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Oxygen variability in the offshore northern Benguela1

Upwelling System from glider data2
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Key Points:5

• Alternating subsurface physical fluxes of Angola- and Benguela-derived waters drive6

mesopelagic oxygen variability in the offshore Benguela7

• Hypoxic events (O2 < 60 µmol) are intermittent and are associated with weekly8

pulses of tropical water in the upper mesopelagic9

• Mesoscale eddies further modulate the oxygen field and are associated with severe10

hypoxia, fine-scale oxygen patchiness and water mass mixing11
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Abstract12

Despite their role in modulating the marine ecosystem, variability and drivers of low-13

oxygen events in the offshore northern Benguela Upwelling System (BenUS) have been14

rarely investigated due to the events’ episodicity which is difficult to resolve using ship-15

board measurements. We address this issue using 4 months of high-resolution glider data16

collected between February and June 2018, 100 km offshore at 18 °S. We find that oxy-17

gen concentrations in the offshore northern Benguela are determined by the subsurface18

alternation of low-oxygen Angola-derived water and oxygenated water from the south19

at 100 - 500 m depth. We observe intermittent hypoxia (O2 < 60 µmol kg−1) which oc-20

curs on average for ∼30 % of the 4 month deployment and is driven by the time-varying21

subsurface pulses of Angola-derived tropical water. Hypoxic events are rather persistent22

at depths of 300 - 450 m, while they are more sporadic and have weekly duration at shal-23

lower depths (100 - 300 m). We find extreme values of hypoxia, with O2 minima of 1624

µmol kg−1, associated with an anticyclonic eddy spinning from the undercurrent flow-25

ing on the BenUS shelf and showing no surface signature. Fine-scale patchiness and wa-26

ter mass mixing are associated with cross-frontal stirring by a large anticyclone recir-27

culating tropical water into the northern BenUS. The dominance of physical drivers and28

their high variability on short time scales reveal a dynamic coupling between Angola and29

Benguela, calling for long-term and high-resolution measurements and studies focusing30

on future changes of both tropical oxygen minima and lateral fluxes in this region.31

Plain Language Summary32

The ocean region located along the south-western African coast, known as the Benguela33

Upwelling System, hosts an important fishery for human sustainment. We studied vari-34

ability and drivers of recurrent low oxygen events that characterise this region and that35

can impact the local ecosystem and affect fisheries yields. We used four months of data36

collected ∼100 km from the coast, spanning from the ocean surface to 1000 m depth. We37

found that oxygen concentrations damaging for fish occurred mostly between ∼70m and38

550m of depth, for about 30% of the time. Such low oxygen concentrations lasted for about39

one week each time, and were brought into the Benguela region by deep fluxes of low-40

oxygen water from the northern Angola latitudes. Rotating flow structures of a typical41

diameter of between 20 and 200 km, known as ocean eddies, were found to strongly im-42

pact oxygen concentrations in the region by either transporting very low oxygen water43

or by stirring and mixing water masses with different oxygen levels. The variability in44

oxygen concentrations found by this study likely affects the local ecosystem and further45

studies will be needed to better understand its seasonality and future trends in the con-46

text of climate change.47

1 Introduction48

Ocean oxygen (O2) concentrations influence the distribution and functioning of ma-49

rine life and are determined by a combination of physical and biological mechanisms (Garçon50

et al., 2019; Fennel & Testa, 2019; Pitcher et al., 2021). The near-surface ocean is gen-51

erally well oxygenated: there, oxygen levels are mostly regulated by a combination of temperature-52

dependent and fast air-sea exchange fluxes balancing oxygen super- or undersaturation53

and biological activity, especially primary production in the euphotic layer, which adds54

oxygen via photosynthesis (Sarmiento & Gruber, 2006). Below the euphotic layer, ad-55

vection and mixing (both horizontal and vertical) and biological activity in the form of56

remineralisation and respiration dominate the O2 budget. While respiration always acts57

as a sink for O2, contributing to the formation of deep oxygen-minima, physical fluxes58

can either increase or decrease O2 concentrations depending on their source region (Wyrtki,59

1962). Ocean ventilation, i.e., the deep injection of well-oxygenated surface waters via60

mixing or advection, acts to replenish the deep oxygen budget. Lateral fluxes, upwelling61
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and small scale variability connected to meso- and submesoscale eddies and fronts fur-62

ther modulate the oxygen field by influencing a variety of biological processes, which in63

turn modify O2 concentrations (Frenger et al., 2018; Löscher et al., 2016; Brandt et al.,64

2015).65

Variability in ocean oxygen concentrations has been extensively studied in the past66

decades, especially in relation to the expansion of the oxygen minimum zones (OMZs)67

driven by anthropogenic forcing (Pitcher et al., 2021; Schmidtko et al., 2017; Ito et al.,68

2017). Spatio-temporal changes in oxygen concentration can constitute significant stres-69

sors for marine ecosystems and can have potentially lethal effects on important fisheries70

(Grantham et al., 2004; Ohde & Dadou, 2018). Most marine heterotrophs, including higher71

animals such as fish, die when exposed to oxygen concentrations below a certain criti-72

cal threshold, which varies significantly among species (Keeling et al., 2010; Vaquer-Sunyer73

& Duarte, 2008). Even intermittent occurrences of such lethal oxygen levels can result74

in behavioural changes due to the need to frequently escape such conditions, and can re-75

sult in declining growth rates in juvenile fish (Eby et al., 2005). The median lethal time76

in low-oxygen conditions also varies greatly from species to species, and ranges from sev-77

eral months to as little as half an hour (Vaquer-Sunyer & Duarte, 2008). As a consequence,78

low oxygen levels effectively constitute a biogeochemical boundary for most marine species79

and can strongly affect the ecosystem composition and predator/prey interactions (Gibson80

& Atkinson, 2003).81

Among the regions most affected by deoxygenation, eastern boundary upwelling82

systems (EBUS) are extremely significant (Garçon et al., 2019; Löscher et al., 2016; Karstensen83

et al., 2008), as they bound some of the ocean’s major OMZs while also hosting high lev-84

els of coastal productivity that supports some of the most important fisheries for human85

sustainment (Carr & Kearns, 2003; Mackas et al., 2006; Kainge et al., 2020). The Benguela86

Upwelling System (BenUS), one of four major EBUS, is located along the south-western87

African coast, at the eastern edge of the South Atlantic gyre, between roughly 18◦S and88

34◦S (Chavez & Messié, 2009; Hutchings et al., 2009; Sowman & Cardoso, 2010). As with89

all EBUS, the BenUS is characterised by high levels of mesoscale and submesoscale ac-90

tivity in the form of surface and subsurface intensified eddies, filaments and fronts, which91

have an important role in modulating marine oxygen levels via a variety of biophysical92

interactions (Mohrholz et al., 2014; Frenger et al., 2018; Thomsen, Kanzow, Colas, et al.,93

2016; McGillicuddy, 2016).94

At its northern edge, the BenUS is bounded by the Angola-Benguela frontal zone95

(ABFZ), which separates the system from the equatorial region of Angola and is located96

roughly between 15◦S and 18◦S (Veitch et al., 2006). The ABFZ is characterised by sig-97

nificant meridional gradients of physical and biogeochemical tracers, including temper-98

ature, salinity and oxygen, which reflect the different properties of the water masses lo-99

cated at its northern and southern edges (Veitch et al., 2006; Kostianoy & Lutjeharms,100

1999; Bartholomae & van der Plas, 2007). North of the ABFZ, the equatorial cyclonic101

circulation of Angola is dominated by the warm, saline and oxygen-depleted South At-102

lantic central water (SACW) and hosts the most intense OMZ of the Atlantic ocean (Bartholomae103

& van der Plas, 2007; Karstensen et al., 2008; Stramma et al., 2008). South of the ABFZ,104

the BenUS is crossed by the along-shore northward-flowing Benguela Current, which car-105

ries relatively colder, fresher and oxygenated eastern South Atlantic central water (ESACW),106

a blend of equatorial SACW and Indian central water (ICW) transported into the South107

