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Low oxygen events at the 
eastern tropical Atlantic 
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Fig. 4. Time series of (a) salinity and (b) oxygen from profiling float data. The two neighbouring boxes
indicate the period when the float was trapped in the cyclonic eddy separating the isolated period (left
box) and the non-isolated period (right box). Potential density anomaly contours are shown as contour
lines. (c) Vertical profile of the aOUR derived from successive dives during the period when the eddy
was isolated.
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Fig. 4. Time series of (a) salinity and (b) oxygen from profiling float data. The two neighbouring boxes
indicate the period when the float was trapped in the cyclonic eddy separating the isolated period (left
box) and the non-isolated period (right box). Potential density anomaly contours are shown as contour
lines. (c) Vertical profile of the aOUR derived from successive dives during the period when the eddy
was isolated.
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Eddies show  
 
High Productivity (and respiration) 
! Strong Vertical flux of Nutrients 
  
the afflux of oxygen into the core is 
minimal 
! Weak mixing 

• Is this a contradiction? 

Low oxygen eddies  
– open-ocean “dead-zones” 

Open Ocean 
“Dead-Zone” 
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! Weak mixing 

• Is this a contradiction? 

Low oxygen eddies  
– open-ocean “dead-zones” 

Open Ocean 
“Dead-Zone” 

Processes have to operate on small/

submesoscale  



• Design of a meso/submesoscale experiment using 
gliders, ships, floats, satellite 

“Dead-zone” eddy hunt  
experiment 



• Design of a meso/submesoscale experiment using 
gliders, ships, floats, satellite 

• Satellite/float “eddy detection system” 
• Multiple surveys of one low oxygen eddy  
from February 2014 to April 2014 

 

“Dead-zone” eddy hunt  
experiment 

TIFM12=0 
Glider (IFM12) 
TM105=TIFM12 + 6 weeks 
Ship (M105) 
TM105=TIFM12 + 9 weeks 
Glider (IFM13) 

Reconstructed Eddy Track  



Oxygen evolution in eddy 
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Turbidity (particle) 

3.-10. Feb. 2014 3.-7. Apr.2014 2 month 

Turbidity 
(uncal. NTU) 



 
Turbidity (particle) 

3.-10. Feb. 2014 3.-7. Apr.2014 2 month 

Turbidity 
(uncal. NTU) 

Intense particle flux into core of eddy 



•  Advice from Florent Besson (LOV) 
•  SUNA pre-calibration (NaCl) 
•  Data QC: comparison with bottle 

samples 
•  Problems: 
" Communication with Satlantic! 
" Initially wrong spectra – generated 

5µmol/kg offset! 

Nitrate (SUNA) 
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Nitrate (SUNA) & 
Apparent oxygen utilization  
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Apparent oxygen utilization 
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Eddy core
Eddy reference
CVOO ship

 
Redfield AOU:N 
(138:16 = ~9) 
Outside eddy = 8  
Mauritanian coast = 9 
 
 
 
 
 
 

Nitrate (SUNA) & 
Apparent oxygen utilization  
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Eddy core
Eddy reference
CVOO ship

 
Redfield AOU:N 
(138:16 = ~9) 
Outside eddy = 8  
Mauritanian coast = 9 
Inside Eddy = 16 
 
Why? 
 
 

Nitrate (SUNA) & 
Apparent oxygen utilization  



N cycling scheme: 
Decoupling Oxygen and Nitrate 

σ1 σ2 σ3 
* * 
* 
 

* * 
* 
 

* * 
* 
 

* * 
* 
  * 

 
 

PON flux 

NO3
- transport 

Air/Sea oxygen flux 

σ4 

oxygen transport 

Gravitational sinking 
of Particulate Organic 
Nitrate (PON) is key! 
  
-> decouples local 
nitrate recycling from 
oxygen  
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Sheen et al. 2015 (JGR); Kroll 1993 (JMR) 
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•  N2  maximum shields the eddy from internal waves 

•  Minimal mixing in core 



ADCP Velocity ship survey 
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ADCP Velocity ship survey 
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accumulates below the eddy. As a consequence, mixing inside the core is low and is well separated 

from mixing outside the core. This separation of mixing regimes we interpret as why the low oxygen 

eddy core has been so constant in its water mass properties.  

