E-G) Scatter plots of model distance versus satellite distance.

FIGURE 8 | The daily Agulhas Retroflection longitude for (A) the satellite altimetry data, (B) GLORYS, (C) BRAN and (D) HYCOM. (E) Map illustrating the average
position of the Agulhas Current for each dataset. The black stars represent the previously documented early retroflection events of 1999, 2000/2001, 2008, 2011,

and 2019.

2011, and 2019 (Krug et al, 2014; Russo et al, 2021), are
demarcated by the black stars in Figure 8. In addition to their
influences on Agulhas Leakage, events such as these can also
have a detrimental impact on the biological productivity of the
Agulhas Bank in which highly productive shelf water is advected
offshore and lost to the surrounding ocean, resulting in poor
recruitment and consequently poor annual catches (Roberts and
Mullon, 2010). While all of the reanalysis products reproduce
the most extreme of the early retroflection events (2000/2001
and 2008), HYCOM and BRAN reproduces the 1999 and 2011
events and BRAN reproduces the 2019 early retroflection event

(Figures 8A-D). In addition, HYCOM simulates considerably
more early retroflection events than are observed.

The Benguela Upwelling System

The Benguela upwelling system (BUS; Figure 1) spans the
west coast of southern Africa, from Angola in the north to
South Africa in the south. It is one of the world’s major
eastern boundary current systems, whose coastal upwelling
regime contributes significantly to the global fish-catch. Coastal
upwelling within the BUS can be divided into distinct northern
and southern regimes, separated by the intense and perennial
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Ltderitz upwelling cell at ~27°S (Veitch et al., 2009). A strong
seasonal cycle dominates the southern Benguela, with upwelling
occurring during austral summer months (October - March),
while north of Ltderitz the seasonal cycle is weaker with
stronger upwelling during winter months (April - September)
(Veitch et al., 2009).

Unlike other systems of its kind, both its northern and
southern boundaries are characterized by intense frontal systems
due to their proximity to tropical regimes. At the northern
boundary, the cold waters of the northern BUS meet the
southward flowing tropical Angola Current, manifesting as a
robust meridional front known as the Angola-Benguela Frontal
Zone (ABFZ). Situated between 15-18°S and intensified during
April and December (Koseki et al., 2018), its position is thought
to be controlled by the wind stress curl and its intensity by
the upwelling favorable wind stress (Colberg and Reason, 2006).
The ABFZ is the gateway to interactions with the equatorial and
tropical Atlantic that occur in the form of coastally trapped waves
that can impact the local weather and marine ecosystems (Illig
and Bachelery, 2019). Extreme southward excursions of the ABFZ
and therefore anomalous warming in the northern Benguela
occur during Benguela Nino (Florenchie et al, 2003, 2004;
Rouault et al., 2017) events that are episodic and impact fisheries
in the northern Benguela as well as rainfall in Namibia and
Angola. Many of these events are thought to be related to wind
stress relaxation in the western equatorial Atlantic that trigger
a Kelvin wave that travels along the equator and southward
along the African continent (e.g., Rouault et al., 2017; Imbol
Koungue et al., 2019), while other studies have shown that local
atmospheric forcing might also play a role (Richter et al., 2010).

An intense shelf-edge jet at the southern boundary is produced
by the extreme transition and associated density gradient between
the cool upwelling waters on the shelf and the warm waters
of the Agulhas leakage further offshore. The jet is present
throughout the year (Veitch et al., 2017) but intensifies during
the upwelling season in austral summer and is modulated by
the highly variable warm offshore waters. Offshore, beyond
the shelf-edge in the southern Benguela within the Cape
Basin, is a region of intense turbulence that has come to
be known as the Cape Cauldron (Boebel et al., 2003a). The
turbulence, which includes submesoscale processes, arises from
the interaction between the Benguela Current and upwelling
front with mesoscale features associated with Agulhas leakage,
namely eddies, rings and filaments.

Coupled global circulation models are notoriously bad at
accurately resolving sea surface temperatures in eastern boundary
upwelling systems, with warm biases of 2°C being common,
but are much greater in the Peruvian and Benguela systems
(Richter, 2015; Small et al., 2015; Koseki et al., 2018). These
biases are thought to be related to several factors including poorly
resolved coastal winds, too coarse model resolution, poorly
resolved cloud dynamics and the sharp thermocline associated
with eastern boundaries (Richter, 2015). Indeed, Section “Surface
Characteristics” shows that all reanalysis products evaluated are
characterized by persistent warm biases within the Benguela
upwelling regime that range from less than 0.5°C on average for
BRAN to more than 1.5°C for GLORYS and HYCOM. In this

section, we focus more explicitly on the extent to which these
products capture the turbulence in the Cape Basin, as well as the
intensity and variability of the frontal boundaries of the BUS.

