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Overview

1. Tracking eddies in merged altimetry data

2. Observations of ecosystems trapped within nonlinear eddies

3. Westward co-propagation of SSH and CHL



Observations of Nonlinear Mesoscale Eddies
SSH From TOPEX Only 

and from the Merged TOPEX and ERS-1/2 Data (Ducet et al. 2000)



Eddies of the California Current
eddies tracked in merged altimetry observations (Chelton et al., 2011)




Automated Eddy Tracking
tracks of long-lived eddies



Automated Eddy Tracking
tracks of really long lived eddies










http://cioss.coas.oregonstate.edu/eddies/
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Who is using the eddies database?



Summary: Automated Eddy Tracking
Chelton et al., 2011 Progress in Oceanography

• Eddies are identified as close geostrophic streamlines in high-pass filtered 
merged SSH fields

• Eddies with radial scales of ~200 to ~ 50 km can be tracked in SSH fields 
constructed by merging altimeters in different orbits.

• Over 150,000 eddies with lifetimes greater than 4 weeks have been 
tracked over the last 16 years.

• The methodologies used to track eddies can be applied to a variety of 
fields including SSH derived from eddy resolving ocean models to wide-
swath altimetry measurements (SWOT).



Where do eddies influence marine ecosystems?
the influence of eddies on marine ecosystems is regionally dependent

Regions of positive correlation are associated with CHL blooms in anticyclonic eddies

Regions of negative correlation are representative of cyclonic eddies driving CHL blooms



The Oligotrophic South Indian Ocean
average log10 chlorophyll-a from SeaWiFS 2001-2008

mg m-3



Eddies of the Indian Ocean
eddies tracked in merged altimetry observations (Chelton et al., 2011)




Observing Eddy-induced Ecosystem Perturbations
SeaWiFS True Color with Chlorophyll-a Overlaid

Image courtesy of NASA/GSFC



Case Study: A long-lived Leeuwin Current Anticyclone
this particular eddy was tracked for a total of 122 weeks

.

Even a full year after its formation, the core of this 
eddy still contains a trapped phytoplankton bloom.



Eddies Spawned from the Leeuwin Current
a total of 734 anticyclonic and 818 cyclonic long-lived eddies were tracked from 2000-2008

mg m-3



Composite Averaged Chlorophyll Anomalies
filtered SeaWiFS chlorophyll with contours of AVISO SSH

What drives upwelling in the cores of anticyclonic eddies?
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Eddy-Induced Ekman Pumping

McGillicuddy et al. 2007

In 2007 a ship survey of an anticyclone in the Sargasso Sea revealed a 
large phytoplankton bloom at its core with primary production rates 4 x that 
of the previously observed local maximum.

Dye released in 
the core of the             
anticyclonic eddy 
was upwelled at a 
rate estimated to be                                    
.    ~ 40 cm day-1

Ekman pumping 
rates calculated from 
QuikSCAT compared 
well to the rates 
estimated from the 
dye release.
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Eddy Vorticity

Eddy-Induced Ekman Pumping
How it works:

• The surface circulation of an eddy can induce Ekman pumping in a uniform wind 
field.
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• 30°S
• 20 cm amp.
• 10 ms-1 wind
• Max current    

40 cm s-1



Eddy-Induced Ekman Pumping

• Eddy-induced Ekman pumping is of the same order of magnitude as basin 
scale Ekman pumping

Risien and Chelton, 2008
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Composite Averaged Chlorophyll Anomalies
filtered SeaWiFS chlorophyll with contours of AVISO SSH

Can eddy-induced Ekman pumping account for the spatial structure of 
these CHL blooms?
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Composite Averaged Chlorophyll Anomalies
filtered SeaWiFS chlorophyll with contours of QuikSCAT Ekman pumping

• Seasonally (May - September), we observed enhanced CHL at the cores of anticyclonic eddies.  
• Negative CHL anomalies are a persistent feature of cyclonic eddies in this region.
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Composite Averaged Chlorophyll Anomalies by Month
filtered SeaWiFS chlorophyll with contours of QuikSCAT Ekman pumping (anticyclones)

What is driving the seasonal response of CHL to eddy-induced 
Ekman pumping?

contour interval 
1 cm day-1
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ARGO Floats
ARGO floats offer insight into the vertical structure of eddies

http://www.argo.ucsd.edu/

ARGO float profiles can be 
collocated with the locations 
of eddies.  

Globally, 42% of all ARGO float 
profiles occurred within the 
interior of mesoscale eddys.




ARGO Float Profiles within Indian Ocean Eddies
ARGO profiles from which MLD seasonal cycle is calculated

Seasonal cycles of MLD are calculated from the above profiles as a function of 
eddy polarity.



Seasonal Cycle of Mixed Layer Depth
ARGO float profile MLD from density algorithm
 (Holte and Talley, 2009, http://mixedlayer.ucsd.edu/)

The biological response to eddy-induced Ekman pumping appears to be limited to times 
when the average MLD within anticyclones exceeds 50 m.