Having now the isolation explained as a consequence of eddy rotation and stratification and their joint 

impact on the propagation of internal waves, it is tempting to investigate whether the vertical flux of 5 

nutrients into the euphotic layer of the eddy may also fit to this concept. The productivity associated 

with the ACME requires intense episodic or prolonged moderate upward fluxes of nutrients into the 

euphotic zone. From global assessments of productivity in mesoscale eddies based on satellite data 

(Chelton et al. 2011b; Gaube et al. 2015) the upwelling is identified in the centre of the eddies. Note, 

that these studies do not explicitly consider ACME. Schütte et al. (2016) showed that low oxygen 10 

ACME do have productivity maxima (indicated by enhanced ocean color based Chlorophyll-a 

estimated) at the rim of the eddies, not at the centre. This may suggest that the vertical flux is also 

concentrated to the rim. Inspecting the glider section data (Fig. 3) does not show indications for 

upwelling in the centre, isopycnals in the core are flat and the core has only a weak (and vertical) 

stratification. The mixed layer base is characterized by the very stable stratification and large gradients 15 

(e.g. 0.3 K m-1 in temperature). The ship’s thermosalinograph temperature data (Fig. 3a upper) show the 

eddy to be colder than the surroundings but also indicate that a local maximum in temperature is 

observed in the centre of the eddy, while local minima (0.2 K difference) at ±15 km distance from the 

centre. Considering the first glider oxygen section (IFM12, Fig. 2a), the upper of the two separate 

minima is found very close to the depth of the mixed layer base and indicate that any exchange across 20 

the mixed layer by mixing processes must be very small.  

Following up on the NIW discussion, we now consider the region outside the core and in the vicinity of 

the eddy. It is a reasonable assumption that a large fraction of the NIW energy originates from wind 

stress fluctuations (D’Asaro 1985). The NIW propagation in the upper layer of the eddy (above the 

core) is primarily along the intense N contours/mixed layer base (Fig. 3c) and towards the eddy rim 25 

(shown in Sheen et al. 2015). At the eddy rim, but outside of the maximum N contour, the NIW can 

propagate downward (see Fig. 4 b,d) because !!"" < 1 (Fig. 5b). In this zone we observed the impact of 

the vertical propagation in the vertical shear profile directly via the modulation of the maximum swirl 

velocity (approximately Fig. 3a, at ~ –32 km distance).  

In order to extract the velocity signal related to the NIW (!!), we subtracted the filtered (120 m boxcar 30 

filter) velocity profile data (!!) from the observed profiles (!; Fig. 5c): 

! = !! + !! 

Magnitude and angle between the zonal and meridional NIW components of  !! show a vertically 

stacked pattern within the !!"" region, suggesting the trapping of the NIW underneath the eddy (Lee 

Biogeosciences Discuss., doi:10.5194/bg-2016-34, 2016

Manuscript under review for journal Biogeosciences

Published: 11 March 2016

c� Author(s) 2016. CC-BY 3.0 License.

U0: Apply 120m box car filter 



Near inertial waves (NIW) 
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“Inertial 
chimney” 
 (Lee & Niiler 
1998) 



• Full rotation ~13 days 
• Bu ~ 0.17 (flat lens) 
• Rd ~ 25 km 
• Ro > 0.3 
• α ~ 7          (vrot/vtranls) 

Vorticity structure 

Relative vorticity 



Vorticity structure:  
effective planetary vorticity 

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 103, NO. C4, PAGES 7579-7591, APRIL 15, 1998 

The inertial chimney: The near-inertial energy drainage from 
the ocean surface to the deep layer 

Dong-Kyu Lee 
Department of Marine Sciences, Pusan National University, Pusan, Korea 

Peam P. Niiler 
Scripps Institution of Oceanography, La Jolla, California 

Abstract. A three-dimensional primitive equation numerical model is used to study the 
behavior of near-inertial waves generated by surface wind stress on an fplane. The model 
is fixed depth with a rigid lid on the surface and is horizontally periodic. This study shows 
the behaviors of the wind-generated near-inertial waves for four different eddies: (1) a 
subtropical cold-core eddy, (2) a subtropical warm-core eddy, (3) a California subsurface 
warm-core eddy, and (4) the Gulf Stream warm-core ring. The mean secondary circulation 
generated by the wind-eddy interaction has magnitude to comparable to that of the Ekman 
current, and its characteristics are determined by the relative angle between wind and cur- 
rent. The propagation characteristics of near-inertial waves are quite different depending 
upon the sign of the relative vorticity. In a cyclonic eddy, near-inertial wave propagation is 
outward from the core of the eddy. The propagation direction in an anticyclonic eddy is 
downward and toward the core. Vertically propagating waves inside the eddy are trapped 
above a critical layer and slowly dissipated by parameterized viscous effects. The model 
shows that anticyclones efficiently drain near-inertial energy from the surface to the deep 
layer below the thermocline. 