Cape Basin

While each of the models fairly accurately simulates the higher
surface turbulence within the Cape Basin than in other parts
of the BUS (Figure 4), all overestimate the spatial extent of
these higher EKEs that are associated with Agulhas leakage.
Using current data from mooring M10 (34.51°S, 14.98°E;
within the Cape Basin) of the SAMBA array (Figures 1, 9),
we interrogate the success of each model at resolving the
mean flow and variability in the upper 450 m of the
water column as representative of how well the vertical
structure of currents in the Cape Cauldron is simulated.
Data from the M10 mooring spans 20-09-2014 to 10-04-2017
covering only a short period of the HYCOM dataset. We
will therefore limit our analysis here to the GLORYS and
BRAN model outputs that cover the whole period. Vertical
velocity profiles from GLORYS and BRAN were co-located in
time and space to coincide with the respective in situ data
measurements at M10.

Relatively constant mean meridional and zonal flows
characterize the upper ~50-400 m of the water column
(Figures 9A,B, respectively). The in situ data reveals that north-
westward currents dominate somewhat, but with significant
variability (Figure 9E) that is quantified in the values of
EKE, that are much higher than expected for the oceanic
regime of an eastern boundary current system (e.g., Plate 1
in Capet et al., 2008). Despite the fact that the mean current
remains relatively constant with depth, turbulence (EKE)
decreases with depth, implying that surface-enhanced mesoscale
features are responsible for the larger deviations from the
surface mean flow.

Given that the currents are relatively constant throughout
the water column, as suggested in the mean profiles, but also
from Hovmoller plots of daily zonal and meridional currents
(not shown), an evaluation of the modeled depth averaged
current regimes is appropriate in this region (Figures 9E-G).
While GLORYS produces the dominant north-westward current,
it displays much less directional variability and also produces
north-eastward currents much more frequently than is observed
and that are much faster than observed. Dominant currents
in the BRAN model are north-eastward, with eastward and
southward currents being quite common and fast, compared to
the less frequently observed eastward currents in observations.
BRAN does reproduce significant north-westward currents, but
are secondary to its dominant eastward regime, that is consistent
with the mean positive zonal velocities for BRAN (Figure 9A).
While the observations suggest that current directions are very
variable at this location (i.e., no particular direction dominates
excessively: Figure 9E), currents directed close to northward tend
to be much stronger. This pattern is likely related to submesoscale
variability that is not captured sufficiently in the global models.
The larger EKE reproduced in both the BRAN and GLORYS
models (Figure 9C) reflects the large fluctuations between the
dominant current regimes and is consistent with the suggestion
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FIGURE 9 | Mooring M10 profiles for the mean (A) u- and (B) v-velocity components. (C) EKE profiles. (D) Velocity correlations and (E-G) current roses based on

velocities (in cm s~') in the upper 400 m of the water column.

made earlier that the models overestimate Agulhas leakage and
associated mesoscale features.

Despite the extreme turbulence within this region, the daily-
averaged u- and v- velocity components correlate significantly
with observations, albeit with quite small r-values for BRAN
(~0.35 for u-velocity and ~0.43 for v-velocity at the surface,
increasing slightly and converging with depth) and higher values
for GLORYS that are more or less consistent through the water
column (~0.5 for u-velocity and ~0.6 for v-velocity). The
fluctuations of the v-component are generally better reproduced
in both BRAN and GLORYS, particularly so in GLORYS
(Figure 9D), suggesting that zonal current fluctuations are the
bigger challenge in this region for global models.

Southern Benguela Shelf

In the southern Benguela, the seasonal upwelling is characterized
by narrow bands of cold water mostly confined to the shelf
between Cape Agulhas and Cape Columbine. These particular
features are often under-represented on L4 SST products and
reanalysis datasets (Dufois et al., 2012; Carr et al, 2021), as
illustrated in Figure 2. Since the high resolution satellite SST data
are not assimilated, in its native resolution, into the reanalyses, it
serves as an independent verification for the shelf-scale surface
dynamics. The spatially averaged SST bias (reanalysis — high