Atlantic by the Agulhas Current (Siegfried et al., 2019; Mohrholz et al., 2008). At the108

ABFZ, the northward-flowing Benguela Current and the southward-flowing Angola Cur-109

rent converge along the coast and are deflected westward towards the open ocean, with110

a slight northward tilt (Figure 1b). Variability in the temperature and salinity of the re-111

gion surrounding the ABFZ and in the latitudinal location of the front can be determined112

by interannual fluctuations known as Benguela Niños/Niñas as well as seasonal and in-113
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traseasonal shifts in the the atmospheric wind pattern (Veitch et al., 2006; Kostianoy114

& Lutjeharms, 1999; Diakhaté et al., 2016).115

Along-shore fluxes recurrently cross the ABFZ (Boyer et al., 2000; John et al., 2000).116

At the surface, the Angola Current can intrude into the northern BenUS along the shelf117

in the shape of a tongue of surface warm water, especially in December-March (Muller118

et al., 2014; Bartholomae & van der Plas, 2007; Shannon et al., 1987); at depth, a sub-119

surface flow of Angola water extends far into the Benguela region with maximum inten-120

sity in January-February (Mohrholz et al., 2008; Rouault, 2012; Stramma & England,121

1999). Such cross-frontal fluxes happen as a result of both wave propagation and local122

wind forcing (Tchipalanga et al., 2018). Equatorially-forced coastal trapped waves that123

flow along the continental shelf transporting Angola water southward constitute a mode124

of coupling between the equatorial region and the BenUS and can transfer variability rang-125

ing from the sub-seasonal to interannual scales (Illig & Bachèlery, 2019; Bachèlery et al.,126

2020; Kopte et al., 2017). Coastal-trapped waves forced by local winds can further mod-127

ulate the shelf flow on the faster scales of a few days to weeks, either enhancing or stop-128

ping the propagation of the poleward shelf current (Junker et al., 2019). Further con-129

nection between the tropical circulation and northern Benguela is provided by the south-130

eastward flow of the equatorial currents (Siegfried et al., 2019). The along-shore advec-131

tion of low-oxygen anomalies from the north has been shown to be the primary driver132

of oxygen variability on the shelf of the northern BenUS (Monteiro et al., 2006). Local133

remineralisation can further exacerbate these conditions (Ohde & Dadou, 2018).134

So far, most studies have focused on the oxygen variability on the BenUS shelf, with135

only a limited analysis of the impact on the adjacent open waters off the northern Benguela136

shelf. Further, observations focusing on the short-term fluctuations in the oxygen con-137

centration and the impact of mesoscale variability in such a dynamic region are still lack-138

ing. Here we use four months of high-resolution glider data collected 100 km from the139

BenUS coast to investigate the temporal variability of oxygen concentrations in the open140

waters off the shelf of the northern BenUS, focusing on significant fluctuations observed141

in the upper mesopelagic (100 m - 500 m) and their relation to the dominance of SACW142

and ESACW. Further, we discuss the duration, intensity and depth distribution of the143

hypoxic events, and present two distinct examples of how meso- and submesoscale ac-144

tivity shapes oxygen concentrations in our data. Last, we put our results in the context145

of previous research in order to identify the physical drivers of the observed variability146

and present our conclusions.147

2 Methods148

2.1 Glider data149

One Slocum glider was deployed on 14 February 2018 at 11.2 ◦E, 19.3 ◦S in the re-150

gion of the northern BenUS (Figure 1a) by the European Research Council project Gaug-151

ing ocean Organic Carbon fluxes using Autonomous Robotic Technologies (GOCART),152

in conjunction with the Controls over Ocean Mesopelagic Interior Carbon Storage (COMICS)153

programme (Sanders et al., 2016). The glider was deployed 3 months ahead of the COMICS154

cruise (which occurred in May 2018) in order to characterise the water column dynam-155

ics and temporal variability in this region. The glider transited north for 3 days from156

its deployment location to the sampling site BN0 [10.80 ◦E, 18.25 ◦S], where it profiled157

to 1000m depth from 17 February 2018 until 26 March 2018. On 27 March 2018, the glider158

moved slightly north-east to measurement point BN, centered around [10.95 ◦E, 18.05159

◦S], where it sampled until 19 June 2018, when it was recovered. The two measurement160

spots are located at about 120 km (BN0) and 95 km (BN) from the south-western African161

coast and are separated from each other by roughly 27 km. Both locations are off the162

continental shelf, north of the Walvis Ridge, in a region with maximum bathymetry of163

about 3000 m.164
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At each sampling location, the glider followed a triangular path of ∼ 12 km per side165

which took between 2 days in February-May to 5 days in June to complete. The glider166

completed profiles to 1000 m depth, sampling with a vertical resolution of ∼ 20 cm, emerg-167

ing 5 to 6 times per day and sampling primarily on the upward dive. A few sets of con-168

secutive downcast-upcast were collected throughout the deployment to allow the deter-169

mination of oxygen sensor time response. The glider was fitted with a standard Slocum170

Glider Payload CTD (pumped) from Seabird (SN 9109), measuring Temperature, Con-171

ductivity and Depth, with an Aanderaa optode, model 4831 (SN286), measuring dissolved172

oxygen, and a Seabird WetLABS ECO triplet sensor, measuring optical backscattering173

at 700 nm. Depth-averaged currents (DAC) were estimated for each full 1000 m down-174

ward and upward dive from the difference between the glider’s observed surfacing loca-175

tion and that predicted by the glider’s onboard dead reckoning or flight model (SLOCUM176

manual, 2017; Merckelbach et al., 2010). For each glider surfacing, glider surface cur-177

rents were also estimated via linear regression of GPS location with respect to time. Me-178

dian timescale of surface current estimates, defined as the interval between first and last179

GPS fix was 21 min with 95% between 10 and 48 min. It is worth noticing that glider180

estimates of surface currents may be subject to a wind influence as the glider tail may181

acts temporarily as a sail in strong wind conditions.182

In the present analysis, conservative temperature (Tc, from here on: temperature),183

absolute salinity (Sa, from here on: salinity), potential density (σθ) and dissolved oxy-184

gen (O2) glider data are used in the form of binned medians, with each bin represent-185

ing an interval of 6 hours in time (usually 1-2 profiles) and 2 m in depth. Glider surface186

and DAC velocities were averaged daily. Backscatter data (bbp700) are averaged on coarse187

bins spanning one day in time and 10 m in depth. Please, note that in this manuscript188

backscatter data is used only qualitatively to strengthen some of our hypothesis and is189

only presented in the Supplement. As the glider measurements were collected during 2018,190

we will implicitly refer to this year throughout the rest of the manuscript.191

Glider temperature and salinity values were initially calculated using factory cal-192

ibrations. Next, lag-corrected oxygen data were calculated by applying the following steps:193

(1) calculate sensor time response, determined by shifting the reported oxygen in time194

and find the time lag that corresponds to the minimum total discrepancy between con-195

secutive profiles (up-down and down-up) of oxygen (50 s for this glider); (2) apply time196

lag correction to raw sensor output ”calphase”; (3) calculate oxygen concentration us-197

ing the coefficients from factory multi-point calibration; (4) apply temperature, salin-198

ity and pressure correction following manufacturer recommendations. Finally, shipboard199

CTD profiles collected during COMICS cruise DY090 were used to validate glider tem-200

perature and salinity measurements and adjust glider oxygen measurements, in a two-201

step process. First, salinity and dissolved oxygen sensors mounted on the ship’s CTD202

package were calibrated using linear regressions against 113 bottle salinity measurements203

(using an Autosal 8400B) and 261 bottle oxygen measurements (using the Winkler titra-204

tion method). Second, all shipboard and glider sensor profiles were binned at 5 m depth205

intervals and ”ship-glider matchups” were selected for glider calibration, defined as binned206

profiles within 5 km and 12 h of each other. These matchups were strongly correlated207

