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Abstract 

Mesoscale cyclonic eddies (CEs) represent an important and abundant feature in the 

world's oceans. It has long been observed that CEs sustain a highly productive 

ecosystem within their core. The vertical nutrient transport mechanisms sustaining 

these ecosystems are not fully resolved jet. This study analysed microstructure profiles 

collected within two individual CEs in the eastern tropical North Atlantic and calculated 

vertical turbulent nitrate fluxes into the mixed layer. Hoping to gain insights into the 

turbulent structure and nutrient transport mechanisms within CEs. This study found a 

significant increase in the dissipation rates of turbulent kinetic energy towards the 

center of CE_2019_18N_20W, a CE situated within the open ocean. High dissipation 

rates are observed throughout CE_2019_14N_25W, which was a CE observed close 

to the island Brava (Cape Verde). Vertical nitrate fluxes averaged for all stations with 

less than 60 km distance from the center of CE_2019_18N_20W resulted in a nitrate 

flux of 2.65 x 10-2 µmol m-2 s-1. All stations between 60 and 110km distance from the 

center of CE_2019_18N_20W resulted in an average nitrate flux of  

8.98 x 10-3 µmol m-2 s-1. Therefore, the vertical nitrate flux within CE_2019_18N_20W 

was almost three times higher than on the outside of the eddy. These nutrient fluxes 

are amongst the highest reported for an open-ocean setting. The highly elevated 

turbulence within CE_2019_14N_25W led to an average nitrate flux of  

1.63 x 10-1 µmol m-2 s-1. Comparing the nitrate fluxes to total primary production rates 

(TPP) measured within the eddies showed that the flux in the inner 60 km of 

CE_2019_18N_20W is capable to sustain 13% of the observed TPP. The high fluxes 

within CE_2019_14N_25W can sustain 38% of the measured TPP. This indicates that 

turbulent nutrient fluxes are not the main contributor to the nutrient demand of the 

primary production within eddies.  
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Zusammenfassung 

Mesoskalige cyclonale Wirbel (CW) sind ein wichtiger Bestandteil des Ozeans. 

Vielseitige Beobachtungen haben gezeigt, dass die Deckschicht solcher Wirbel oft 

eine außerordentlich hohe Primärproduktion aufweist. Die physikalischen Prozesse, 

welche den vertikalen Nährstoff Transport sicherstellen, welcher zum Erhalt dieser 

hohen Primärproduktion notwendig ist, sind noch nicht vollständig beschrieben. Diese 

Studie analysiert Microstruktur Profile aus zwei unabhängigen CW im östlichen 

tropischen Nordatlantik und berechnet turbulente vertikale Nitrat Flüsse in die 

Deckschicht der CWs. In Richtung des Zentrums von CE_2019_18N_20W, einem CW 

im offenen Ozean, wurde ein signifikanter Anstieg der Dissipationsraten turbulenter 

kinetischer Energie beobachtet. Stark erhöhte Dissipationsraten wurden im gesamten 

Bereich von CW CE_2019_14N_25W, welcher in der Nähe der Insel Brava (Kap 

Verden) lokalisiert war, beobachtet. Die gemittelten Nitrat Flüsse aller Stationen mit 

weniger als 60 km Abstand zum Zentrum von CE_2019_18N_20W entsprechen  

2.65 x 10-2 µmol m-2 s-1. Die Stationen die zwischen 60 und 110 km vom Zentrum des 

Wirbels entfernt waren ergaben einen gemittelten Fluss von 8.98 x 10-3 µmol m-2 s-1. 

Somit ist der Nitrat Fluss im Zentrum des Wirbels annähernd dreimal so stark wie 

außerhalb. Diese turbulenten Nitrat Flüsse sind unter den höchsten im offenen Ozean 

gemessenen Flüssen. Die stark erhöhte Turbulenz in CE_2019_14N_25W sorgte für 

einen Nitrat Fluss von 1.63 x 10-1 µmol m-2 s-1. Ein Vergleich zwischen den Nitrat 

Flüssen und der gesamten Primärproduktionsrate (GPP), welche innerhalb der Wirbel 

bestimmt wurde, zeigte, dass die Nitrat Flüsse 13% der GPP innerhalb von 

CE_2019_18N_20W erhalten können. Die starken Nitrat Flüsse innerhalb von 

CE_2019_14N_25W decken 38% der dortigen GPP ab. Dies zeigt, dass die turbulente 

Nitrat Flüsse nicht den größten Beitrag zum Nährstoffbedarf der Primärproduktion 

innerhalb der Wirbel liefert.  
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1 Introduction 

The global ocean represents an important component in the climate system, 

distributing heat and acting as a sink for CO2 on a global scale (Landschützer et al., 

2014). Ocean regions with strong carbon uptake capabilities are mostly associated 

with high biological production. In these areas, Carbon is fixed by photosynthesis 

during primary production. When the organic matter sinks into the interior of the ocean, 

it enables a vertical carbon pump (e.g. Ducklow et al., 2001). The export of organic 

matter also depletes the upper ocean layer of essential nutrients like nitrate, limiting 

the productivity to areas with vertical nutrient fluxes. In the open ocean, primary 

production is often associated with mesoscale features, on a horizontal scale, in the 

order of tens to hundreds of kilometers. Mesoscale nonlinear coherent vortices 

(hereafter referred to as eddies) represent an important and abundant feature in the 

world’s oceans. In areas of weak background circulation, eddies can dominate the local 

velocity field (Chelton et al., 2011b).  

Based on their vorticity, eddies are categorised into cyclonic eddies (CEs) with positive 

vorticity, rotating anticlockwise on the northern hemisphere, and anticyclonic eddies 

(ACEs) with negative vorticity, rotating clockwise on the northern hemisphere (Chelton 

et al., 2011b; Zhang et al., 2013; Schütte et al., 2016a). Eddy detection and 

characterisation can be achieved by remote sensing of sea surface height, where CEs 

(ACEs) are associated with depression (elevation) of the sea surface (e.g. Chelton et 

al., 2007; Schütte et al., 2016a). Considering the hydrographic aspects of the different 

eddy types, a third group of eddies can be identified. CEs show a doming of isopycnals 

and cold sea surface temperature (SST) in their core. Normal ACEs are identified by 

depression of isopycnals and warm SST in their core. However, some anticyclonic 

eddies host a thick lens of weakly stratified water, also known as a ‘mode’, within their 

core (Schütte et al., 2016a). This mode is often found within the main thermocline. 