resolution SST) for the Southern Benguela shelf (SBS), the Cape
Columbine upwelling cell, the Cape Peninsula upwelling cell
(CP), the Overberg upwelling region (OV) and the Western
Agulhas Bank (WAB) are represented in Figure 10. Each
reanalysis correctly reproduces the seasonal cycle, with almost
zero bias throughout the year over the WAB, a region of low
spatio-temporal variability subject mostly to the seasonal solar
insolation cycle and winter mixing in the presence of strong
westerly winds. A divergence in the seasonal representivity of
the reanalyses becomes clear when inspecting the bias over the
SBS. Here, BRAN performs exceptionally well, representing the
seasonal cycle with near zero bias, whereas it is clear that both
HYCOM and GLORYS do not reproduce the expected seasonal
upwelling signal. A closer inspection of the upwelling cells at OB
and CP indicates a slight warm bias for BRAN in summer but very
good performance at Cape Columbine. While all the reanalyses
perform best during winter at the upwelling cell locations, a clear
warm bias persists in summer for HYCOM and GLORYS.

The results from the comparison of the reanalysis products
with nearshore UTRs around the coast at varying depths
(Supplementary Figure 1), illustrate that the largest temperature
anomalies for all products exist within the west coast upwelling
regime, where all reanalyses overestimate temperatures,
particularly during the upwelling season. While GLORYS
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FIGURE 10 | (A-E) Spatially averaged SST bias (reanalysis — high resolution SST) monthly climatologies. (F) Map of high resolution 1 km SST outlining upwelling
regions and cells analyzed. The Southern Benguela shelf (SBS), the Cape Columbine upwelling cell, the Cape Peninsula upwelling cell (CP), the Overberg upwelling

region (OV) and the Western Agulhas Bank (WAB).

tends to perform better than HYCOM and BRAN for the
coastal upwelling center on the central southern Benguela
shelf (off Doringbaai, DB in Figure 1) in terms of mean
upwelling season temperatures, it does worst in terms of
capturing the variability of the temperature, producing the
lowest correlations on the west coast. All reanalyses perform
better in the Agulhas Current system (from Mossel Bay eastward
excluding Aliwal Shoal; Supplementary Figure 1), suggesting
that all reanalyses have deficiencies in capturing the key dynamics
associated with the BUS.

Compared with the OSTIA SST data, both GLORYS and
HYCOM overestimate SSTs on the southern Benguela shelf by
at least 1.5°C during the upwelling season, whereas BRAN
reproduces SST in this region within about 0.5°C (Figure 2).
Given the inherent inaccuracies of satellite-derived SSTs in
intensely frontal coastal upwelling regions (Carr et al., 2021) and
the fact that satellite SSTs are assimilated into these reanalysis
products, we assess here the model derived temperatures relative
to observations from the SHBML (Figure 1). The temperature
biases in Figure 11 confirm that GLORYS and HYCOM both have
a significant warm bias on the shelf that persists throughout the
water column and is more intense during the summer upwelling
season and in the vicinity of the coastal upwelling cell. The warm
bias is much weaker in BRAN, stronger during winter months,
does not persist throughout the water column and is not centered
on the coastal upwelling cell. All models have a slight cool bias
beyond the shelf-edge. The extent to which these differences in

performance are related to the simulation of an accurate mixed
layer depth (MLD) and water column structure are investigated
here using climatological temperature data from the SHBML
(Figure 11). The MLD is calculated using the method of de Boyer
Montégut et al. (2004) which identifies it as the depth where a
0.2°C temperature change occurs relative to a reference depth of
10 m. Given the biases in model SSTs, one would expect errors
in the simulated jet currents on the southern Benguela shelf that
are primarily driven by density fronts that arise from cross-shelf
temperature gradients. We investigate these both indirectly, using
the SHBML temperature sections to infer alongshore currents,
and directly using current data from mooring M4 (34.29°S,
17.88°E; on the shelf) of the SAMBA array (Figure 12).

The mixed layer depth across the SHBML is shallower during
summer (December, January, and February) than during winter
(June, July, and August) and, typical of eastern boundary systems,
the mixed layer depth decreases toward the coast (Figures 11E,I).
Offshore of the ~300 m isobath, the isotherms tilt steeply
upward toward the coast, indicative of the equatorward shelf-
edge jet. This feature is present during both summer and winter
months but is weaker during the latter season. Closer to the
coast, isotherms tilt downward toward the coast; indicative of a
poleward flow that is clearly present during winter (Figure 11M)
but does not appear as well-defined in these observations during
summer months. However, a net poleward flow manifests when
averaging low frequency poleward motions with periodicities of
~3 days on the inner shelf (Nelson, 1989). Given that the SHBML
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FIGURE 11 | Seasonal mixed layer depths for the in situ (black), GLORYS (blue), BRAN (red), and HYCOM (green) datasets along the SHBML (E,l), temperature
sections (A-D,M-P) and temperature biases: model minus in situ (F-H,J-L) along the SHBML for the in situ data and the reanalysis products.
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climatologies used here are based on cruise data from a number of
years, it is likely that the net effect of the periodic poleward flows
is not fully captured. The importance of the nearshore poleward
flow and the equatorward jet lie in their contribution to retention
processes within St Helena Bay (Penven et al., 2000) that are key
to high productivity in this region.