(linear regression r2 ≥ 0.95). Paired binned data from all matchups (n=18 for temper-208

ature, n = 17 for salinity, and n= 16 for oxygen, where n is the number of CTD casts)209

were combined to calculate a single linear regression of ship data vs. glider data. Glider210

temperature and salinity data matched ship data within uncertainty of the regressions211

and were therefore not corrected. Glider oxygen data were corrected using the regres-212

sion slope (1.03) and offset (+1.72 µmol kg−1) found in the calibration exercise (see Sup-213

plement Figure S14). Gliders measured optical backscattering at 700 nm using Seabird214

ECO triplet sensors. Factory calibrations were applied to raw data to yield estimates215

of the total volume scattering function β(700 nm, 124◦). The volume scattering func-216

tion of seawater was estimated following Hu et al. (2019) and subtracted to yield the par-217

ticulate volume scattering function βp(700 nm, 124◦) and then converted to the partic-218
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ulate backscattering coefficient bbp(700 nm) via bbp(700 nm) = βp(700 nm, 124°) 2πχ,219

where χ = 1.077 (Sullivan et al., 2013).220

Figure 1. (a) Schematic representation of the regional system of currents and of the water

masses carried by them, as described by the literature presented in the Introduction: Angola

current (AC), Benguela current (BC), Angola-Benguela frontal zone (ABFZ), cross-front under-

current (UC), South Atlantic Central Water (SACW), Eastern South Atlantic Central Water

(ESACW). This scheme is a simplification of the regional current schemes by Rouault et al.

(2007), Hardman-Mountford et al. (2003) and Siegfried et al. (2019). This is only a conceptual

scheme which does not intend to be an exact representation of the system of currents nor of the

location of their maxima. The green square indicates the perimeter of subplot (b). Colour shad-

ing: SST from L4 AVHRR REP Ostia (Good et al., 2020) averaged across the glider measure-

ment period. (b) Glider (red) and ship (black) tracks on the regional GEBCO (2019) topography

[m]. Labels indicate the spots BN0 and BN in which the glider collected data.

2.2 Water mass identification221

The glider measurements were collected at the northern boundary of the BenUS222

(Figure 1a), in the proximity of the ABFZ. We identify the two central water masses in223

the glider data by converting the SACW and ESACW water mass boundary values of224

Mohrholz et al. (2008); Poole and Tomczak (1999); Flohr et al. (2014) for in-situ tem-225

perature Ti and practical salinity Sp into units of absolute salinity (Sa) and conserva-226

tive temperature (Tc) using the TEOS-10 Gibbs Seawater (GSW) Oceanographic Tool-227

box (McDougall & Barker, 2011). We acknowledge that the conversion from Ti and Sp228

to Tc and Sa is non-linear. However, we used these points to qualitatively assess the pres-229

ence of the two water masses in the glider data by plotting the line that connects the230

extreme values of Tc and Sa for each water mass, which is sufficient for our purposes.231

Please refer to Supplement Table S1 for the details of the conversion and the adopted232

values of Tc and Sa.233

We also used World Ocean Atlas 2018 (WOA18) data (NOAA data set, 2018; Gar-234

cia et al., 2019) to compare the glider absolute salinity and oxygen data to the long-term235

mean regional profiles. Salinity from WOA18 was transformed into units of absolute salin-236

ity (Sa) using the tools described in the previous paragraph. Mean profiles were calcu-237

lated using the 1◦ gridded product for the offshore Angola waters north of the glider in238
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the range [9◦E,11◦E] x [15◦S,17◦S] and for the offshore Benguela waters south of the glider239

in the range [10◦E,12◦E] x [21◦S,23◦S]. Mean WOA18 profiles were calculated from cli-240

matological (1955-2017) monthly means from February to June. Given the strong vari-241

ability and sharp lateral gradients that characterize the measurement region, this anal-242

ysis provides more information than comparing the glider data with sporadic measure-243

ments or coarse resolution products around the glider location.244

2.3 Glider data analysis: tracer anomalies and stratification245

In order to highlight the time variability in the tracer concentrations in the glider246

data, we calculated tracer anomalies from their mean vertical profiles over the entire pe-247

riod of sampling. Although this does not remove the seasonal trends in the glider data,248

we found this choice to be more appropriate than the use of a running mean, due to the249

limited temporal extent of the measurements and sharp horizontal and vertical gradi-250

ents found by the glider. Further, this choice allows us to explore both the short scale251

and the lower frequency variability in the tracers. We therefore take into account both252

the role of small scale variability and the role of seasonality in the discussion of the tracer253

anomalies.254

The mixed layer depth (MLD) was calculated according to a temperature criterion,255

as the deepest depth at which T = T10m±0.8◦C (Kara et al., 2003). As a measure of256

water column stability, we calculated the Brunt-Väisälä frequency, defined as:257

N2 = − g

ρ0
· ∂σθ
∂z

(1)

where ∂σθ

∂z is the derivative of potential density with respect to depth, g is gravitational258

acceleration and ρ0 = 1026 kg m−3 is the mean reference density of seawater, correspond-259

ing to our average density in the most dynamic first 400 m depth.260

2.4 Regional setting during the measurement campaign261

We used several data products to identify the large-scale physical and biogeochem-262

ical context in which the glider measurements were taken. The evolution of currents, sea263

surface temperature (SST) and chlorophyll (CHL) concentration were evaluated from264

daily-mean satellite data. We ran the algorithm by Faghmous et al. (2015) on each time265

step of the AVISO sea surface height (SSH) field (CMEMS, 2022) to identify the eddies,266

each one defined as the area within the outermost closed SSH contour containing a sin-267

gle SSH minimum (cyclonic eddy) or maximum (anticyclonic eddy). SST was taken from268

the L4 AVHRR REP Ostia dataset (Good et al., 2020), consisting of gap-free maps com-269

bining high-resolution data in cloud free conditions (1/20 ◦ resolution) and lower res-270

olution images (1/4 ◦ resolution). Daily mean surface CHL was taken from the L3 Glob-271

Colour dataset (CMEMS, 2020) at a spatial resolution of 4 km.272

We used the in-situ glider estimates of near surface currents and DAC, as well as273

ship, satellite and reanalysis products to evaluate the near-surface flow at the glider po-274

sition. Ship measurements of near-surface velocities (30 m depth) were collected using275

a shipboard acoustic doppler current profiler (Teledyne RDI ADCP Ocean Surveyor, 75276

KHz) at measurement point BN from 02 June 2018 until the end of the measurement277

campaign on 19 June 2018 (Figure 1a), and they were averaged daily for the present anal-278

ysis. Additional gridded products were co-located with the glider using a nearest-neighbor279

routine that calculates a weighted average of the velocities at the closest four grid points280

from the glider on each day. We used daily mean AVISO and GlobCurrent satellite data281

at 1/4 ◦ resolution (CMEMS, 2022; Rio et al., 2014). Both datasets are based on the same282

SSH-derived geostrophic currents, however GlobCurrent uses additional modeled Ekman283

transport to better capture the nearshore wind-driven dynamics. Note that the AVISO284

product often underestimates the westward wind-driven currents, resulting at times in285
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excessive eastward flow, for example in early April when the AVISO surface flow results286

exceeds all the other products; GlobCurrent, however, at times seems to overestimate287

the westward (off-shore) transport in disagreement with the observed SST and CHL fields,288

especially in late April. A comparison of the two fields is provided in the Supplement289

(Figure S3). On cloud-free days, surface currents at 30 km resolution were estimated by290

spatially correlating consecutive images of L2 surface CHL data from MODIS Aqua, MODIS291

Terra, and VIIRS at 1 km resolution (NASA-OBPG, 2018a, 2018b, 2018c) via the max-292

imum cross correlation method (Crocker et al., 2007; Liu et al., 2017); daily fields were293

calculated as the median of the available surface velocity data for each day. We also used294

daily mean surface velocities from the GLORYS12v1 reanalysis product (Drévillon et al.,295