Therefore, this third group of eddies is named anticyclonic mode water eddies 

(ACMEs) or intrathermocline eddies. ACMEs are not limited to the main thermocline, 

but can be found in all depth levels under a wide variety of names (e.g. Armi and Zenk, 

1984). ACMEs are characterised by an upward displacement of isopycnals above the 

water lens leading to colder SST and a downward displacement below (Kostianoy and 
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Belkin, 1989; Karstensen et al., 2015). Showing only a weak elevation of the sea 

surface, ACMEs are difficult to track via remote sensing.  

Due to their nonlinearity, eddies have the ability to isolate or trap water masses and 

ecosystems from the generation site inside their core, transporting them during their 

propagation over large distances and long time periods (Chelton et al., 2007; 

Karstensen et al., 2015; Schütte et al., 2016a). It has long been reported that eddies 

can form isolated hotspots of open ocean biological productivity that differ greatly from 

the surrounding, usually oligotrophic oceanic conditions (Menkes, 2002; McGillicuddy 

et al., 2007; Chelton et al., 2011a; Godø et al., 2012). This can influence the entire 

ecosystem from phytoplankton up to top predators (Tew Kai and Marsac, 2010). The 

relatively warm ACEs are usually unproductive (e.g. Palacios et al., 2006). In contrast, 

the cooler CEs and ACMEs establish a chlorophyll a maximum, associated with high 

primary production within their core (McGillicuddy et al., 2007; Goldthwait and 

Steinberg, 2008; Schütte et al., 2016b). 

The eastern tropical North Atlantic (ETNA) with the eastern boundary upwelling system 

off the north-western African coast is one of the areas with the highest biological 

production in the world’s oceans (Chavez and Messié, 2009; Lachkar and Gruber, 

2012). Anomalies in this system can strongly influence local fisheries and economy. 

Schütte et al. (2016a) investigated the occurrence and characteristics of eddies in the 

ETNA, based on in-situ measurements and different satellite tracking algorithms. 

Depending on the tracking algorithm, they detected between 144 and 148 eddies per 

year with a lifetime of more than 7 days. 51-53% of the eddies were characterised as 

CEs, 38-40% as ACEs, and 9% as ACMEs. ACEs were found to have a slightly longer 

average and substantially longer maximum lifetime than CEs. This result is in 

agreement with other observational studies (Chaigneau et al., 2009; Chelton et al., 

2011b) and theoretical predictions (Cushman-Roisin et al., 1990). The headlands of 

the African coast as well as the southwestern side of the Cap Verde islands have been 

found to be hotspots of eddy generation within the ETNA. From these generation sites, 

the eddies propagate with a speed of about 3 km day-1 westward into the open ocean, 

with slight meridional deflections depending on the eddy type. During their propagation, 

the eddies transport the specific watermass-characteristics of the upwelling system 
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along with them. This abundance of eddies within the ETNA gives reason to suspect 

that they are of great importance in the local system (Schütte et al., 2016b).  

During the propagation into the open ocean, CEs and ACMEs have been found to 

sustain their highly productive ecosystems, making them of great relevance for 

biogeochemical processes on a basin-wide scale (Oschlies and Garçon, 1998; Chelton 

et al., 2011a; Altabet et al., 2012; Stramma et al., 2013). Therefore, they have a great 

potential to contribute to the carbon fixation in the ocean. Karstensen et al. (2015) 

found a substantial decline in oxygen concentration closely below the mixed layer 

inside of CEs and ACMEs situated in the ETNA. Oxygen levels were found to decrease 

during the lifetime of the eddy, with respiration being three to five times higher than the 

normal background conditions. This suggests that biogeochemical processes and 

nonconservative waster mass tracers are heavily impacted by individual eddies. 

Schütte et al. (2016b) found oxygen levels - in the ETNA - dropping below  

10 µmol kg-1 in CEs and reaching suboxic levels of <1 µmol kg-1 in ACMEs. The strong 

decrease in oxygen concentration in the subsurface layer strongly influences the 

marine ecosystem hosted by the eddy (Hauss et al., 2016). 

To sustain the highly productive isolated ecosystems of the eddies in the surrounding 

oligotrophic open ocean, strong upward nutrient fluxes caused by physical processes 

are needed (Falkowski et al., 1991; McGillicuddy et al., 2007). McGillicuddy et al. 

(2007) found that the interaction between wind and eddies leads to positive (upwards) 

vertical velocities within ACEs and ACMEs and negative vertical velocities inside CEs. 

This process alone leads to a negative impact on the productivity of CEs. Enhanced 

vertical nutrient fluxes into the mixed layer, induced by turbulent mixing inside the 

upper thermocline layer, are proposed to be a possible explanation for the enhanced 

primary production in CEs and ACMEs. Fer et al. (2018) found enhanced dissipation 

rates of turbulent kinetic energy per unit mass (ε), estimated from microstructure 

profiles in different parts of the Lofoten basin eddy, a long-lived anticyclone reaching 

depths of more than 2000 m. Fernández-Castro et al. (2020) analysed the flight path 

of a Seaglider to estimate ε in an ACME at the western boundary of the tropical north 

Atlantic. They found elevated dissipation rates ε at the base of the eddy core. Both 

studies proposed that the enhanced dissipation rates could be traced back to 
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interactions between the eddy and the internal wave field. Comparable studies in CEs 

are sparse.  

In this study, two CEs situated within the ETNA (Figure 1) are analysed. The dissipation 

rates of turbulent kinetic energy, estimated from vertical microstructure profiles, are 

analysed to find hotspots of turbulent mixing. In addition, the irreversible vertical 

nutrient fluxes, caused by turbulent mixing, are calculated using nutrient profiles 

recorded in close temporal proximity at the site of the microstructure profiles. Thereby, 

this study strives to shed light on the mechanisms sustaining the highly productive 

ecosystems inside CEs by bringing nutrients to the euphotic layer. Since these 

ecosystems are strongly contributing to the productivity and carbon fixation of the open 

ocean, CEs are of high relevance for the global ecosystem and climate system. 
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2 Data and Methods 

2.1 Data  

As part of the REEBUS (Role of Eddies in the Carbon Pump of Eastern Boundary 

Upwelling Systems) project, an interdisciplinary research cruise to the ETNA on-board 

the research vessel Meteor - M160 - was conducted in 2019. M160 started on the 22nd 

of November and ended on the 20th of December. This study presents a part of the 

research data collected during this cruise. Two individual CEs were heavily sampled 

during the cruise using a wide range of devices. One of the sampled CEs was 

positioned north-east of the island Sal (Cape Verde) in the open ocean, which was 

named CE_2019_18N_20W. The other one was located south-west of the island Brava 

(Cape Verde), it revised the name CE_2019_14N_25W (Figure 1).  