Though BRAN produces the most accurate MLD during both
summer and winter months inshore of the 300 m isobath, it
converges best with observations during summer (Figure 11).
The fact that it outperforms the other global models in the
representation of the MLD is likely a contributing factor to its
good representation of coastal SSTs: a too deep MLD, as in
HYCOM and GLORYS, consistent with their persistent warm
biases throughout the water column on the shelf, would lead
to too warm water being upwelled. Other than HYCOM, each
model reproduces the equatorward shelf-edge jet as suggested
by the upward tilting isotherms over the shelf-edge, however,
in each case its intensity is underestimated as indicated by less
steep isotherms (Figure 11). This is consistent with the warm

bias on the shelf and a cool and/or less warm bias further
offshore (Figure 2), effectively reducing the negative temperature
gradient that drives the jet; a feature that is particularly evident
in HYCOM. Both BRAN and HYCOM reproduce the nearshore
poleward current (indicated by the downward tilting isotherms
inshore of ~150 m isobath), similarly deep, and weak during
winter months and in the case of HYCOM intense, shallow
and close to the coast during summer. Though well-defined,
the BRAN summer poleward flow is further offshore in water
deeper than 100 m. The temperature sections in Figure 11
do not indicate the presence of a mean poleward flow in
the GLORYS model.

We evaluate the shelf-edge currents in GLORYS and BRAN
in more detail using daily-averaged data obtained from the M4
mooring spanning the period 01-12-2015 to 08-10-2018, which
is not covered by the HYCOM data period. Vertical velocity
profiles from GLORYS and BRAN were co-located in time and
space to coincide with the respective in situ data measurements
at M4. The M4 mooring was situated approximately above the
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FIGURE 12 | Mooring M4 (A,B) seasonal mean u- and v-velocity component profiles. (C) Seasonal EKE profiles. (D) Correlations. (E-G) Current roses (currents in
cm/s) for the upper 100 m of the water column and (H-J) current roses for the lower 50 m of the water column.

300 m isobath specifically to fully capture the shelf-edge jet,
vertical structure, and variability at this location. The profiles of
observed u- and v-velocity components (black dashed and dotted
lines in Figures 12A,B, respectively) reveal that a distinct shear
exists through the water column throughout the year: from more
northward and westward at the surface, to southward at depths
of greater than 250 m. A seasonal cycle is distinct in the upper
50 m of the water column, with northward flows being stronger
during the summer upwelling season. In the upper 100 m of the
water column, where the jet is strongest, the EKEs derived from

observational data (dotted and dashed black lines in Figure 12C),
are of the same order as the offshore EKEs (Figure 9C).
Furthermore, EKEs are highest during summer months when
the jet is also strongest. This suggests that baroclinic instabilities
associated with the jet are the cause of these high EKEs, rather
than deeper reaching mesoscale features associated with the
Agulhas Retroflection as is the case in the Cape Basin.

Given the distinct current shear, current roses are plotted,
from data averaged in the upper 100 m (Figures 12E-G) and
lower 50 m (Figures 12H-]J) for each dataset, respectively. Both
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FIGURE 13 | (A) Monthly climatology for OSTIA SST, (B-D) SST bias (reanalysis — OSTIA; contours represents the reanalyses’ monthly climatological mean SST),
(E-H) SST meridional gradient and (I) monthly SST anomalies within the ABFZ. Each is based on average SSTs from the coast to approximately 50 km offshore.