2018; Fernandez & Lellouche, 2018) based on the Operational Mercator global ocean anal-296

ysis and forecast system which uses the physical model NEMO forced with ERA5 reanal-297

ysis data (Madec & Team, n.d.; Hersbach et al., 2020) on a 8km-resolution grid. A list298

of the employed datasets is provided in Supplement’s Table S2.299

2.5 Upwelling indexes300

We calculated the wind-driven upwelling components using daily mean wind stress301

from ERA5 reanalysis (Hersbach et al., 2020) at 1/4◦ resolution. To calculate the coastal302

upwelling index (Ui), we rotated the wind stress (τ) components in the alongshore (AS)303

direction, averaged it in the first 100 km from the coast, and then used:304

Ui =
τAS
fρ

(2)

where f is the latitude-dependent Coriolis parameter and ρ is the density of seawater305

(same as Subsection 2.3). Ui was averaged in the latitude range [17◦S,19◦S], in the prox-306

imity of the glider. To calculate Ekman pumping, we calculated the curl of the wind stress307

and derived the Ekman pumping velocity wEKP :308

wEKP =
∇× ~τ
fρ

(3)

from which we obtained the pumping velocity at the glider position wgl by selecting the309

grid point at [11◦E,18◦S]. To obtain the nearshore Ekman pumping index Wi we calcu-310

lated the volumetric transport via an area integral of wEKP in first 100 km from the coast311

in the range [17◦S,19◦S] and divided this by the coastline length in the same range. This312

way both upwelling indexes are in units of volumetric water transport per meter of coast-313

line (m2 s−1). Following Messié et al. (2009), to calculate Wi we set negative values wEKP314

to zero before integration, to reflect the asymmetry in the transport of nutrients.315

2.6 Low oxygen thresholds316

Throughout the manuscript, we study low oxygen events during which concentra-317

tions fall below a set of three thresholds: O2 < 120 µmol kg−1; O2 < 60 µmol kg−1, here318

defined as hypoxia; and finally O2 < 30 µmol kg−1, here defined as severe hypoxia. These319

thresholds are intended to highlight a set of critical oxygen conditions for different ma-320

rine organisms. Our loosest threshold of 120 µmol kg−1 is used to represent the mean321

sub-lethal oxygen threshold for fish (triggering behavioral and metabolic changes) as well322

as the lethal threshold for sensitive crustacean and fish larvae (Vaquer-Sunyer & Duarte,323

2008; Ekau et al., 2010). Our hypoxic threshold (60 µmol kg−1) closely represents the324

mean lethal oxygen concentration calculated across a wide range of marine species, and325

is commonly adopted for studies of the impact of low oxygen events on fisheries (Zhang326

et al., 2010; Vaquer-Sunyer & Duarte, 2008; Gilly et al., 2013). Severe hypoxia (O2 <327

30 µmol kg−1) indicates critical conditions for some low oxygen-resistant organisms such328

as gelatinous plankton, squids and copepods (Ekau et al., 2010). When evaluating the329

depth range affected by low oxygen anomalies for each threshold, we exclude regions in330

which the anomalies are observed for less than 1% of the deployment period.331
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Figure 2. Regional setting from satellite data on 24/February (a-c), 29/March (d-f), 24/April

(g-i), 08/June (j-l). First row: SSH [m] with geostrophic velocities from AVISO. Second row: sur-

face CHL [ln(mg m−3)] concentration from GlobColour. Third row: SST [◦C] from L4 AVHRR-

Ostia. Line contours on SSH indicate the identified cyclonic (blue) and anticyclonic (red) eddies.

White areas in CHL images indicate missing data due to cloud cover. The mean daily glider posi-

tion is indicated by a yellow dot. (m) Horizontal velocities (absolute) at the glider position from

satellite data (AVISO, GlobCurrent), satellite chlorophyll derived data (CHL-derived), model re-

analysis data (GLORYS12v1), glider data both at the surface (glider SURF) and depth-averaged

(glider DAC), and ship data for velocities at 30 m depth. The duration of phases P1 to P4 is

indicated by the horizontal arrows above subplot (m), each one also corresponding to the satellite

images in the column above it.
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3 Results332

3.1 Regional setting333

The glider data were collected during February-June 2018, i.e., during the period334

spanning from the low upwelling season to the early phase of the winter upwelling sea-335

son of the northern Benguela (Hutchings et al., 2009). SST anomalies for 2018 indicate336

neutral Benguela Niño conditions (Imbol Koungue et al., 2021). Satellite images and hor-337

izontal velocity products (Figure 2) show a succession of very different conditions in the338

region surrounding the glider. We identify four periods (P1-P4), each one characterised339

by a specific type of dynamics. Phase 1 (P1: 14/February - 16/March) is characterised340

by moderate currents at the glider position, by a cold water signature along the BenUS341

coast and by a complex regional pattern of high-CHL filaments; the glider is located north-342

east of a large and persistent anticyclone and surface satellite images suggest that the343

glider is hit from south-east by cold and high CHL coastal water. Phase 2 (P2: 17/March344

- 13/April) is characterised by minimum surface flow at the glider position and by a trop-345

ical warm water intrusion along the Benguela shelf visible as a narrow low-CHL and warm346

SST anomaly reaching down to 19 ◦S, which temporarily reverses the cross-shore SST347

gradient. Phase 3 (P3: 14/April - 31/May) is characterised by the formation (late April),348

intensification (early May) and drifting/dissipation (late May) of a large frontal anticy-349

clone at the ABFZ (see also Supplement Figures S1,S2). During this period horizontal350

currents at the glider position intensify, peaking in early May when the glider is located351

at the outer edge of the anticyclone in a region characterised by sharp gradients of chloro-352

phyll, while coastal upwelling pulses and large fluctuations in the zonal and meridional353

currents indicate strong winds and turbulence. Phase 4 (P4: 01/June - 19/June) is char-354

acterised by blooming conditions and a cooling of the SST likely due to a combination355

of pulses of upwelling in early June and the transition towards Austral winter. The glider356

is embedded in the cold-water front originating at the Benguela shelf and including a weak357

cyclonic eddy.358

3.2 Water column properties from the 2D glider transects359

The glider data show clear fluctuations in the tracer distributions at all depths to360

at least 500 m depth (Figure 3). The water column was rather stratified, with a mean361

MLD of 35 m, rarely exceeding 50 m. The distinct timescales of variability of near-surface362

and deeper water properties suggests some degree of decoupling between these layers and363

a shift in the dominant drivers of tracer fluctuations, with an abundance of deep water364

Tc and Sa anomalies that are not reflected by the surface fields.365

At depths of 50 - 500 m, water properties are very dynamic, characterised by al-366

ternating positive and negative anomalies in temperature and salinity. In this range of367

depths, in fact, temperature and salinity are characterised by a qualitatively similar pat-368

tern of positive and negative anomalies that alternate each other, lasting for periods that369

range between a few days and a few weeks. Some of the short timescale variability in the370

transects, persisting throughout the entire data series and generating sub-weekly oscil-371

lations, is likely associated with the lateral movement of the glider around the sampling372

triangle, and is therefore a signature of spatial, not temporal, gradients. Below 500 m373

depth, tracer oscillations are more moderate and persist for longer periods than in the374

upper layers, suggesting a further shift of the variability drivers from the more dynamic375

upper mesopelagic region (see also Supplement Figures S5,S6 for the full depth transects).376

The temperature and salinity diagram of the sampled water masses shows that the377

known Tc-Sa curves of SACW and ESACW constitute the extreme boundaries of the378

central water masses measured by the glider (Figure 4a). As expected given the known379

characteristics of the two water masses, points located on the SACW line are characterised380

by very low oxygen concentrations, often falling below 60 µmol kg−1, while those located381

in correspondence with ESACW are characterised by oxygen concentrations of at least382
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Figure 3. Glider transects up to 600 m depth: (a) conservative temperature, (b) conservative

temperature anomaly, c) absolute salinity, d)absolute salinity anomaly. Gray lines: isopycnals for

26, 26.25, 26.5, 26.75, 26.9, 27 [kg m−3]. Black lines: outer boundary of hypoxic regions (O2 = 60

µmol kg−1). Blue line: MLD [m]. Full profiles to 1000 m depth are available in the Supplement

(Figures S5,S6).
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Figure 4. (a-b) Conservative temperature (Tc) and absolute salinity (Sa) diagram of the

binned glider data, with density isolines in gray [kg m−3] and dots coloured according to: (a)

depth, (b) oxygen concentration. (a) The characteristic Tc-Sa trends of SACW and ESACW

are highlighted respectively by a dotted and a dashed black line. (c,d) Mean profile, standard

deviation range and minimum-maximum range for (c) absolute salinity and (d) oxygen from the

glider data (purple line and shadings) compared to climatological mean profiles across the period

February-June for the offshore Angola (red lines) and Benguela (blue lines) from World Ocean

Atlas 2018 (see Methods). (e) Depth profile of the standard deviation and minimum of oxygen

from glider data.