2.1.1 CTD-O2/ Nutrients profiles (CTD-profile)  

During the cruises, 73 vertical profiles of conductivity (C), temperature (T), pressure 

(P), and dissolved oxygen (DO) were recorded using a Seabird Electronics (SBE) 9plus 

 

Figure 1: Map of the study area. The orange dots represent microstructure stations during M160. 

Blue dots indicate available CTD stations. The black cross marks the eddy center. The solid black 

line is the radius below which the fluid is in solid body rotation (R0). The dashed black line

represents the boundary of positive vorticity (R0). The dotted black line is the outer limit of the 

negative vorticity “shield” (Rr) (Tim Fischer, personal communication). 
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system, attached to the water sampler carousel. Recent SBE Seasave software was 

used to record the data. Standard routines as well as visual inspection were used for 

post-processing. The profile data was averaged in 1 dBar bins. Water samples taken 

at discrete depth levels of the up-cast were used for the calibration of the conductivity 

and oxygen sensors following the recommendations of the Global Ocean Ship-Based 

Hydrographic Investigations Program (GO-SHIP) manual (Hood et al., 2010). For this 

purpose, a high-precision salinometer was used for conductivity calibration and 

Winkler titration was used for DO calibration. Discrete water samples were taken for 

the measurement of the nutrients nitrate, nitrite, phosphate, and silicate as well as 

several other parameters, which are not included in this study. In addition, numerous 

additional sensors were mounted to the water sampler carousel. From these, data of 

the OPUS UV spectral NOx sensor (OPUS), measuring the combined concentration of 

nitrate and nitrite are used in this study. The OPUS was calibrated against the discrete 

water samples. A fully calibrated dataset was available for this study.  

2.1.2 Vessel mounted Acoustic Doppler Current Profiler (vmADCP) 

Post-processed current velocity data used in this study was recorded by the hull-

mounted 75 kHz RDI Ocean Surveyor Acoustic Doppler Current Profiler of the research 

vessel Meteor. From the beginning of the cruise until the 12th December 2019, the 

vmADCP was configured to broadband mode with 8 m bin size. After the 12th 

December 2019, the vmADCP was reconfigured to 5 m bin size for the rest of the M160 

cruise. Data is available for most of the cruise, whit some minutes lost due to software 

issues. Instrument range was between 500 and 600 m. Current velocity data were 

averaged to 1 minute time intervals. During the cruise, the transducer misalignment 

angel was pre-set in the VmDAS Software used to record the data. Acceleration and 

deceleration close to stations were used as reference points during post-processing to 

correct the misalignment angle and amplitude factor (Fischer et al., 2003). In 

broadband mode with 8 m bin size, the standard deviation of 1-min-averaged velocity 

data from a 75 Hz vmADCP lies at about 0.03 m s-1. 

2.1.3 Microstructure shear sensor (MSS) profiles 

A total number of 30 microstructure stations were recorded during the cruise. At each 

station, three repeated microstructure profiles were measured by a loosely tethered 
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MSS 90D microstructure profiler, manufactured by Sea&Sun Technology. Fall speed 

of the profiler was adjusted to 0.5 to 0.6 m s-1. The MMS 90D was equipped with three 

individual airfoil shear probes, a fast thermistor, and a standard CTD unit. Airfoil shear 

probes and the fast thermistor record with a sampling rate of 1024 Hz, the CTD 

samples at 24 HZ. The microstructure profiler is capable of resolving the turbulent 

structure in the water column down to a cm scale. The profiles reach down to a depth 

of at least 200 m. At each station, a CTD-O2 profile immediately preceded or followed 

the microstructure profiles. This study found an offset between the salinity measured 

by the conductivity cell of the MMS 90D and the conductivity cell of the SBE 9plus. A 

temperature dependency of the offset was found and was removed by a linear fit. 

Pressure and salinity dependencies were not found. As the SBE 9plus is calibrated 

against discrete water samples, the data of the MMS 90D was corrected to fit the data 

of the SBE 9plus. 

2.2 Turbulent kinetic energy dissipation 

The dissipation rate of turbulent kinetic energy (ε) is a measure of how much of the 

kinetic energy contained in the turbulent velocity field is transferred to heat via 

molecular friction. ε can be estimated by high-frequency velocity shear measured by 

airfoil probes (Osborn, 1974; Osborn, 1980; Oakey, 1982; Gregg, 1999; Schafstall et 

al., 2010). To compute dissipation rates, the shear variance method was used. 

Overlapping vertical intervals of 2 s - represented by 2048 individual measurements - 

were used for shear power spectrum calculation, resulting in a vertical resolution of 

0.5-0.6 m. To derive estimates of ε, the relationship for isotropic turbulence was used 

to integrate the shear spectrum.  

(1)     𝜀 = 7.5𝜈 ൬
𝜕𝑢

𝜕𝑧
൰

ଶ

≈ 7.5𝜈 ቆන 𝐸ௗ௨´
ௗ௭ൗ

(𝑘)𝑑𝑘
௞೘ೌೣ

௞೘೔೙

ቇ 

Here, ν represents the kinematic viscosity of seawater. The shear wavenumber 

spectrum is represented by Edu´/dz (k). kmin and kmax determine the integration 

boundaries wave numbers. For optimum accuracy, kmin and kmax are varied to include 

as much of the shear spectra as possible, while eliminating unwanted noise, e.g. from 

vibrations of the profiler. The upper boundary kmax increases with increasing dissipation 

rates (Moum et al., 1995). The spatial averaging caused by the size of the airfoil tip 
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results in a loss of variance, which was corrected using the methods described by 

Prandke and Stips (1998). To account for the loss of variance caused by incomplete 

integration, the wave spectrum was extrapolated using the Nasmyth spectrum 

(Nasmyth, 1970). After carefully editing the three individual estimates of ε for spikes - 

caused by collisions of the sensor with small objects - the three estimates were merged 

to a final estimate of ε. The fully processed and edited data was available for this study. 

Because the microstructure profiler needs to adjust its fall speed and because of ship-

induced turbulence, the first 10 m of the profiles are not included in the study. 

Gargett et al. (1984) showed that the assumption of isotropy is not always correct in 

the stratified ocean. In a strongly stratified fluid, the vertical turbulence is suppressed. 