BRAN and GLORYS capture the north-westward dominating
current in the upper 100 m, but both underestimate its
magnitude, which is consistent with the v-velocity profiles
shown in Figure 12B. However, it should be noted that
GLORYS performs relatively well during summer (DJF) months.
The current roses, based on both observations and models
(Figures 12E-G), show that variations of the dominant north-
westward current tend to only be a few degrees eastward or
westward, which suggests that the instabilities are not associated
with eddies, rings or large-scale filaments and is consistent with
the idea that the higher EKE over the shelf is linked to baroclinic
instabilities of the jet itself. The lower magnitudes of the jet
resolved in both models is consistent with the underestimated
EKEs, due to reduced baroclinic instabilities. The observations
at depths of greater than 250 m reveal a dominant poleward
undercurrent (Figure 12H), although currents at this depth
fluctuate relatively frequently to a more north-westward bearing.
Both GLORYS and BRAN capture the poleward undercurrent
however, BRAN does not capture the fluctuation to the northwest
that is seen in observations (Figure 12H-]J).

In general, the v-velocity component of both models correlates
better with observations than the u-velocity component and

also performs better during summer months when the shelf-
edge jet is more intense with stronger signals. This implies that
the representation of the jet itself, with a strong v-component,
is better resolved in the models than the instabilities that are
generated from its characteristically intense gradients and that
dominate the u-velocity signal.

The Angola-Benguela Frontal Zone

The characteristically intense meridional SST gradient of the
ABFZ defines the northern boundary of the BUS and the
temperature anomaly within it is an indicator of episodic, and
often catastrophic Benguela Nino events. It is also a region that
is well known for intense warm biases in global models. In this
section, and considering this common warm bias, we compare
modeled SSTs with OSTIA SST to inspect the degree to which
each of the models capture the position and intensity of the
ABFZ, as well as anomalously warm events within it, as a proxy
for Benguela Ninos.

Each of the models capture the seasonal warming during
austral summer months and cooling during winter (Figures 13A-
D). However, the seasonal cycle is offset in GLORYS by a month
relative to satellite observations, with coldest SSTs during July,
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rather than in August (Figures 13A,B), and also appears to last
for longer. This manifests as alternating cool and warm biases of
up to £3°C throughout the region (Figure 13B) and a frontal
gradient that is less intense for a longer period (Figure 13F).
Biases do not exceed 1°C in BRAN (Figure 13C) and are always
positive spanning the ABFZ region, suggesting little impact on
the gradient that defines the front (Figure 13G). HYCOMs
seasonal SST biases (Figure 13D) are characterized by warmer
waters, exceeding 1°C during winter in the northern Benguela,
at the southern edge of the ABFZ, and in a band northward of
this the biases are much smaller for much of the year (<0.5°C).
This suggests the reduced intensity of the front in HYCOM in
comparison to the observations (Figure 13E and H).

To capture variability within the frontal zone and as an
indicator also of Benguela Nino events, the monthly SST
anomalies averaged across the ABFZ (14-18°S) are plotted
in Figure 13I. HYCOM and BRAN both correlate well with
observations, with r-values of >0.9 (p << 0.05) and relatively
low RMSE values (<0.5), while GLORYS deviates more from
observations with a relatively high RMSE value of 1.1 and a
r-value of 0.51 (p << 0.05). All the large Benguela Ninos, as
well as the distinct cooling events (known as Bengula Ninas),
are captured in the SST anomalies within the ABFZ of all of
the models, with most distinct differences in both timing and
magnitude evident being in the GLORYS model.

Nearshore and Bay-Scale

Algoa Bay

Algoa Bay, the most eastward of the various log-spiral bays on
South Africa’s south coast, is situated where the Transkei shelf
begins to widen into the Agulhas Bank and the Agulhas Current
veers away from the coast in response. The intense current shear
that characterizes the inshore edge of the Agulhas Current is
responsible for the generation of cyclonic eddies (Lutjeharms
et al., 2003a,b) that are associated with plumes of warm Agulhas
Current water that have been observed to move into Algoa Bay
(Goschen and Schumann, 1990).

Upwelling has been observed to occur on the inshore edge
of the Agulhas Current (Lutjeharms et al, 2000), where the
process of Ekman veering at the bottom boundary layer causes
the uplift of colder bottom water at the shelf-edge and under
favorable conditions, such as the presence of shear-edge eddies
or at coastal upwelling sites such as Port Alfred (Lutjeharms,
2006), upstream of Algoa Bay. Cold water from the Port Alfred
upwelling cell has been found to enter the eastern sector of Algoa
Bay (Roberts, 2010). The direct impact of the Agulhas in driving
coastal upwelling within Algoa Bay itself is not well understood,
however, upwelling associated with Agulhas Meanders has been
frequently observed (e.g., Roberts, 2010; Goschen et al., 2015) and
has been shown to last longer and over a larger area than coastal
upwelling (Roberts, 2010). Malan et al. (2018), have shown that
meander events cause extreme horizontal shear that produces
strong negative vorticity and enhanced upwelling, resulting in a
decrease of subsurface temperatures at 100 m at the shelf edge.