1. Introduction 

The dispersion relation derived by Kunze [1985] for near- 
inertial waves propagating in geostrophic shear reveals that 
the propagation behavior is affected by the spatial variation of 
the effective Coriolis frequency, j•jj. = f+ (/2 where 
(= oV/Ox-OU/Oy is the relative vorticity. Using numerical ray- 
tracing, he showed trapping of near-inertial waves in regions 
of negative vorticity. 

Kunze's study spurred observational [Kunze, 1986; Kunze 
and Sanford, 1986] and numerical investigation of near- 
inertial wave propagation in the geostrophic shear. For exam- 
ple, Mied et al. [1986] observed the amplification of near- 
inertial energy in the negative vorticity side of the front. Kun- 
ze et al. [1995] found near-inertial energy maximum below 
the thermocline inside the Gulf Stream warm-core ring. Van 
Meurs [1996] found several tentative relationships between 
near-inertial energy level and the sign of vorticity in the 
OCEAN STORMS experiment. Using a three-dimensional 
primitive equation numerical model, Van Meurs [1996] 
showed that high near-inertial energy level at depth was found 
in regions of strong relative vorticity gradient. Wang [1991] 
investigated near-inertial wave propagation in the frontal area 
using a two-dimensional numerical model of channel flow. He 
found significant near-inertial energy accumulation in the 
warm (negative vorticity) side of the front. Lee et al. [1994] 

Copyright 1998 by the American Geophysical Union. 

Paper number 97JC03200. 
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used a nonhydrostatic two-dimensional numerical model to 
study the secondary circulation generated by the nonlinear in- 
teraction of winds and ocean currents. According to their cal- 
culations, near-inertial energy was about 4 times larger in the 
negative vorticity side of the jet than in the positive vorticity 
side. Near-inertial energy penetration was also deeper in the 
negative vorticity region. 

This study is the extension of the two-dimensional numeri- 
cal model of Lee et al. [ 1994] to three-dimensional structures. 
A three-dimensional primitive equation numerical model is 
used to study the interaction between various eddies and a 
constant wind stress applied at the surface. Fine vertical (5 m) 
and horizontal (5 km) grids are used to model wind-eddy in- 
teractions. Four experiments are performed to calculate these 
interactions in a subtropical warm eddy, a cold eddy, a Gulf 
Stream warm-core ring, and California subsurface eddies. 
Vertical stratification used for all four cases is taken from ob- 
servations. The model is sufficiently deep (1500 m) that bot- 
tom reflection is not an important process. 

2. Model 

This study uses a three-dimensional, hydrostatic, primitive 
equation model. The model is 500 km wide in x and y direc- 
tions and is 1500 m deep. Boundary conditions are periodic in 
horizontal directions, and the vertical velocity vanishes at the 
surface and bottom. Vertical mixing is Richardson number de- 
pendent with a maximum vertical eddy diffusivity of 0.01 
m2/s [Lee et al., 1994]. Grid resolution is 5 km in the hori- 
zontal, 5 m in the vertical near the surface, and 50 m near the 
bottom. The maximum initial Rossby number depends upon 
the speed and structure of the initial vortex, ranging from 0.02 

7579 

(e.g. Weller, 1982) f (18°N) = 4.4 10-5  [1/s] 

feff > f   



• First HR glider survey of “dead-zone” eddy 
• This eddy was a “typical ACME” (80 km diameter, 0.4 m s-1 

swirl vel., cold/fresh core, generated in eastern upwelling) 
• N2 maximum shield the core from internal wave field – 

reduced mixing in core – but could support erosion of core 
(Kroll 1993)  

• Energetic zones are identified that may support enhanced 
vertical mixing – one underneath the eddy, one close to the 
mixed layer -> vertical nutrient flux 

• Recycling of NO3 via PON decouples N and O, resulting in 
high AOU:N ratios 

Summary 
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Further reading on  
“Eddy hunt” experiment 
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