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Abstract15

An intensification of the vertical shear is observed below the surface mixed layer at 21◦S16

due to the mutually opposing flows of the Brazil Current (BC) and the Intermediate Western17

Boundary Current (IWBC). The propensity to develop turbulence and mixing due to vertical18

shear over intense stabilizing density gradients is an important characteristic of such environ-19

ments. For the first time, microscale measurements were made in the BC-IWBC, providing20

direct quantitative values of the turbulent fluctuations. Peaks of strong dissipation rates of21

turbulent kinetic energy (TKE) (O(10−8) W kg−1) were observed close to the base of the sur-22

face mixed-layer. On the other hand, prominent peaks of TKE dissipation rates (O(10−7)23

W kg−1) of up to two orders of magnitude higher than the background were observed at24

deeper levels where stratification begins to lose intensity. The combination of the intense25

vertical shear and weak stratification enables better characterization of mixing processes and26

the role played by vertical exchanges of biogeochemical properties. Based on the estimated27

nitrate gradient and the vertical diffusivity, turbulent mixing driven by vertical shear plays an28

important role in the supply of nitrate to the upper layer.29

1 Introduction30

The Brazil Current (BC) is the western boundary current that closes the South Atlantic31

Subtropical Gyre. It is unique among southward-flowing western boundary currents in that32

its vertical structure changes along its extent [Boebel et al., 1999; Stramma and England,33

1999]. The BC originates from the bifurcation of the surface branch of the South Equato-34

rial Current (SEC), ∼ 15◦S, where it is eddy-dominated [Soutelino et al., 2011]. Between its35

origin and ∼ 20◦S, the BC is a mixed-layer jet transporting Tropical Water (TW) in the up-36

per 200 m of the water column. 21◦S marks the latitude of the South Atlantic Central Water37

(SACW) flow bifurcation at the pycnoclinic level, where this nutrient-rich and less salty wa-38

ter mass feeds the BC in its southward flow. At subpycnoclinic levels, the northward flow of39

the Intermediate Western Boundary Current (IWBC) is formed due to the bifurcation of the40

colder, fresher and nitrate-richer Antarctic Intermediate Water flow [AAIW; Boebel et al.,41

1999]. Between ∼26-21◦S, the IWBC interacts with the southward flow of the BC, enhanc-42

ing the vertical shear and property gradients. According to Silveira et al. [2004], the BC-43

IWBC system is a baroclinic current system with a single distinct flow reversal between the44

upper and intermediate portions of the continental slope. The reverse flow of the BC-IWBC45

in the upper 400 m enhances the vertical shear in the interior ocean and may dissipate energy46
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through small-scale processes such as vertical mixing. This last-mentioned process is one of47

the least understood physical processes that may control stratification, primary production,48

and carbon exchanges, as well as heat and dissolved material (nutrients) exchanges through49

diapycnal transport [Gregg, 1987]. A better knowledge of turbulent processes, including the50

dissipation of turbulent kinetic energy (TKE), is fundamental to our understanding of ocean51

mixing and the distribution of heat, salt and biogeochemical components in the ocean [Gar-52

gett, 1997].53

Ocean circulation is characterized by a wide range of scales of motion, and its main54

energy sources are well known [Ferrari and Wunsch, 2009]. The work of wind stress on the55

surface of the ocean is the primary source of energy input to the ocean. Although relatively56

small compared to wind stress, the effects of heating (cooling) and precipitation (evapora-57

tion) are also relevant. On the other hand, the sink of energy and its mechanisms are far less58

well understood [D’Asaro et al., 2011]. To achieve energy dissipation, a forward cascade of59

energy is required from motions ranging from ocean-basin scales to the viscous, centime-60

ter scales [e.g., D’Asaro et al., 2011]. Instabilities of the large-scale circulation lead to the61

generation of mesoscale eddies, which are commonly recognized from satellite altimetry62

and quasi-synoptic hydrographic data, and may be simulated by numerical models with rela-63

tively coarse spatial resolution. However, observations of smaller-scale processes, mainly on64

dissipation scales [i.e., the small-scale end of the turbulent cascade Kolmogorov, 1968], are65

scarce and, until now, nonexistent in the BC-IWBC domain.66

Different mechanisms can extract energy from geostrophic flows through baroclinic67

instabilities and transfer it to unbalanced motions, from where it may be cascaded to the68

smallest scale [Ferrari and Wunsch, 2009; Nikurashin and Ferrari, 2011; Nikurashin et al.,69

2013]. According to Zhai et al. [2010], western boundary regions are recognized as a sink70

site for the westward-propagating ocean eddies, dissipating a great amount of energy in71

mid-latitudes. The interaction of a flow over rough topography can promote strong dissi-72

pation of turbulent energy, enhancing the mixing in the interior ocean [Polzin et al., 1997;73

Ledwell et al., 2000; Kunze et al., 2006]. Recent literature suggests that fronts and mixed-74

layer instabilities, characterized by intense density gradients and vertical shear of the hori-75

zontal velocity component [Boccaletti et al., 2007; Thomas et al., 2008; Mahadevan et al.,76