Coastal upwelling off capes on the south coast primarily occur
during summer months due to the predominant easterly winds

(Schumann and Martin, 1991), the coastal upwelling centers in
Algoa Bay being Cape Recife (Goschen and Schumann, 1995) and
Woody Cape (the western- and eastern-most capes, respectively).
Schumann (1998) has shown that while upwelling off Cape Recife
is primarily a result of alongshore winds, off Woody Cape, it is
both wind-driven and is primed by features associated with the
Agulhas Current. The eastern Agulhas Bank is characterized by
an intense summer thermocline (Schumann and Beekman, 1984)
that gives rise to sharp upwelling fronts and SSTs that provide a
good proxy for upwelling events (Schumann, 1999).

During the dominant south-westerly wind the surface currents
of Algoa Bay flow downwind, with surface speeds of the order
of 0.1 m/s closer to the coast and up to 0.5 m/s further offshore
(Roberts, 1990). This is consistent with the results of a drift card
study by Lutjeharms et al. (1986), in which dominant north-
eastward (followed by south-westward) currents were observed
in the central parts of the bay. Goschen and Schumann (1988)
later observed that these tended to be barotropic. The north-
easterly, upwelling favorable winds, correspond to a dominant
southward flow in the deeper parts of Algoa Bay and strong
alongshore flow along the coast, of up to 0.5 m/s (Roberts, 1990).
More specifically in the eastern section of Algoa Bay coastal
currents have been observed to be primarily barotropic and either
eastward or westward, with wind forcing being the dominant
driving force (Roberts, 2010). Deep current measurements in the
western region of Algoa Bay, have demonstrated a predominantly
south-westward flow (Schumann et al., 2005), which is consistent
with the idea of Agulhas Current entrainment.

As one of South Africas largest, Algoa Bay provides a degree
of shelter from the southern hemisphere’s most powerful western
boundary current and is being utilized for offshore oil bunkering
(ship refueling) operations, despite the fact that it is also home
to several marine protected areas and important bird colonies.
For these reasons, it is especially crucial that we have a good
understanding of the ocean dynamics within the bay. In this
section, we make use of SAEONs UTR and ADCP measurements
to investigate the extent to which global models are able to
capture the salient dynamics.

Temperatures

The UTR records spanning 4 years from 2010 to 2013, situated
at the mouth of the bay and off the island of Saint Croix
(BM and SCX in Figure 14, respectively) are used to assess the
ability of the three global models at reproducing temperatures
more influenced by nearshore dynamics (SCX with a water
depth of ~30 m) versus large-scale boundary dynamics (at BM
with a water depth of ~80 m). While the deeper mooring at
BM provides a more-or-less complete time-series throughout
the water column, allowing for an analysis of the vertical
structure of the water column, the shallower-water station at
SCX, unfortunately, has many gaps and so only the 20 m time-
series is used here.

Neither mooring is situated within a coastal upwelling cell
and we therefore do not expect a strong summer cooling signal
in relation to the onset of upwelling favorable winds. However,
the SCX UTR measurements reveal a distinct cooling during the
month of December (black line in Figure 14B), a month after
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the water column.

FIGURE 14 | Daily temperature anomaly and monthly climatology at (A,B) St Croix (SCX) and the (C,D) Bay Mouth (BM). (E=H) Monthly climatological
temperature-depth diagrams at the Bay Mouth for the in situ data and the reanalysis products. () Average temperature bias of the reanalysis products throughout

the windiest period in October and November (Schumann et al.,
2005). This could be related to the westward advection of the
cool water upwelled at the easternmost upwelling cell of Algoa
Bay and/or from the prominent upwelling cell of Port Alfred.
This cooling at SCX is well captured in the GLORYS model (blue
line in Figure 14B), but it extends into January and February.
On the other hand, BRAN and HYCOM simulate a much
stronger seasonal cycle with distinctly warmer temperatures
during summer months, suggesting that they are not capturing
the westward advection of the cold upwelled water sufficiently.
Offshore, at the BM mooring, a similar seasonal signal is captured
in the observational data (black line in Figure 14D) at 20 m
depth, but the slight cooling during summer months lasts longer
(from November to March). This is consistent with the period of
upwelling favorable winds, with the strongest temperature drop
occurring the month after the period of strongest winds. This

seasonal cooling pattern is again suggestive of cold upwelled
waters being advected westward from their source regions at the
coast. While GLORYS captures the full period of summer cooling,
BRAN and HYCOM only capture the first part of the cooling after
the strongest upwelling favorable winds. The fact that all models
perform better at the offshore station, suggests that they do not
sufficiently capture the nearshore currents that advect the cold
upwelled waters westward, or that they underestimate coastal
upwelling, or a combination of both.