In this case, equation (1) will overestimate the actual dissipation rate. As vertical fluxes 

are dominated by strong turbulent mixing events, the effects of anisotropy are 

neglected in this study. 

2.3 Vertical nutrient flux  

Turbulent mixing introduces an irreversible process acting against concentration 

gradients. In this study, turbulent nitrate fluxes into the mixed layer were estimated in 

the 10 dBar interval below the mixed layer depth (MLD) showing the strongest 

concentration gradient. In addition, mean flux profiles were generated using constant 

15 dBar intervals. The MLD was set to the depth where the potential density was 0.125 

kg m³ higher than at a reference level of 6 dBar (Schafstall et al., 2010). The NOx 

concentration gradient was at first derived from the data of the OPUS sensor. Given 

the high noise level of the OPUS sensor, this study opted to transform the data 

collected by the SBE oxygen sensor into nitrate consentrations (for details see section 

2.4). To account for internal waves, vertically moving density surfaces between the 

individual profiles, the estimates of ε were retrieved from the MSS profiles in the same 

potential density interval as the potential density interval in the 10 dBar interval of the 

CTD profile. 

To calculate vertical nutrient fluxes, the individual estimates of ε from the 

microstructure profiles were averaged for each station. The squared buoyancy 

frequency (N2) - calculated from the CTD-profile immediately preceding or following 

the microstructure profiles according to equation (2) - and the averaged ε were used 

to calculate the turbulent eddy diffusivity (Kp) as in (3) (Osborn, 1980). 
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(2)     𝑁ଶ = −
𝑔

𝜌଴

𝑑ρ

𝑑𝑧
 

 (3)     𝐾ఘ =
𝛤𝜀

𝑁ଶ
 

 

Here, the mixing efficiency Γ was set to a constant value of 0.2 (Oakey, 1982), g 

represents the local gravity acceleration, ρ0 is the mean potential density and dρ/dz 

represents the potential density gradient with depth. 

Turbulent vertical fluxes FC were calculated according to equation (4) from the turbulent 

eddy diffusivity (Kρ) and the vertical concentration gradient (∂C/∂z). (Schafstall et al., 

2010; Cushman-Roisin and Beckers, 2011) 

(4)     𝐹஼ = 𝐾௣

𝜕𝐶

𝜕𝑧
 

After careful visual inspection of all parameters, individual MSS profiles showing strong 

irregularities were excluded from the calculation.  

2.3.1 Standard Error of fluxes 

To obtain an evaluation of the uncertainties of the average turbulent eddy diffusivity 

and nutrient fluxes, a Gaussian error propagation was used as described by Schafstall 

et al. (2010). 

(5)     ∆𝐾௣ = 𝐾௣ ൥൬
∆𝛤

𝛤
൰

ଶ

+ ൬
∆𝜀

𝜀
൰

ଶ

+ ቆ
∆𝑁ଶ

𝑁ଶ
ቇ

ଶ

൩

ଵ
ଶൗ

 

Here, Δ represents the absolute uncertainties calculated for the averaged variables. In 

order to obtain a 95% confidence interval, ΔN² was calculated as two times the 

standard error. The standard error is defined as the standard deviation divided by the 

square root of the number of independent samples. As suggested by St. Laurent and 

Schmitt (1999), ΔΓ was set to a constant 0.04. To calculate the 95% confidence limits 

of ε, a bootstrap method described by Efron (1979) was used to account for the fact 

that ε does not follow a normal Gaussian distribution. The uncertainties of the nutrient 

fluxes were calculated in a likewise fashion.  

(6)     ∆𝐹஼ = 𝐹஼ ൥ቆ
∆𝐾௣

𝐾௣
ቇ

ଶ

+ ൬
∆𝜕௭𝐶

𝜕௭𝐶
൰

ଶ

൩

ଵ
ଶൗ
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Here, Δ∂zC represents the doubled standard error of the vertical concentration 

gradient. This method does not account for systematic errors or measuring 

uncertainties. The total error may therefore be larger than calculated by this method. 

2.4 Conversion of dissolved oxygen into nitrate concentration  

Redfield (1934) found a close relationship between the respiration of oxygen and the 

nitrate concentration in seawater. To apply this relationship to the DO profiles, 

measured by the SBE Optode, the data from the discrete water samples were 

analysed. The Apparent oxygen utilisation (AOU) was used as a measure for the 

respiration of oxygen. AOU is defined according to (7) as the difference between the 

oxygen saturation at the surface (O2,sat) and the measured DO concentration (Ito et al., 

2004).  

(7)    𝐴𝑂𝑈 = 𝑂ଶ,௦௔௧ − 𝐷𝑂 

O2,sat was calculated following the methods of Weiss (1970). A least-square fit was 

used to establish a transformation polynomial. This transformation polynomial was 

subsequently applied to the AOU calculated from the CTD-O2 data to calculate nitrate 

profiles. 

2.5 Velocity data analysis 

The velocity data recorded by the vmADCP were analysed to find the sources of the 

observed turbulence. Visual inspection of the data as well as the following calculations 

were used.  

2.5.1 Shear variance  

To gain an estimate of the activity of internal waves (IW), the shear variance (S²) was 

computed from the vmADCP data according to (8) (Hummels et al., 2020). 

(8)     𝑆ଶ =  ൬
𝑑𝑢

𝑑𝑧
൰

ଶ

 +  ൬
𝑑𝑣

𝑑𝑧
൰

ଶ

 

Here, du/dz and dv/dz represent the vertical gradient of the zonal and meridional 

velocity components respectively. High values of S² are an indicator for strong activities 

of IWs.  
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3 Results 

3.1 Conversion of AOU into nitrate concentration 

During the work on this study, it got apparent that the data quality of the OPUS sensor 

was rather poor. The noise level of the sensor is high, with a wave-like structure 

recognisable in the profiles (left panel Figure 2). This high noise resulted in high 

uncertainties in the calculation of concentration gradients. Furthermore, the OPUS 

sensor did not always properly record data, limiting the number of available profiles. 

The SEB oxygen sensor constantly measured data with a significantly lower noise level 

than the OPUS sensor. The comparison of AOU and nitrate concentration derived from 

water samples showed a close correlation between the two parameters (right panel 

Figure 2). Nitrite concentrations were small and not always measured at the same 

depths as oxygen and nitrate, therefore nitrite was not included in the transformation. 

The second-order polynomial, calculated by a least-square method, showed the 

highest agreement with the available data in the first 600 dBar of the water column. 