100 µmol kg−1 (Figure 4b). Such Tc-Sa diagrams and the observed fluctuations in phys-383

ical properties point towards a co-presence of water from the northern Angola and from384

the southern latitudes of the BenUS at the glider position, with the two water masses385

alternating each other between 100 m and 500 m depth. This result is further empha-386

sised by a comparison of the vertical Sa and O2 profiles at the glider position with the387

climatological mean vertical profiles of the offshore Angola and Benguela waters (Fig-388

ure 4c,d), showing a remarkable correspondence between the climatological profiles and389
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the range of values measured by the glider. Interestingly, a large number of points fall390

between the SACW and ESACW lines in both our Tc-Sa diagrams and in the vertical391

profile plots, therefore suggesting that part of the two water masses mix with each other392

in the region of sampling.393

3.3 Oxygen variability and its relation to water properties394

Glider data show that oxygen concentrations drop significantly across the first 100395

m depth (Figure 5). The MLD is characterised by values above 200 µmol kg−1 and con-396

stitutes the only near-surface range where oxygen consistently exceeds the sublethal thresh-397

old of 120 µmol kg−1. The mean oxygen concentration drops below this threshold at 110398

m depth and oxygen concentrations exceeding sublethal levels are observed sporadically399

at larger depths. At around 100 m depth, minimum O2 values also drop quickly to just400

25 µmol kg−1 (Figure 4e).401

Figure 5. (a) Oxygen transect from glider data with black isolines of concentration at 30

µmol kg−1, 60 µmol kg−1, 120 µmol kg−1 and mixed layer depth in red; (b) percent of total time

in which oxygen is below 30 µmol kg−1 (red), 60 µmol kg−1 (orange) and 120 µmol kg−1 (yellow)

as a function of depth.

The temporal variability in the oxygen concentration increases significantly below402

the MLD (Figure 5a), where it closely follows the pattern of ∆Tc and ∆Sa. This shift403

is due, on the one hand, to the lack of air-sea exchange fluxes and a limited impact of404

biological production below the near-surface layer, and, on the other hand, to the sig-405

nificant role of the deep lateral influx of northern warm/saline/oxygen-depleted SACW406

and southern cold/fresh/oxygenated ESACW, as highlighted by the association of pos-407

itive temperature and salinity anomalies with negative oxygen anomalies. This interpre-408

tation is further supported by a comparison in time between the sampled salinity and409

oxygen profiles and the climatological mean salinity and oxygen properties of the wa-410

ters found north of the glider (offshore Angola) and south of the glider (offshore Benguela),411

showing a remarkable match between salinity and oxygen properties with the two wa-412

ter masses (Figure 6). As a result, hypoxic events in the upper mesopelagic at the glider413
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position can be attributed to the dominance of saline and de-oxygenated water from the414

northern latitudes, while higher oxygen levels are carried into the region by fresher cen-415

tral waters from southern Benguela latitudes.416

Although local remineralisation likely further modulates the O2 profile at the glider417

position, our analysis highlights that the dominant drivers of the sub-monthly oxygen418

variability within 100-500 m depth are physical, resulting in weekly to bi-weekly hypoxic419

events associated to shifts in temperature and salinity. Importantly, this high variabil-420

ity implies that sporadic observations are unlikely to capture the average oxygen pro-421

file in this region, likely sampling temporary fluctuations around the mean. Further, a422

decoupling between the observed variability of the near-surface and of the deeper wa-423

ter properties suggests that the signature of these alternating fluxes of water masses may424

not always be detectable from the surface. Indeed, evidence of a southward transport425

in the satellite data emerges clearly only on the shelf during P2 and at the glider posi-426

tion in relation to the anticyclonic recirculation of tropical water across the front dur-427

ing P3 (Figure 2).428

Figure 6. Difference between the glider data transects and the climatological mean profiles

across the period February-June for the offshore Angola (a,b) and offshore Benguela (c,d) water

properties (see Methods). (a,c) Absolute salinity Sa difference and (b,d) oxygen O2 concentration

difference. White shading covers the range [-0.05, 0.05] kg m−3 for Sa, and [-15, 15] µmol O2 m−3

for O2. Gray lines: isopycnals for 26, 26.25, 26.5, 26.75, 26.9, 27 [kg m−3]. Black lines: outer

boundary of hypoxic regions (O2 = 60 µmol kg−1). Blue line: MLD [m]. Full profiles up to 1000

m depth are available in the Supplement (Figures S8,S9).

3.4 Oxygen variability: intermittency of hypoxia429

As a consequence of the alternating dominance of SACW and ESACW, both hy-430

poxia and severe hypoxia observed in the upper mesopelagic are intermittent through-431

out the entire measurement period (Figure 7). Hypoxic events (O2 < 60 µmol kg−1) are432

confined between ∼70 m and ∼550 m depth, where they occur for an average of ∼30 %433

of the deployment, increasing to ∼50% within the sub-range of 300 m and 450 m depth434

(Figure 5b). Severe hypoxic events, in contrast, are shallower and more confined verti-435

cally, being observed only between ∼110 m and ∼420 m and occurring on average for436

∼6 % of the total measurement time. Severe hypoxic events ranged in timescale from437

<1 day to ∼1 week, with the largest single event occurring in the beginning of April (P2),438

–14–

 21699291, ja, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019063 by U
niversity O

f Southam
pton, W

iley O
nline L

ibrary on [31/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Oceans

when severe hypoxia was observed just below 100 m depth (Figure 5). More sporadic439

severe hypoxia is also detected at deeper depths by the glider during the early (P1) and440

late measurement period (P3-P4), the latter following some bursts of coastal upwelling441

(see also Supplement Figure S2).442

Figure 7. Time variability and duration of the low oxygen events at two different depths

of reference, one per column for the three oxygen thresholds evaluated: (a-c) 200 m, ∼22 %

probability of occurrence of hypoxia; (d-f) 400 m, ∼54 % probability of occurrence of hypoxia.

Orange shading highlights when oxygen falls below a certain threshold, indicated by the horizon-

tal dashed gray line: (a),(d) 30 µmol kg−1; (b),(e) 60 µmol kg−1; (c),(f) 120 µmol kg−1. Gray

shading indicates missing data.