The time-series of temperature anomalies at a depth of 20 m
for the SCX and BM UTR (Figures 14A,C) show that episodic
cooling and warming events at these mooring locations tend
to be coupled. The cooling events prior to 2011 have been
shown by Goschen et al. (2015) to be caused by upwelling
associated with Agulhas Meanders, that is more wide-spread
and persistent than coastal upwelling events. It is likely that the
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data and reanalysis products.

FIGURE 15 | Current roses used to illustrate the depth-averaged ocean currents (in cm s~ ') at (A-D) Cape Recife (CR) and at (E-H) Bird Island (BI) for the in situ

large cooling events after this are similarly related to Agulhas
Meander events. Goschen et al. (2015) further observed that
warm plumes associated with the movement of the meander can
result in warm anomalies either before or after the cooling event.
There is evidence of this in the UTR data at both moorings,
whereby significant warm anomalies are present before or/and
after a cool anomaly (Figures 14A,C). While there tends to be
a warm bias in all models (most significantly in BRAN and
HYCOM during summer months and only slightly in GLORYS
for most months of the year), they all capture the temperature
variability and all of these episodic events well as can be seen in
Figures 14A,C.

The vertical structure of the water column from the UTR
measurements at the BM mooring (Figure 14E) is consistent
with previous findings of an intense summer thermocline that
degrades during winter months. Cool water extends toward
the surface during summer months, while solar warming at
the surface intensifies the thermocline. The deep cool water
is likely related to Ekman veering at the inshore edge of the
Agulhas Current at the shelf-edge that is enhanced during
summer months when the Agulhas Current intensifies (Krug and
Tournadre, 2012). While all models capture the intensification
of the enhanced summer thermocline, they all have a persistent
warm bias throughout the water column that increases with
depth, suggesting that the deep upwelling feature associated
with the Agulhas Current is not well represented in the
models, resulting in an underestimation of the intensity of the
thermocline. This will impact the SST manifestation of upwelling,
as well as the frontal intensities at the surface.

Currents

Depth averaged currents about 2 km off Cape Recife (CR in
Figure 14), at the western-most edge of Algoa Bay and Bird Island
(BI in Figure 14), some 10 km offshore at the eastern side, are
investigated using ADCP current data spanning 25-11-2008 to
14-03-2013 and 3-12-2008 to 30-10-2014, respectively. Vertical
velocity profiles from the reanalyses are co-located in both time
and space with the in situ ADCP data from Bird Island and Cape
Recife. Both ADCP and model data is averaged daily and gaps
in the in situ data have been removed from the model datasets
as well, so as to compare equivalent depth averaged current
time-series data.

The dominant currents measured off Cape Recife are due
southward with some variability that is confined to the southwest
and southeast (Figure 15A), which is consistent with the findings
of Goschen et al. (2015) who also used this dataset, but only
for the 2009-2011 period. All of the models produce dominant
south-westward currents with infrequent, but often strong (in
the case of GLORYS and HYCOM) southward contributions
and all models also produce, albeit infrequent, north-eastward
currents that are not observed in the in situ data. (Figures 15B-
D). Given that nearshore currents in this region tend to follow
local bathymetry and orientation of the shoreline (Goschen and
Schumann, 2015), the deficiency in the models could be related
to poorly resolved topography.

The current rose in Figure 15E shows that the depth
averaged currents measured off Bird Island are highly variable,
ranging from due eastward to west-south-westward, with a slight
dominance of south-westward. Current speeds can reach up to
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0.5-0.6 m/s in any direction (Figure 15E). While Roberts (2010)
observed primarily barotropic eastward or westward currents on
the eastern side of Algoa Bay, his moorings were more coastal
than the Bird Island mooring analyzed here and would not have
captured the extreme variability in the more offshore region
where the currents are influenced not only by processes driven
by local winds but also by features associated with the Agulhas
Current. All models produce weaker currents, and all display
less variability in current direction (Figures 15F-H). BRAN and
HYCOM produce only eastward and westward currents, which is
similar to the current regime one might expect in the more coastal
domain. The predominant current in GLORYS is westward,
with significantly less frequent north-eastward to west-south-
westward currents. However, an important consideration when
evaluating the currents in this region is that being so small (less
than the size of the model grid cells), Bird Island is not resolved
in any of the models and therefore the complicated dynamics
associated with it and in its vicinity will not be either.