The comparison of the results of the transformation to the data of the OPUS sensor 

and the water samples shows that the results of the transformed nitrate concentrations 

are generally higher than the measurements of the OPUS sensor (left panel Figure 2). 

At the same time, the concentrations derived from the AOU transformation well agree 

with the water samples. As the OPUS sensor measures the combined concentration 

of nitrate and nitrite it should show higher concentrations than the transformation that 

only considers nitrate. Due to the significantly reduced noise level of the transformed 

nitrate profiles, concentration gradients calculated from these profiles have strongly 

reduced uncertainties, especially in regions that show small concentration gradients. 

Therefore, the second-order transformation equation was used for all further 

calculations within this study.  
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Figure 2: Transformation of AOU to nitrate. The left panel shows the distribution of all discrete 

water samples above 600 dBar marked by a black “x”. The blue line represents the first-order 

least-square fit. The orange line indicates the second-order polynomial. The panel on the right 

shows the profile recorded at CTD station 36. The blue line displays the data of the Opus sensor. 

The orange line indicates the result of the AUO transformation. The green line shows the values 

of discrete water samples. Green dots mark the individual samples. 
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3.2 Analysis of CE_2019_18N_20W 

This study analysed data of two individual CEs in the ETNA. As CE_2019_18N_20W 

was situated in the open ocean, far away from interactions with topography, it was 

assumed to be a good candidate for a representative CE within the ETNA (Figure 1). 

Furthermore, the sampling strategy used with two clear crosssections enabled a clear 

assessment of the eddy. Therefore, CE_2019_18N_20W was first and most intensely 

analysed. 

3.2.1 Distribution of turbulent kinetic energy dissipation  

The first assessment of the available data indicated that CE_2019_18N_20W shows 

typical features associated with a CE. The isopycnals show the typical doming towards 

the CEs center, as observed by other studies (e.g. Schütte et al., 2016a). Assuming 

that the eddy is in a cyclogeostrophic balance, the doming isopycnals result in a 

cyclonic rotation. This cyclonic rotation is also evident in the velocity data of the 

vmADCP (not shown). Following the doming isopycnals, the mixed layer shallows 

towards the center (Figure 3). The water in the mixed layer within the center of the 

eddy is cooler, less saline, and denser than in the outer parts of the eddy. The doming 

isopycnals and shallow MLD lift the nutrient-rich water from the ocean interior closer to 

the surface. This process can be considered as a preconditioning for elevated nutrient 

fluxes into the mixed layer. High dissipation rates are observed throughout the highly 

energetic wind-driven mixed layer. As the mixed layer is weakly stratified, or even 

unstratified, no estimates of the impact of turbulence on watermass properties and 

nutrient distribution can be made. Therefore, the mixed layer is excluded from all 

further considerations. Below the mixed layer, dissipation rates show a high variability 

on small vertical and horizontal scales (Figure 3). Variations over several orders of 

magnitude between neighbouring stations or even within a single profile are a common 

feature of the turbulent velocity field. As these variations can also accrue on small 

temporal scales, it is always necessary to record and average multiple stations with 

multiple repeated profiles to gain a robust estimate of the turbulent structure. The 

highest dissipation rates below the mixed layer are observed in the center of the eddy 

closely below the mixed layer, reaching values around 10-6 W m-2 (Figure 3). 
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To gain a better understanding of the turbulent structure of the eddy, all 18 stations 

recorded in the proximity of CE_2019_18N_20W are referenced according to their 

distance from the eddy center. Tim Fischer (personal communication) calculated the 

center position of CE_2019_18N_20W and CE_2019_14N_25W as well as three 

characteristic radii (see Figure 1) during a close examination of the vmADCP data. The 

composite of all stations sorted by distance from the eddy center confirms the first 

impression of the eddy structure. Highest dissipation rates are observed in the center 

of the eddy accumulating near the mixed layer. More than 20 dBar below the MLD, ε 

rarely exceeds 10-8 W m-2 throughout the entire eddy (Figure 4). To compare the 

individual stations with each other, the ε values were integrated from the MLD to 

80 dBar below the MLD. As the dissipation rates in the lower levels are very small, the 

results of the integration do not significantly change when the lower integration 

boundary moves to deeper or higher levels. Integrated dissipation rates increase 

towards the center of the eddy, with strong fluctuations between stations (Figure 4). 

The average over the nine stations with less than 60 km distance from the center 

results in a vertically integrated ε of 1.03 (0.80 - 1.24) mW m-2. Values in brackets 

 

Figure 3: Meridional microstructure section of CE_2019_18N_20W along 20.6°W. The estimates 

of the dissipation rate ε, displayed by filled contours, from the individual profiles were averaged 

for each station. The solid black lines represent potential density anomaly σ [kg m-3] contours, 

spaced at 0.2 kg m-3 intervals. The dashed red line displays the MLD. The grey vertical grid lines, 

as well as the left and right edge, indicate the positions of MSS Stations. 
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display the lower and upper boundaries of a 95% confidence interval determined by a 

bootstrap method. Averaging the nine stations with more than 60 km distance from the 

center results in 0.51 (0.44 - 0.58) mW m-2. This indicates about twice as much 

turbulent dissipation inside the eddy than outside. As the 95% confidence intervals of 

the two estimates do not overlap, the increase in dissipation rates towards the center 

is significant. During the observation, CE_2019_18N_20W was very weak with an 

inner core radius R1 of only 20 km. Therefore, only a single station was within the inner 

core, a second station was situated just outside the core radius. Even if both stations 

were assigned to the inner core and averaged accordingly, the result would not be a 

robust estimate, since it would be based on insufficient data. Consequently, this work 

does not further separate the eddy into smaller parts.  

 

Figure 4: Composite of all MSS stations available in the proximity of CE_2019_18N_20W sorted 

by distance from the eddy center. The top panel shows the vertically integrated dissipations 

rates form the MLD to 80 Meters below the MLD. The bottom panel shows the station averaged 

estimates of ε below the MLD, displayed by filled contours. The grey gridlines indicate the 

position of the individual MSS stations. The solid black line represents R1. The dashed black 

line displays R1. And the dotted black line indicates Rr. 
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3.2.2 Turbulent nutrient fluxes  

A wide variety of biological, chemical as well as physical mechanisms control the 

vertical distribution of nutrients - such as nitrate (NO3-) and nitrite (NO2-) - in the water 

column. When light is abundant, as is the case in the ETNA, primary production quickly 

consumes all available nutrients within the euphotic zone (Lévy et al., 2012). In this 

case, vertical nutrient supply into as well as the remineralisation rate within the 

euphotic zone are limiting factors for primary production. There are different 

approaches to determine the vertical turbulent nutrient flux into the euphotic zone. 