The Seasonal Decoupling of the Mixed Layer from 
the Nutricline

Can we see evidence of this decoupling in climatological nutrient and stratification data?



The Seasonal Decoupling of the Mixed Layer from 
the Nutricline

Seasonal and meridional averages of density overlaid with contours of nitrate concentration
(World Ocean Atlas, 2005)

a) b)
Winter

σθ with contours of [NO3]

contour interval 0.1 mmol m-3

range 0.2 to 1 mmol m-3 

kg m-3

Summer
σθ with contours of [NO3]

a) b)
Winter

σθ with contours of [NO3]

contour interval 0.1 mmol m-3

range 0.2 to 1 mmol m-3 

kg m-3

Summer
σθ with contours of [NO3]



Conclusion 2: Eddy-Induced Ekman Pumping
Eddies of the Southern Indian Ocean 

1. A wide variety of other datasets were collocated to these eddies for this 
study:

  - Chlorophyll concentrations from SeaWiFS and MODIS-Aqua

  - Wind stress curl and hence Ekman pumping velocity from    
          QuikSCAT

  - Mixed layer depth from ARGO floats

2. ARGO float observations provide valuable insight into the vertical struc-
ture of eddies tracked in merged altimetry observations.

3. Eddy-induced Ekman pumping appears to drive seasonal blooms in the 
cores of anticyclonic eddies in the Southern Indian Ocean.

4. The seasonal nature of these blooms appears to be linked to changes in 
mixed layer depth



Where do eddies influence marine ecosystems?
the influence of eddies on marine ecosystems is regionally dependent

Regions of positive correlation are associated with CHL blooms in anticyclonic eddies

Regions of negative correlation are representative of cyclonic eddies driving increased CHL blooms





Eddies of the South Pacific
region investigated by Dandonneau et al., 2003; Killworth, 2004; Dandonneau et al., 2004 and

Killworth et al., 2004



Eddy Composite Averages of Chlorophyll Anomaly
eddies along 20°S section



Eddy Composite Averages of Chlorophyll Anomaly
eddies along 20°S section

High CHL

Low CHL

High CHL

Low CHL
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Global Composites of Chlorophyll Anomaly
northward CHL gradient



Global Composite of Chlorophyll Anomaly
northward and southward CHL gradient



Reduced-gravity Quasigeostrophic Model
seeded with random Gaussian approximations of eddies around 20° in the Pacific



SeaWiFS Chlorophyll and QG Model
30-day average CHL smoothed 2°x 2°, QG model with 30-day relaxation time scale



Composite Averages of Tracer in QG Model
model eddies in a meridionally varying tracer



Composite Averages of Tracer in QG Model
model eddies in a meridionally varying tracer



Conclusion 2: Advection of CHL around eddies 
the “dominant” mechanism

• The collocation of CHL with the location and scale of eddies reveals that 
eddies act to advect CHL 

• Statistically, the dominant mechanism by which eddies influence oce-
anic chlorophyll is stirring of the ambient chlorophyll field by azimuthal          
advection. 

• Global eddy composite averages of chlorophyll are consistent with ed-
dies in the Southeastern Pacific and QG model of passive tracer with finite    
relaxation time scale.

• Regionally, exceptions to this dominant mechanism can be observed 
(Southern Indian Ocean)



Westward Co-Propagation of Chlorophyll and SSH
zonal section of filtered CHL and SSH along 20°S



Westward Propagation of CHL and SSH
wavenumber-frequency power spectral density

ω =
−βk

k2 + λ−2
0



Westward Propagation of CHL and SSH
wavenumber-frequency power spectral density



Westward Propagation of CHL and SSH
wavenumber-frequency power spectral density

Avg. Zonal Propagation Rate of Eddies
= −4.9 cm s−1

Avg. Zonal Propagation Rate of Eddies
= −4.9 cm s−1



Westward Propagation of CHL and SSH
wavenumber-frequency power spectral density



Westward Propagation of CHL and SSH
wavenumber-frequency power spectral density



Conclusion 2: The Westward Propagation of SSH 
and Chlorophyll

mostly due to nonlinear eddies, not Rossby waves

• The observed westward co-propagation of CHL and SSH anomalies that 
in the past have been attributed to linear Rossby waves is in fact due to 
nonlinear eddies.

  - Phase relation (cross correlation) between SSH and CHL

  - Wavenumber-frequency spectra of CHL show that “most” of the             
   energy in the westward propagating quadrant is at higher frequencies  
   than allowed by linear Rossby waves.
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SST-Induced Ekman Pumping
How it works:

• Warm (cold) SST anomalies accelerate (decelerate) local winds resulting in a wind stress curl from 
the crosswind SST gradient associated with the SST anomaly.

SST-Induced
Ekman Pumping
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• 30°S
• 20 cm amp.
• 10 ms-1 wind
• 1° SST pert.

U �
wind = α SST �

α = 0.32



Eddy-Induced Ekman Pumping

• Eddy-induced Ekman pumping is of the same order of magnitude as basin 
scale Ekman pumping

Risien and Chelton, 2008
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