In order to correctly interpret the results we must keep in mind the spatio-temporal443

nature of the observed fluctuations. As the glider was repeatedly visiting the same lo-444

cations while moving along a triangular path of 12 km of side, the observed variability445

is due to a combination of temporal changes in the dominant water mass and spatial gra-446

dients, the latter generating oscillations with a period of 2 days during February-May447

and 5 days in June, when the glider slowed down. Sub-weekly fluctuations in O2 con-448

centration and salinity (Figure 5) therefore indicate that the glider was moving across449

sharp gradients of oxygen, highlighting spatial patchiness in O2 and sharp gradients at450

the region of sampling. Weekly and persistent fluctuations, on the other hand, are as-451

sociated with larger scale shifts in the pattern of water masses at the glider position and452

therefore on significant changes in the pattern of currents intersecting the region of sam-453

pling.454

Our data shows that, in the depth range where hypoxia is most persistent (300 m455

to 450 m depth) the glider-derived mean oxygen and salinity profiles are closer to the456

climatological profiles of the Angola latitudes (Figure 4c,d), suggesting that the pres-457

ence of subsurface SACW is more persistent at these depths. On the contrary, in the shal-458
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lower depth range between 100 m and 300 m, where we can identify weekly and bi-weekly459

pulses of hypoxia and intense salinity anomalies, the glider oxygen and salinity profiles460

show a large standard deviation and fall just between the Angola and Benguela profiles461

(Figure 4), indicating a higher degree of temporal variability in the influence of SACW462

and ESACW. Interestingly, a few of the low oxygen anomalies, such as the early-April463

severe hypoxic event, show de-oxygenation below the mean levels observed in the An-464

gola waters located north of the glider (Figure 6), despite maintaining a match in salin-465

ity with these waters, possibly indicating a different history of biogeochemical transfor-466

mations of the associated water.467

3.5 Oxygen variability: mesoscale drivers468

We focus here on P2 and P3, illustrating two distinct mesoscale processes captured469

by the glider data and affecting the oxygen distribution in the offshore northern BenUS.470

These also correspond to some of the shallowest and most intense hypoxic events observed471

during the glider campaign.472

3.5.1 Phase 2: severe hypoxia associated with the undercurrent inten-473

sification and the likely spinning of a subsurface eddy474

P2 (17/March - 13/April) is characterised by visible surface poleward flow along475

the BenUS shelf and by minimum lateral flow at the glider position (Figure 2d-f,m). De-476

spite the relatively calm surface water conditions, a sharp and persistent hypoxic event477

spans the depth range between 75 m and 300 m for about one week between 27/March478

(when the glider reaches measurement spot BN) and 03/April, hosting significant do-479

mains of severe hypoxia (Figure 5, P2). In addition to concurrent positive temperature480

and salinity anomalies, the hypoxic event is associated with a deep bulging of the isopy-481

cnals (Figure 3, P2), and a local minimum in the Brunt-Väisälä frequency (N2), espe-482

cially between 200 and 300 m depth (see Supplement Figure S7c,S10d). This set of prop-483

erties is characteristic of subsurface anticyclonic eddies, previously observed in upwelling484

regions and often shed by the shelf undercurrents carrying low oxygen waters (Frenger485

et al., 2018; Molemaker et al., 2015). As satellite SST for P2 indicates the presence of486

an active poleward transport of warm and potentially deoxygenated tropical water along487

the BenUS shelf (Figure 2f), this hypothesis is especially likely. We must note that the488

N2 minimum is not as clear as expected for a sub-surface eddy structure, and it shows489

only a limited signature of a sharp peripheral maximum that would indicate the lateral490

isolation of the eddy core. This potentially indicates that the detected structure may still491

be unstable or in formation (see further discussion in subsection 4.2). The Tc - Sa di-492

agram for P2, however, shows a clear separation between hypoxic and oxygenated wa-493

ters (Figure 8a), indicating a sharp transition between SACW and ESACW and there-494

fore weak mixing between water masses, which is not observed in the other phases (Fig-495

ure 8b, see also Supplement Figure S12).496

We therefore infer that the detected structure is most likely a subsurface anticy-497

clone spinning from the undercurrent. This structure combines extreme hypoxic condi-498

tions with a lack of a surface signature, which makes it impossible to detect from satel-499

lite data. Further, the limited lateral mixing between the water within and outside of500

the structure, as indicated by the separation of water masses in the Tc-Sa diagram for501

P2, results in a sharp but transitory pattern of hypoxia and severe hypoxia. Minimum502

O2 concentrations in this structure recurrently fall below 20 µmol kg−1 and reach as low503

as 16 µmol kg−1. Such oxygen concentrations are lower than the climatological mean ob-504

served for the water mass located north of the glider (Figure 6, P2); this anomaly also505

corresponds to a dip in particle concentrations (see Supplement Figure S7a, P2). Both506

signatures suggest that, compared to the surrounding waters, this water was subject to507

higher levels of remineralisation, possibly occurring on the shelf. The largest spatial gra-508

dients at the edge of the anomaly were found between 200 and 400 m depth, with oxy-509
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Figure 8. Conservative temperature (Tc) and absolute salinity (Sa) diagram of the binned

glider data restricted to the range of 50-600 m depth during (a) phase 2 (17/March - 13/April),

and (b) phase 3 (16/April - 31/May). Dots are coloured according to oxygen concentration, den-

sity isolines are plotted in gray [kg m−3]. The characteristic Tc-Sa trends of SACW and ESACW

are highlighted respectively by a dotted and a dashed black line. Full-depth diagrams for the 4

phases can be found in Supplement Figure S12.

gen concentrations varying by between 30 and 40 µmol kg−1 km−1. Given that the glider510

was sampling along a triangle of 12 km per side, the diameter of the structure must have511

been larger than about 16 km in order to be sampled continuously for a week’s time -512

however, we are unable to estimate the full size of the structure and therefore to eval-513

uate whether it was in the meso- or submesoscale range.514

3.5.2 Phase 3: stirring at the rim of a large frontal anticyclone515

During P3 (16/April - 31/May), the glider is located in a region of intense lateral516

surface flow, i.e., at the rim of a large anticyclone that stirs northern offshore Angola wa-517

ter and southern Benguela water across the ABFZ (Figure 2g-i,m, Figure S1). Satellite518

images show that from late April to mid-May (eddy formation and intensification phases)519

the glider crosses fronts between northern warm&low-CHL water and cold&high-CHL520

water from the nearshore Benguela. This emerges as strong variations in physical prop-521

erties both within the mixed layer and at depth (Figure 3, P3), and in oxygen concen-522

trations at depths of 100 m - 500 m (Figure 5, P3). Oxygen within the mixed layer, in-523

stead, is dominated by fast air-sea exchange fluxes. A fine pattern of concurrent fluctu-524

ations in Tc, Sa and O2 persists across May, especially at depths of 100 - 500 m, indi-525

cating that the glider is crossing very sharp gradients between water masses. During this526

period, spatial gradients in the O2 concentrations exceed 50 µmol kg−1 km−1. These small527

scale patterns and the lack of separation between water masses shown by the Tc-Sa di-528

agram for P3 (Figure 8b) suggests that eddy stirring is enhancing mixing between wa-529

ter masses. This is also suggested by the difference plots between Sa and O2 and the wa-530

ter mass properties north and south of the glider, which also show intermediate salin-531

ity and oxygen concentrations in early May (Figure 6, P3).532
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In the second half of May, the eddy detaches from the coast to move offshore (see533

Supplement Figure S1). Glider data show a progressive switch from a prevalence of ESACW534

to SACW, and fronts start to be associated with sporadic severe hypoxia at depths of535

250 - 450 m, a fine pattern that is not as shallow nor as persistent as the one observed536

during P2. Mid to late May also sees an intensification of coastal upwelling with intense537

bursts in late May - early June (see Supplement Figure S2a), corresponding to oxygen538

concentrations falling below the climatological mean of the northern water mass at depths539

of 100 m - 200 m (Figure 6, P3-P4). The fine-scale pattern observed in late May is likely540

to result from a combination of anticyclonic stirring, upwelling intensification bringing541

low-oxygen shelf water towards the glider position and a reactivation of the alongshore542

poleward transport of SACW subsequent to the offshore drift of the eddy.543

4 Discussion544

4.1 Physics driving oxygen variability in the offshore northern Benguela545

The results of our manuscript show that, at the latitudes of the measurements, phys-546

ical processes in the form of alternating lateral fluxes of SACW and ESACW are the dom-547

inant drivers of sub-monthly fluctuations in the oxygen availability between 100 m and548