Numerous studies have used the nutrient gradient just below the mixed layer to 

determine the nutrient flux into the euphotic zone (e.g. Schafstall et al., 2010). Other 

studies used the interval below the mixed layer showing the strongest concentration 

gradient (e.g. Hales et al., 2005). This study uses the second approach, as the 

biological nutrient consumption is likely to be highest where the strongest 

concentration gradient is located. Considering this, the flux across this gradient will 

have the strongest impact on the primary production and the following ecosystem. 

Inspecting the data of CE_2019_18N_20W, it is apparent that the strongest vertical 

nutrient gradient and the mixed layer base are mostly in the same position (Figure 5). 

nitrate concentrations in the mixed layer are close to zero indicating an oligotrophic 

environment in the surface waters. Below the MLD, nitrate concentrations rapidly 

increase to around 25 µmol kg-1, with only a few stations showing low concentrations 

below the MLD.  

 

Figure 5: Nitrate distribution sorted by distance from the center of CE_2019_18N_20W. The grey 

gridlines as well as the left and right edge represent the positions of individual stations. The 

black dashed line indicates the MLD.  
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The turbulent nitrate fluxes calculated for the 18 stations in the proximity of 

CE_2019_18N_20W show strong fluctuations between individual stations (Figure 6). 

These fluctuations are in general agreement with the distribution of dissipation rates 

presented in Section 3.2.1. The nitrate fluxes increase towards the center of the eddy. 

Using the same averaging intervals as before, the inner nine stations result in an 

average vertical nitrate flux of 2.65 (2.13 – 3.08) x 10-2 µmol m-2 s-1. The nine stations 

with more than 60 km distance from the eddy center average to  

8.98 (6.74 – 9.20) x 10-3 µmol m-2 s-1. Values in brackets represent the lower and upper 

boundary of the 95% confidence interval, calculated by error propagation. This 

indicates an almost 3 times higher vertical nitrate flux in the inner 60 km of the eddy 

than compared to the nine stations with more than 60 km distance to the center of the 

eddy  

To evaluate the quality of the microstructure data used for the flux calculation, the 

distribution of the individual estimates of ε was analysed. The flux estimate for the nine 

stations closer than 60 km to the center of the eddy is based upon 518 individual 

estimates of ε. The nitrate flux estimate of the stations with more than 60 km distance 

from the eddy center was determined using 353 individual estimates of ε. The large 

difference in the number of individual estimates results from excluding two profiles, 

which show very strong irregularities from the calculation. The ε estimates show a 

logarithmic distribution, a common characteristic of the turbulent field (Figure 7). The 

distribution of the inner nine stations is shifted towards higher dissipation rates, 

 

Figure 6: Turbulent vertical nitrate fluxes displayed by distance to the center of 

CE_2019_18N_20W. The solid black line indicates R1. The dashed black line represents R1. And 

the dotted black line displays Rr. 
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compared to the distribution of the stations with more than 60 km distance from the 

eddy center. This is in agreement with the higher integrated dissipation rates found 

within the eddy. No individual estimate of ε is found that strongly exceeds the rest. The 

depth interval, between 180 and 190 dBar, close to the lower end of the profiles was 

used as a reference distribution. The interval shows low dissipation rates, therefore, 

the distribution is considered as the distribution of background noise. Comparing the 

distribution in the interval showing the strongest vertical nitrate gradient with the 

background conditions between 180 and 190 dBar, a strong shift towards high 

dissipation rates is observed for the interval in which the nitrate flux was calculated 

(Figure 7). This indicates that strong signals are recorded in the flux calculation interval, 

which are only weakly influenced by the instrument noise level. Considering the 

number of individual estimates as well as the well-defined distribution, the dissipation 

rates used for the calculation of the turbulent nitrate flux are based on good quality 

data and therefore delivers a robust estimate.  

  

 

Figure 7: Logarithmic‐spaced histogram of the individual estimates of dissipation rate ε within 

CE_2019_18N_20W. The left panel shows the distribution in the 10 dBar interval with the 

strongest nitrate concentration gradient. The right panel displays the distribution between 180 

and 190 dBar. The stations with less than 60 km distance to eddy center are shown by the red 

bars. The back striped bars represent the stations with more than 60 km distance to the eddy 

center. 
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Analysing the other parameters contributing to the vertical flux calculation, it is not 

possible to find a significant difference between the inner and outer stations. The 

vertical nitrate concentration gradient calculated for the inner nine stations is  

1.49 ± 0.33 μmol L-1 m-1 (± donates the 95% error band). The nine stations with more 

than 60km distance to the eddy center show a concentration gradient of  

1.46 ± 0.25 μmol L-1 m-1. The differences in the buoyancy frequency were likewise 

insignificant.  

The mean flux profiles displayed in Figure 8 provide insights into the origin of the nitrate 

transported into the mixed layer. It can be seen that the strong stratification just below 

the mixed layer counteracts the higher dissipation rates leading to slightly increasing 

eddy diffusivities with increasing depth in both areas, being less pronounced for the 

inner nine stations. For the inner nine stations, the vertical nitrate concentration 

gradient shows a very pronounced divergence between the first and second interval, 

dropping from gradients around 1 µmol L-1 m-1 to values close to zero. This divergence 

can also be found in the outer nine stations but is not as pronounced. Hear, the 

concentration gradient decreases from around 1 µmol L-1 m-1 to values around  

0.4 µmol L-1 m-1. For the inner nine stations, strong upward nutrient fluxes within the 

interval from the mixed layer to 15 dBar below the mixed layer can be observed. Below 

this, the average flux decreases by an order of magnitude, and the uncertainties in the 

flux become large. Sometimes negative (downward) fluxes are observed. The flux 

divergence between the first and second interval indicates that the nitrate transported 

into the mixed layer by turbulent fluxes mainly originates in the waters just below the 

mixed layer. In the outer nine stations, this divergence is not as prominent. 