SUMMARY

The evaluation of three global ocean reanalysis products
(GLORYS, BRAN, and HYCOM) in the context of southern
Africa’s oceans has been conducted. This evaluation was
performed not only to provide modelers with sufficient
information for selecting the appropriate global reanalysis
product to use as boundary conditions to force their regional
ocean models as well as to provide marine industries, relevant
government agencies and academics with insight into the
optimal reanalysis product for their purposes. The products were
evaluated against assimilated and independent observational
datasets spanning various regions within the southern African
marine environment.

All the reanalyses reproduce the large-scale circulation
features reasonably well, capturing the eastern and western
boundary current systems surrounding southern Africa.
Nevertheless, the reanalysis products have their limitations in
these systems. Evaluations of the reanalysis products against
both in situ temperature data and the satellite SST revealed that
both GLORYS and HYCOM have significant warm biases on
the shelf in the Benguela upwelling system which intensifies
during the summer upwelling season. Their misrepresentation
of the MLD, such that it is deeper than observed, results in
too warm water being upwelled which can be exacerbated by
atmospheric forcing products that do not sufficiently capture the
nearshore wind-field. BRAN, however, outperforms the other
reanalyses in its representation of the MLD, contributing to its
good representation of coastal SSTs. The equatorward shelf-edge
jet of the southern Benguela is reproduced by GLORYS and
BRAN, whereas the nearshore poleward flow is only captured
by HYCOM and BRAN, albeit further offshore. While the
ABFZ and its associated variability is reproduced best by BRAN
(r-value = 0.96) and HYCOM (r-value = 0.92), all the reanalyses
manage to capture the large Benguela Ninos and Ninas events.

The major components of the Agulhas Current system are
well reproduced by both GLORYS and BRAN. Despite GLORYS
and BRAN’s relative westward locations of their respective mean

retroflection positions, they accurately reproduce the associated
variability with r-values of 0.857 and 0.815, respectively. While
all of the reanalysis products reproduce the most extreme early
retroflection events of 2000/2001 and 2008, only HYCOM and
BRAN reproduced the others. However, HYCOM produces
considerably more early retroflections than have been observed
and early retroflection events can be detrimental to the
biological productivity of the Agulhas Bank (Roberts and
Mullon, 2010). While both GLORYS and BRAN simulate a
very well-defined Agulhas Return Current (ARC), only GLORYS
reproduces the two quasi-stationary meanders characteristic
of ARC (Boebel et al, 2003b). Although all the reanalyses
overestimate the occurrence of Agulhas meanders, HYCOM
more so than the others, GLORYS (r-value = 0.735) and BRAN
(r-value = 0.694) best capture the associated variability. The
Agulhas transport is best resolved by GLORYS, unlike BRAN and
HYCOM which largely overestimate the magnitude of the south-
westward flow, likely linked to misrepresentation of the current’s
vertical structure.

The coastal and near-shore evaluations, which compare
the reanalysis products to in situ UTR and ADCP data,
revealed that all the reanalyses were not able to simulate the
complicated dynamics associated with Bird Island in Algoa
Bay. Since the islands size is smaller than the size of the
reanalyses’ grid cells, neither product registers the island and
its associated dynamics, highlighting an issue for the use of
these global reanalyses in the near-shore and coastal context.
In the nearshore region of the Agulhas Current system, the
reanalyses were not able to represent the deep upwelling feature
associated with the current resulting in an underestimation of
the intensity of the thermocline, impacting the manifestation
of SSTs, as well as the intensities of the fronts at the
surface. The reanalyses’ outputs are not ideal for direct use
in the coastal region of Algoa Bay as they do not sufficiently
capture the nearshore currents which is possibly the case
in many of the other bays scattered along the southern
African coastline.

While the results from this evaluation reveal that the large
and regional scale features are considerably well resolved by
the reanalyses, they are limited in their nearshore and bay-scale
abilities. They are limited by their resolution as well as by their
misrepresentation of submesoscale processes or lack thereof.
This, however, does not rule out their value in the nearshore
or at a bay-scale. Given the respective strengths of the different
reanalyses at a large and regional-scale in the different current
systems, specific reanalyses can be used to force the boundaries
of regionally downscaled models in the appropriate region. The
results from this evaluation prompt the need for the development
of regional downscaled models in and around the southern
African oceans which are based on the appropriate global ocean
reanalysis product dependant on their region of study.
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