2010; Thomas et al., 2013; Ramachandran et al., 2018], are also possible routes of energy77

dissipation [Molemaker et al., 2010]. Although all of these processes extract energy from78
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geostrophic flows, it remains unclear whether or not a single process dominates eddy-energy79

dissipation and contributes to turbulence and mixing in the interior ocean.80

Stratified-shear conditions occur in many ocean environments such as thermal/salinity81

fronts [e.g., Ramachandran et al., 2018], wind-driven flows [e.g., Gregg, 1989], and in op-82

posing flows such as the BC-IWBC, as in the present study. The propensity to develop turbu-83

lence and mixing due to vertical shear over intense density gradients is an important charac-84

teristic of these environments. Turbulence can be characterized by the formation of instabili-85

ties, which may be suppressed by a sufficiently high stratification [e.g., Haine and Marshall,86

1998; Whitt and Taylor, 2017]. A flow presenting values of the gradient Richardson number87

(Rig = N2/S2, where N2 = gρ−1
0 ∂ρ/∂z is the stratification, and S2 = (∂u/∂z)2 + (∂v/∂z)2

88

is the shear intensity) lower than 0.25 indicates that the vertical shear is strong enough to89

break the stratification and begin turbulence [Miles, 1961]. The generation of turbulence is90

frequently associated with Kelvin-Helmholtz instabilities [Thorpe, 1973]. These instabilities91

are defined by a billow of stratified fluid that may decay into turbulence and become well-92

mixed [Gregg, 1987]. According to Gregg [1987], a perturbation in a stratified-shear condi-93

tion such as the passage of a storm [e.g., Rumyantseva et al., 2015] can evolve into a roll-up94

of stratified fluid until it the moment that it overcomes the buoyancy force and the feature95

collapses into disorganized motions. The last stage of this is turbulence, and earlier stages are96

considered preturbulent stages [e.g., MacDonald et al., 2013].97

Turbulence observations near the Kuroshio Current suggest that, on the cyclonic side98

of the jet at pycnoclinic levels [Nagai et al., 2009] and also at the surface of the ocean [D’Asaro99

et al., 2011], strong dissipation of TKE is associated with frontogenesis [e.g., Hoskins and100

Bretherton, 1972] and symmetric instability [e.g., Hoskins, 1974]. Kaneko et al. [2012] in-101

vestigated the turbulence structure across the Kuroshio focusing on the difference between102

dissipation values near to and far from the front. The mean of the turbulent energy dissipa-103

tion rate was higher near fronts on both cyclonic and anti-cyclonic sides. However, on the104

cyclonic side, a strong vertical shear with higher dissipation rates was observed, where large105

density gradients were consistent with turbulence enhancement due to frontogenesis. Beyond106

the physical importance of the turbulent field, Kaneko et al. [2013] and Doubell et al. [2018]107

have discussed the role of dissipation ratios on the vertical turbulent nitrate flux. Accord-108

ing to these authors, the nitrate flux values are consistent with high chlorophyll-a concen-109

trations. Interior regions of high energy dissipation due to the interaction with topography110

and in the upper ocean are of great interest for their potential contribution to the energy bud-111
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get of the general circulation, in the maintenance of the stratification, and in the exchange of112

(in)organic compounds that may explain the increase in primary productivity. Turbulence113

occurring in the upper sunlit layer of the ocean is increasingly recognized as critical to the114

functioning of the marine food web [Gargett, 1997].115

Here, we investigate turbulent mixing processes in stratified-shear flow of the BC-116

IWBC at ∼ 21◦S. Our specific questions are: i) can the mutually opposing flows of these117

western boundary currents modulate vertical turbulent mixing? and ii) what magnitude of118

property exchanges is driven by small-scale processes? To address these questions, we ana-119

lyze microstructure measurements across the BC, sampled for the first time in this region and120

down to ∼ 400 m, capturing the BC-IWBC interaction. In addition, we conduct a potential121

vorticity analysis to better understand the local dynamics of this shear-stratified flow.122

2 The BC-IWBC Mixing Experiment123

The BC-IWBC experiment was designed to study the interaction of the BC with the re-124

verse flow of the IWBC underneath it. South of 21◦S, where the BC acquires a typical west-125

ern boundary current structure, an oceanographic survey was conducted during the austral126

winter (August) of 2017 aboard the R/V Alpha-Crucis to obtain a vertical section across the127

BC. This study discusses the results of a zonal vertical section at 21.6◦S (Fig.1a) from the128

surface to 400 m depth, where it is possible to observe the southward flow of the BC within129

the mixed-layer and the northward flow of the IWBC at pycnoclinic level (Figs. 1b and 1c).130

Velocity was continuously measured in a cross-section of the BC-IWBC system with140

a Vessel-Mounted Acoustic Doppler Current Profiler (VM-ADCP, RDI - 75 kHz) in 8m141

bins, and data were primarily processed by CODAS (Common Ocean Data Access System)142

software, following the guidelines of Firing and Ranada [1995]. Hydrographic data were143

obtained with a Seabird CTD - Rosette with 24 Niskin bottles. Water samples for nutrient144

analysis were collected every 25 meters of water column down to 400 m depth, and the anal-145

yses for the determination of nitrate concentrations were performed by an autoanalyzer by146

the modified Grasshoff method [Grasshoff et al., 2009]. The quasi-synopticity of the sam-147

ples was guaranteed by the positions of the 8 oceanographic stations, determined by the local148

baroclinic radius of deformation.149

Turbulent parameters were estimated from measurements of the shear variance at four150

stations (Fig.1a) crossing the BC-IWBC using a vertical microstructure profiler from Rock-151
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