Uncertainties in the mean flux become very large below 30 dBar indicating that the 

nitrate transported into the surface originates from the first 30 dBar below the MLD.  
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Figure 8: Mean profiles of all parameters contributing to the vertical nitrate flux within 

CE_2019_18N_20W. The top row (panels A - D) represent the nine stations with less than 60 km 

distance to the center. The bottom row (panels E - H) display the nine stations with more than 

60 km distance from the eddy center. The blue dots in A and E represent the individual estimates 

of ε. The blue (x) in B - D and F - H show the individual estimates from the stations. The red line 

displays the interval mean. The orange areas indicate a 95% confidence interval.  
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3.3 Comparison of CE_2019_18N_20W and CE_2019_14N_25W 

The eddy CE_2019_14N_25W was detected very close to the Cape Verde archipelago 

and was sampled two times during the M160 cruise. The analysed microstructure 

profiles were recorded during the second visit. From a close inspection of the vmADCP 

data, it was apparent that the eddy had strongly changed its shape to an elliptical form 

between the two sampling periods. This results in great uncertainties in the position of 

the eddy center as well as the characteristic radii (Tim Fischer, personal 

communication. Therefore all nine MSS Stations in the proximity of 

CE_2019_14N_25W were assumed to be within the eddy and analysed as a whole.  

The observed dissipation rates within the eddy were very high (~10-7 W kg-1), with high 

values found in grater depths below the mixed layer (Figure 9). This represents a 

contrast to CE_2019_18N_20W, where dissipation rates more than 20 dBar below the 

MLD were seldom higher than 10-8 W kg-1. The distance from the eddy center given in 

 

Figure 9: Composite of all MSS stations available in the proximity of CE_2019_14N_25W. The 

distance from the center on the x-axis has to be handled with care, serving mainly for means of 

display. The top panel shows the vertically integrated dissipations rates from the MLD to 80 

Meters below the MLD. The bottom panel shows the averaged estimates of ε below the MLD, 

displayed by filled contours. The grey gridlines indicate the position of the individual MSS 

stations. The solid black line represents R1. The dashed black line displays R1.  
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Figure 9 has to be handled with great care and serves only as a rough indicator to 

display the stations. Vertical integration and averaging of the dissipation rates between 

the MLD and 80 dBar below the MLD for all stations results in  

8.62 (6.75 – 10.24) mW m-2, the values in brackets represent the 95% confidence 

interval. This indicates almost 17 times more turbulent kinetic energy dissipation for 

the nine stations within CE_2019_14N_25W than estimated for the nine stations with 

more than 60 km distance to the center of CE_2019_18N_20W.  

The nitrate distribution within CE_2019_14N_25W shows prominent differences to 

CE_2019_18N_20W (Figure 5, Figure 10). Low nitrate concentrations are observed in 

deeper layers below the mixed layer. The transition from low to high nitrate 

concentrations starches over a much longer depth interval than in 

CE_2019_18N_20W, where a very steep gradient just below the MLD can be obseved. 

The observed nitrate concentrations at 200 dBar are almost equal in both eddies. 

The highly elevated turbulence within CE_2019_14N_25W directly impacts the vertical 

nitrate flux below the mixed layer. The average nitrate flux of all stations together is 

1.63 (1.38 – 1.84) x 10-1 µmol m-2 s-1, which estimates 20 times higher nitrate flux than 

averaged for the outer nine stations of CE_2019_18N_20W. The significant difference 

in the turbulent structure can also be observed in the distribution of dissipation rates 

 

Figure 10: Nutrient distribution within 

CE_2019_14N_25W displayed by the CTD 

station number. The solid black line indicates 

the MLD. Note that the station number does 

not indicate the position within the eddy.   

 

Figure 11: Logarithmic‐spaced histogram of 

the distribution of ε within CE_2019_14N_25W. 

The red bars shows the distribution in the 

10 dBar interval with the strongest nitrate 

concentration gradient. The black striped bars 

displays the distribution between 180 and 

190 dBar.  
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used for the flux calculation (Figure 11). The distribution is heavily shifted towards 

higher dissipation rates with a maximum near 10-7 W kg-1. Even in the interval between 

180 and 190 dBar, dissipation rates of more than 10-8 W kg-1 were found. With 

0.81 ±0.10 μmol L-1 m-1, the maximum concentration gradient for which the nitrate flux 

was calculated is significantly weaker than observed in CE_2019_18N_20W. The 

same is true for the stratification, represented by N2, which is lower in 

CE_2019_14N_25W. Unlike in CE_2019_18N_20W, the strongest concentration 

gradient and the mixed layer base are not as closely linked within CE_2019_14N_25W. 

This indicates that high biological consumption is present below the mixed layer.  

Strong differences between the two eddies are found by analysing the mean profiles 

of all parameters contributing to the nitrate flux (Figure 8, Figure 12). The highly 

increased dissipation rates and the weaker N2 (not shown) lead to high eddy 

diffusivities in the upper intervals of CE_2019_14N_25W decreasing with depth, in 

contrast to Kρ in CE_2019_18N_20W. Furthermore, the eddy diffusivities in 

CE_2019_14N_25W show a broader range between individual stations, pronouncing 

the higher variability of CE_2019_14N_25W. The high nitrate concentration gradients 

as well as significant step between the first and second interval observed in 

CE_2019_18N_20W, cannot be found within CE_2019_14N_25W. Here the gradient 

is weaker and rather constant over the first 30 dBar below the mixed layer. The 

common feature of both eddies is the divergence in the nitrate flux in the upper 

intervals. This indicates that the nitrate transported into the mixed layer originates 

mainly in the waters directly below the mixed layer despite the strongly differencing 

parameters within the two eddies. 
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Figure 12: Mean profiles of the parameters contributing to the vertical nitrate flux within 

CE_2019_14N_25W. The blue dots in A represent the individual estimates of ε. The blue (x) in 

B - D highlight the individual estimates from the stations. The red line displays the interval mean. 

The orange areas indicate a 95% confidence interval.  
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4 Discussion 

This study investigated the turbulent structure and nitrate fluxes of two CEs situated 

within the ETNA. Thereby, this study aimed to find hotspots of increased turbulent 

mixing and nitrate transport associated with the mesoscale feature, which would 

provide an explanation for the increased primary production within CEs. Using the 

available microstructure data, this study found a significant increase in the dissipation 

rates of turbulent kinetic energy within the two observed CEs. Due to the high variability 

of dissipation rates on small spatial and temporal scales, the estimates are influenced 

by uncertainties that are usually larger than presented by the statistical evaluation. The 

strong peak near 58 dBar in profile MSS 1 in panel B of Figure 14 could also have 

been interpreted as a malfunction of the instrument. If this profile was excluded from 

the calculation, the result might be different. As the turbulent field is not constant in 

time, rare but strong mixing events dominate the mean fluxes. The importance to 

determine the frequency of these strong events emphasises the need to combine 

multiple stations and profiles to form a robust estimate. As this study evaluated 27 MSS 

stations with 81 individual profiles, the results presented here can be considered as a 

good estimate, especially with the well-defined distribution of dissipation rates 

presented in section 3. The data from a second cruise - M156 -, conducted as part of 

the REEBUS project, where a third CE was heavily sampled, became available near 

the end of this work. Due to multiple irregularities in the dataset, it was no longer 

possible to include the observations in this work. This dataset can be used to extend 

the results of this work. To further widen the dataset it would be possible to reference 

all available MSS profiles recorded during different cruises to an eddy tracking 

algorithm. A procedure like this was used by Schütte et al. (2016a) to gain valuable 

insights on the average distribution of hydrographic parameters within the different 

types of eddies. Applying this approach to the MSS profiles would substantially 

increase the number of available profiles, largely improving the quality of the results. 