500 m depth in the offshore northern Benguela. Hypoxia at the glider location can’t be549

explained only by a combination of sluggish ventilation and local biological uptake of or-550

ganic material. These observations extend to offshore waters the findings of previous stud-551

ies highlighting that physical processes, in the form of lateral fluxes of hypoxic SACW552

waters, are the primary driver of hypoxia and the main trigger of the onset of anoxia (near-553

zero oxygen concentrations) on the shelf of the BenUS (Monteiro et al., 2006, 2008). Al-554

though anoxia is not observed in our dataset, both hypoxia and severe hypoxia emerge555

from the lateral influx of SACW, as suggested by the analysis of the Tc-Sa signatures556

and a comparison with the climatological offshore Angola and Benguela oxygen and salin-557

ity profiles. More oxygenated conditions, on the other hand, are associated to an inflow558

of intermediate waters with Tc-Sa signature characteristic of the southern-derived ESACW.559

The observed magnitude and temporal scale of variability in oxygen also suggests that560

datasets aiming to resolve monthly means and long-term oxygen trends in the offshore561

northern Benguela should account for such sub-monthly fluctuations and make sure to562

adopt a statistically significant set of measurements in order not to incur in biases. Con-563

tinuous and long-term observations are of great value to account for the observed vari-564

ability and to correctly resolve the monthly mean oxygen profile in the open waters of565

the northern BenUS.566

The signatures of SACW and ESACW at 100 m - 350 m depth alternate with each567

other on the timescale of one to two weeks at the glider position, while SACW seems more568

persistent at deeper depths. Only some of these anomalies can be associated with mesoscale569

features. Modeling studies by Muller et al. (2014); Schmidt and Eggert (2016) show that,570

in austral summer, the shelf undercurrent at 18◦S deepens to about 200 m - 400 m depth571

in the offshore region of the system. Most of the observed fluctuations may therefore be572

associated with short-lived pulses of the shelf undercurrent reaching the offshore region573

of the northern Benguela and carrying water from the north, which may determine an574

intensification and/or wider depth range of the poleward transport. Variability in tem-575

perature, salinity and oxygen on the scale of a few days to two weeks was also observed576

by Monteiro et al. (2006) on the BenUS shelf at 23◦S. The oxygen variability on the shelf577

and in the subsurface off-shore northern BenUS region may therefore be modulated on578

similar temporal scales. Studies showed that coastal trapped waves generated by wind579

stress forcing within the BenUS oscillate with a period of a few days to weeks (Junker580

et al., 2019), and may therefore contribute to the variability of the transport of SACW581

along the shelf at the latitude of the glider.582
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4.2 Mesoscale drivers583

On top of the large-scale circulation, mesoscale activity impacts oxygen concentra-584

tion at the glider position. We identify two mesoscale processes that affect the oxygen585

variability at the time of sampling: lateral advection of severely hypoxic water most likely586

by a subsurface anticyclone during an intensification of the undercurrent (P2), and cross-587

frontal stirring by a large anticyclone (P3). While the structure associated with P3 is588

identifiable from surface satellite data, this is not the case for P2. Since glider measure-589

ments at BN were collected at roughly 95 km from the BenUS coast, a subsurface eddy590

spinning from the shelf undercurrent is likely to be young or in formation at such a lim-591

ited offshore distance (Thomsen, Kanzow, Krahmann, et al., 2016) and possibly still un-592

stable, which could explain the weak N2 signature. This is also suggested by observing593

the lateral extension of multiple forming anticyclonic loops in model reanalysis data dur-594

ing the undercurrent intensification of P2 (see GLORYS12v1 reanalysis data in Supple-595

ment Figure S4). It is also unlikely that the glider sampled continuously at the very cen-596

ter of the eddy core, resulting in a higher degree of noise in N2. A detailed analysis of597

the glider position for each profile indicates that the glider may have entered and exited598

the structure from the same southern side, and moved along the triangular sampling path599

within its perimeter for the duration of the anomaly. Alternative hypotheses, such as the600

anomaly being associated with poleward laminar transport by the undercurrent flowing601

off the shelf rather than an eddy spinning off the shelf portion of the current, would not602

be able to explain the shape of the isopycnals nor the especially low oxygen and parti-603

cle concentrations of P2 compared to the other observed hypoxic events (Figure 6b and604

Supplement Figure S7a). Anticyclonic eddies shed by subsurface currents, in fact, are605

known to trap and advect extremely low oxygen shelf water (Frenger et al., 2018), while606

high remineralization rates in well-isolated subsurface eddy cores can further exacerbate607

low oxygen conditions (Karstensen et al., 2015, 2017). The anomaly being associated to608

a precursor of an actual eddy, such as instabilities in the flow of the subsurface current609

(Molemaker et al., 2015), is also unlikely due to the anomalies suggesting some degree610

of coherence and isolation in the structure. Small scale laminar transport from the coast,611

e.g., upwelling filament transport, cannot explain the sluggish flow observed during the612

anomaly in velocity products (Figure 2m) nor the deep signature of the structure, as fil-613

aments are typically confined to the upper 100 m (Cravo et al., 2010; Thomsen, Kan-614

zow, Colas, et al., 2016).615

Surface and subsurface eddies are an intrinsic mode of flow in upwelling systems616

(Chaigneau et al., 2009; Frenger et al., 2018). The mesopelagic oxygen field in the sam-617

pled region is therefore recurrently impacted by their associated oxygen signature, fine618

scale patchiness and water mass mixing. Subsurface eddies in the BenUS were previously619

detected in Argo temperature and salinity profiles (McCoy et al., 2020), however, to our620

knowledge, hypoxia within a subsurface eddy shedding from the BenUS undercurrent621

has not previously been observed in situ. There is an abundance of literature studying622

the physical properties and biogeochemistry of such eddies in other upwelling systems623

based on in-situ and model data (e.g., Chaigneau et al. (2011); Schütte et al. (2016b);624

Fiedler et al. (2016); Karstensen et al. (2017); Frenger et al. (2018); Auger et al. (2021))625

which have found that low-oxygen anomalies trapped and further intensified within sub-626

surface eddies generated along the shelf are transported towards the middle of the gyre,627

where they shape the large-scale oxygen gradient of mid-latitudes. In the tropical North628

Atlantic, a satellite-based study estimated these structures constituted 9% of the eddy629

population (Schütte et al., 2016a). However, additional preliminary work based on mod-630

els suggests a remarkably higher ratio of subsurface eddies globally (40 % of all the ed-631

dies), with most (75%) showing no surface signature (Schütte et al., EGU2021, talk), there-632

fore suggesting an even more significant impact on biogeochemical fields.633

Large frontal eddies such as the one observed in P3 are also known to be a recur-634

rent feature of the ABFZ (Boyer et al., 2000). The fine-scale Tc, Sa and O2 patterns (Fig-635
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ures 3,5) and the intermediate salinity and oxygen properties (Figure 6,8) observed in636

mid May indicate that such cross-frontal anticyclones are an effective means through which637

SACW and ESACW mix at the ABFZ and that, as a result, such eddies smooth the cross-638

frontal tracer gradients. From the perspective of the Angola region, this lateral stirring639

is likely to ventilate the South Atlantic OMZ by laterally advecting and stirring higher640

oxygen concentrations into the northern latitudes, similar to what is observed for exam-641

ple in the North Atlantic (Kolodziejczyk et al., 2018).642

4.3 Seasonality and future trends643

Seasonality is expected to play a role in our results. Glider measurements were col-644

lected between February and June, i.e. during the low upwelling season characterised by645

minimum O2 levels on the BenUS shelf and frequent intrusions of tropical water (Boyer646

et al., 2000). With the onset of the austral winter-spring upwelling season, more oxy-647

genated and nutrient-rich waters are brought onto the shelf (Monteiro et al., 2008; Mohrholz648

et al., 2008), possibly resulting in less frequent, weaker and/or more confined hypoxic649

events at the measurement site. Although our glider measurements do not fully capture650

seasonal variability, the data show changes in all tracers approaching June, i.e., towards651

the beginning of winter (Figures 3,5). With the onset of upwelling, during late P3 and652