Furthermore, this approach would gain insights into the turbulent structure within the 

different types of eddies, not only CEs.  
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4.1 Sources of increased turbulence within the eddies 

The vmADCP velocity data was partly analysed to gain insights into the origin of the 

increased turbulence within the two observed eddies, but further research has to be 

conducted for a deeper understanding. The shear variance S2 increases towards the 

center of CE_2019_18N_20W (Figure 13). The large-scale effect of the rotation of the 

eddy could potentially lead to regions of increased S2. If this was the case, the S2 signal 

would be relatively constant over time. By visualising all station parameters, increased 

levels of S2 are observed within the main thermocline (Panel C Figure 14). The water 

velocities show strong variations on small time scales, indicating high activity of internal 

waves (Panel D, E Figure 14). The strong vertical displacement of the thermocline 

between the CTD profile and the MSS profiles seen in panel A of Figure 14 also 

indicates the high activity of internal wave with high frequencies.  

 

Figure 13: Shear variance S2 calculated from the data of the vmADCP sorted by distance to the 

center of CE_2019_18N_20W. The red line displays the position of the MLD estimated by linear 

regression.  
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This study did not further investigate the sources of increased turbulence found within 

the two observed CEs. A deeper study of the observed data as well as theoretical and 

numerical studies could substantially contribute to the understanding of the 

mechanisms governing the turbulent system of the eddy. Using an idealised numerical 

model of baroclinic unstable flows, Chouksey et al. (2018) found an increase in the 

emission of internal gravity waves (IGW) in flows with a large Rossby number (Ro). Ro 

is defined as 𝑅𝑜 =
௎

௅ ௙
 , where U is the characteristic velocity, L is the characteristic 

length scale, and f is the local Coriolis parameter. This implies that eddies with a high 

Figure 14: Hydrographic, microstructure, and velocity data of station 40 close to the center of 

CE_2019_18N_20W. Panel A shows the potential density anomaly σ profiles. B displays the 

dissipation rates of the three MSS profiles taken at this station. C shows the shear variance S2

calculated between the depth bins of the vmADCP data. Panels D and E display the time varing

components of zonal velocity u’ and meridional velocity v’ respectively, generated by removing 

the station mean velocity from the data.  
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rotation velocity generate more IGW. The downscale energy cascade of these IGW 

leads to increased dissipation rates. Applying raytracing simulations on idealised as 

well as the observed velocity fields of eddies would lead to a better understanding of 

the dissipative pathways of the internal waves in and around eddies (Olbers and Eden, 

2017). The generation of a wave power spectrum in and around the Eddies could 

facilitate a more detailed insight of the internal wave field. Löb et al. (2020) found strong 

interactions between internal tides and mesoscale eddies, potentially transferring tidal 

energy into turbulent dissipation. As tidal interactions might increase in the proximity 

of topography, such as the Cape Verde islands, this could partly explain the highly 

increased dissipation rates observed in CE_2019_14N_25W. Detailed investigation of 

the interaction of the mean eddy flow with the topography of the islands as well as the 

strong deformation CE_2019_14N_25W experienced during the M160 can potentially 

enhance the understanding of the sources of observed turbulence.  
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4.2 Impact on the ecosystem 

With the available dataset, this work was able to estimate the turbulent vertical nitrate 

fluxes within two CEs. Comparable studies concentrating on Mesoscale eddies are 

sparse. The turbulent vertical nitrate fluxes presented in this study are among the 

higher range of those reported by previous studies, especially for an open-ocean 

setting like CE_2019_18N_20W (see references in Tabel 1 of Cyr et al., 2015). With 

1.63 x 10-1 µmol m-2 s-1 the fluxes in CE_2019_14N_25W are close to  

1.18 x 10-1 µmol m-2 s-1 reported by Schafstall et al. (2010) for the Mauritanian shelf 

region, where enhanced turbulence was induced by internal tide activity. This supports 

the idea that CE_2019_14N_25W was strongly influenced by the proximity to 

topography.  

An estimate of the relative importance of the turbulent nitrate fluxes for the highly 

productive ecosystem of the eddies can be gained by comparing the nitrate fluxes to 

the total primary production rate (TPP) within the eddies. As it was possible to apply 

the Redfield (1934) relationship between utilised oxygen and nitrate concentration to 

the observation area, it is reasonable that the relationship between carbon and 

nitrogen (6.6 C : N) should also hold. Using this relationship it is possible to compare 

a nitrate flux to a carbon-based TPP. Quentin Devresse (personal communication) 

measured TPP during the M160 cruise. On average, the nitrate fluxes of the inner nine 

stations of CE_2019_18N_20W are capable of explaining 13% of the observed TPP. 

The observations of TPP in CE_2019_14N_25W revealed a strong non-uniform 

distribution, which is in general agreement with the widespread distribution of nitrate 

concentrations and fluxes (Figure 10). The highly elevated nitrate fluxes within 

CE_2019_14N_25W can sustain 38% of the TPP observed in the eddy. This implies 

that the high turbulent nitrate fluxes presented in this work are not the main transport 

mechanism sustaining the primary production. Therefore it is of high importance to 

undertake further research on the mechanisms, such as advective processes at 

submesoscale fronts, transporting nutrients into the euphoric zones within eddies.  

Given the close proximity to the Cape Verde islands as well as the complex structure, 

CE_2019_14N_25W can not be considered as an exemplary case for a CE in the 

ETNA. CE_2019_18N_20W was observed in the open ocean away from interfering 

topography. Therefore, the dissipation rates and nitrate fluxes observed within this 
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eddy are more likely to be a representative estimate for CEs within the ETNA. Further 

research has to be done to consolidate the results presented in this work.  
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