P4 (see Supplement Figure S2a), glider data show that low oxygen anomalies are con-653

fined within a narrower range of depths, between 200 m and 400 m. During the upwelling654

season, the offshore BenUS may therefore be characterised by even sharper O2 gradients655

between different depths. Phases characterised by active upwelling (late P3-P4 and, to656

a lesser extent, P1) also present some severe hypoxic concentrations, although the sig-657

nals are not as persistent as during P2. In the case of shallow and short-lived severe hy-658

poxic events such as the one emerging at the very end of P3, this may be possibly linked659

to some low-oxygen shelf water being advected offshore towards the glider. Longer last-660

ing severe hypoxic events observed during the upwelling intensification, such as the one661

observed during June (P4) between 300-400 m, are deeper than the one detected dur-662

ing P2 and therefore fall close to the climatological O2 profile of the northern SACW (Fig-663

ure 6b). Longer data series and model studies are needed in order to better decouple the664

role of the southward and offshore transport of low oxygen water during periods of in-665

tensified upwelling. Longer term data are also needed to collect enough statistics of these666

oxygen fluctuations and understand how seasonal changes in currents and biological ac-667

tivity affect their duration and depth distribution.668

This study further highlights the strong lateral coupling between the biogeochem-669

istry of Angola and Benguela, which extends beyond the shelf region into the open wa-670

ters. The recent and future expansion of the ocean’s OMZs, including the Angola OMZ,671

constitutes a significant risk for ecosystems and fisheries in upwelling regions (Bopp et672

al., 2013; Keeling et al., 2010; Bograd et al., 2023). As oxygen levels fall, hypoxic events673

will become more probable, shrinking the habitable range for many marine species (Breitburg674

et al., 2018; Gilly et al., 2013). Observations suggest that in the equatorial Atlantic oxy-675

gen concentrations have largely declined in the last decades, falling by about -5 µmol kg−1
676

at a depth of 300 m over the last 50 years (Schmidtko et al., 2017). Lower oxygen lev-677

els in the Angola region are likely to impact the offshore northern BenUS, with pulses678

of undercurrent likely transporting increasingly deoxygenated shelf waters and frontal679

eddies stirring more severe low oxygen anomalies into more southerly latitudes, and pos-680

sibly also across a wider range of depths. Furthermore, our results highlight that the im-681

pact of large scale changes in oxygen concentrations on the offshore northern Benguela682

will depend also on the future evolution of the physical fluxes coupling the this region683

with the southern Benguela latitudes and with the Angola. Eddy-resolving coupled physical-684

biological model simulations are needed to better understand these trends and their po-685

tential impact on the local ecosystem.686
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4.4 Implications for marine organisms687

Our results provide information on the extension of the habitable depth range for688

different marine species in the offshore northern BenUS and can provide useful data to689

better understand their metabolic and behavioural adaptation to the local oxygen vari-690

ability and the spatial patchiness and temporal intermittency of hypoxia. Hypoxic events691

(O2 < 60 µmol kg−1) during our deployment period were confined between 68 m and692

546 m depth, with a probability of occurrence exceeding 10 % at 100 m depth, i.e., just693

beneath the most productive layer. These events, although intermittent in time, consti-694

tute significant stressors for marine organisms and can strongly modulate the ecosystem695

behaviour (Gilly et al., 2013; Eby et al., 2005; Vaquer-Sunyer & Duarte, 2008; Keppel696

et al., 2016). Spatial and temporal patchiness in oxygenation can create niches for hypoxia-697

resistant organisms as well as force sensitive species to migrate, thus modulating the cou-698

pling between different trophic levels, and potentially forcing prey closer to their preda-699

tors or predators away from their prey (Breitburg, 2002; Bell & Eggleston, 2005). Since700

severe hypoxia is confined to a depth range narrower than that of hypoxia, organisms701

that can tolerate very low oxygen levels, such as copepods, gelatinous plankton and squids,702

have the potential to occupy a larger habitable zone not only in the near surface but also703

at depth (Ekau et al., 2010; Gilly et al., 2013). Sub-lethal oxygen levels (O2 < 120 µmol704

kg−1), on the other hand, become increasingly more probable with depth up to ∼700 m705

depth. This implies that organisms that are extremely sensitive to low oxygen, such as706

crustaceans and fish larvae, are likely confined within the mixed layer, while many fish707

species sensitive to sub-lethal oxygen thresholds in this range may alter their metabolism708

in order to inhabit a wider range of depths (Vaquer-Sunyer & Duarte, 2008).709

5 Conclusions and outlook710

In the present study we discussed the temporal variability of oxygen concentrations711

in the offshore northern BenUS using high-resolution glider data collected between Febru-712

ary and June 2018. Our results show that weekly alternating fluxes of tropical SACW713

and southern ESACW are the primary driver of the significant O2 fluctuations in the714

upper mesopelagic. Hypoxic events are connected to the presence of tropical water and715

are intermittent in time, rarely exceeding one week’s duration in the range of 100-300716

m depth, revealing significant variability in the pattern of subsurface fluxes at the ABFZ.717

Further, we demonstrated the key role of the mesoscale subsurface transport from the718

shelf and mesoscale lateral stirring across the ABFZ in driving severe hypoxia, subsur-719

face oxygen patchiness and water mass mixing at the Angola-Benguela front.720

Our results underline the importance of continuous and high-resolution observa-721

tions in the offshore region of the northern Benguela, in order to better characterise the722

observed oxygen variability and correctly resolve its mean. Longer time series of in-situ723

data and modeling studies are needed to clarify how frequency, duration, intensity and724

spatial patterns of both hypoxic events and the driving SACW/ESACW subsurface fluxes725

vary with seasons and on interannual time scales. The role of local biology in further mod-726

ulating the detected low oxygen anomalies should also be clarified, including address-727

ing the consequences for particle concentrations and export during hypoxic events. The728

effect of intermittent hypoxia on organisms and ecosystem structure of upwelling regions729

also needs further investigation (Eby et al., 2005; Keppel et al., 2016), especially with730

regards to diel vertical migrators, which might be particularly impacted by the observed731

subsurface advection of hypoxic water. Further, modeling studies can also help to un-732

derstand how hypoxia variability and prevalence in the northern BenUS will evolve in733

the context of future changes as a result of the region’s lateral coupling with both the734

South Atlantic OMZ and the southern Benguela (Breitburg et al., 2018; Gilly et al., 2013).735
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Ekau, W., Auel, H., Pörtner, H.-O., & Gilbert, D. (2010). Impacts of hy-849

poxia on the structure and processes in pelagic communities (zooplank-850

ton, macro-invertebrates and fish). Biogeosciences, 7 (5), 1669–1699. Re-851

trieved from https://bg.copernicus.org/articles/7/1669/2010/ doi:852

10.5194/bg-7-1669-2010853

Faghmous, J. H., Frenger, I., Yao, Y., Warmka, R., Lindell, A., & Kumar, V. (2015).854

A daily global mesoscale ocean eddy dataset from satellite altimetry. Scientific855

Data, 2 . Retrieved from http://dx.doi.org/10.1038/sdata.2015.28856

Fennel, K., & Testa, J. M. (2019). Biogeochemical controls on coastal hypoxia. An-857

nual Review of Marine Science, 11 (1), 105-130. Retrieved from https://doi858

.org/10.1146/annurev-marine-010318-095138 (PMID: 29889612) doi: 10859

.1146/annurev-marine-010318-095138860

Fernandez, E., & Lellouche, J. (2018). Product user manual for the global ocean861

physical reanalysis product global reanalysis phy 001 030. (E.U. Copernicus862

Marine Service Information (data set) Global Monitoring and Forecasting Cen-863

ter GLORYS12V1 - Global Ocean Physical Reanalysis Product (Accessed: 19864

January 2021))865
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