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Nonlinear Mesoscale Eddies
SSH from the merged altimetry data with tracks of long-lived eddies (16 weeks and longer)






The Use of Mesoscale Eddies by White Sharks
The tagging of white shark Lydia (www.ocearch.org)

Video of Lydia tagging
3:20
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Shark movements analyzed in eddy-centric coordinates
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White Shark SPOT Locations Collocated to 
Mesoscale Eddies and Meanders

Sea Level Anomaly on 4-July-2013 overlaid with SPOT locations

Gaube et al. 2018a



Eddy-Centric Maps of White Shark Locations

Gaube et al. 2018a
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More Time at Depth in Warm Anticyclones
Temperature composites from Argo float profiles, diving depth from MiniPATwww.nature.com/scientificreports/
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this region indicated that anticyclonic eddies were characterized by displacement of isotherms downward by 
approximately 50 m (Fig. 3a). Downward displacement of isotherms resulted in moderate temperature anomalies 
of ~2.5 °C at a depth of 700–800 m (Supplementary Fig. 3k). Argo float profiles also revealed that isotherms in 
cyclonic eddies in this region were, on average, over 200 m shallower than outside of cyclones (Fig. 3b) result-
ing in large negative temperature anomalies with a maximum magnitude of −4.6 °C at 500 m (Supplementary 
Fig. 3l). The isotherm displacements of cyclones and anticyclones in the region examined here were, however, 
not symmetrical. The asymmetry resulted from the geometry of the domain in which a number of large ampli-
tude cyclonic “cold-core rings” (or eddies) that originated from the Gulf Stream were included in the composites 
whereas the anticyclones were dominated by smaller amplitude eddies of open-ocean origin. Nonetheless, the 
warm interiors of anticyclonic eddies in this region may allow for longer deep dives than in comparatively colder 
water found in the interiors of cyclones as a result of thermal regulation requirements. Indeed, we observed that 
when the double-tagged white shark was in relatively cold cyclonic eddies, it was 20% and 42% more likely to be 
at the surface during the day and night (respectively) than at depth, when compared to the warmer anticyclonic 
eddies (Supplementary Table 1). Further evidence for the temperature regulation hypothesis came from the lack 
of a significant difference in either dive depth or duration as a function of polarity in open ocean eddies. There 
were smaller isotherm displacements associated with open ocean eddies compared to larger amplitude eddies in 
the Gulf Stream region (Supplementary Fig. 3), and, therefore, the thermal environments in both types of eddies 
were more similar. Thus, the lack of significant differences in the dive profiles between anticyclonic and cyclonic 
eddies in the open ocean region (Supplementary Fig. 2) is consistent with the temperature hypothesis.

The association of white sharks with anticyclones is perhaps counterintuitive because clockwise rotating anti-
cyclonic eddies in the North Atlantic are often associated with low surface chlorophyll7, whereas cyclones have 
been observed to enhance chlorophyll and phytoplankton biomass23. However, some anticyclones in this region, 
in particular those containing an intra-thermocline lens of water, have been observed to contain large concentra-
tions of diatoms in their cores resulting in enhanced primary production rates24. Moreover, deeper mixed layers 
in anticyclonic eddies can lead to enhanced chlorophyll in oligotrophic regimes8. Vertical and horizontal distribu-
tions of prey populations also likely influence the dive profiles of pelagic predators in mesoscale eddies, as white 
sharks are known to forage in the mesopelagic25. An acoustic survey across the North Atlantic, from Scotland 
to Nova Scotia, found that acoustic backscatter - a proxy for community biomass - in the mesopelagic zone was 
elevated in anticyclones compared to cyclones26. White sharks may, therefore, be accessing prey more efficiently 
in warm-core anticyclones. However, without direct observations of the distributions of mesopelagic organisms 
in the eddies frequented by the double-tagged individual in our study, we cannot diagnose the influence of eddy 
type on mesopelagic prey biomass, and thus on the diving behavior of the double-tagged white shark analyzed 
here. Nonetheless the double-tagged shark spent more time near the surface during the night when compared to 

Figure 3. Composite averages of potential temperature from Argo floats in Gulf Stream (a) anticyclones and 
(b) cyclones. The time spent at depth computed from the 5-minute resolution dive data (see methods) in Gulf 
Stream anticyclones (red) and cyclones (blue) is shown as stepped lines during the (c) day and (d) night.
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Sharks prefer cores of anticyclones
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Blue Shark “Oscar” interacting with mesoscale eddies and 
meanders in the Gulf Stream 
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Analysis of the movement of tagged blue sharks 
and eddies identified and tracked in the global 
1/12 degree HYCOM model suggest that these 
sharks dive into the mesopelagic within a thermal 
“envelope.”



Are Anticyclones Conduits to the Mesopelagic for 
Pelagic Predators?



Coming soon from Global Shark Movement Project
http://www.globalsharkmovement.org/

Peter Gaube        pgaube@apl.washington.edu



Animation of Turtles, Eddies and CHL
log10 Chlorophyll-a from MODIS-Aqua, MERIS and SeaWiFS 2001-2008



Why do White Sharks Seek Out Anticyclones?
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Gulf Stream 
Anticyclones:

• Negative near-
surface  
anomalies CHL.

• Low in NO3 
when   
compared to 
cyclones.

• Likely ares of 
low   
primary   
production.

Gaube and McGillicuddy 2017



Turtles in eddies
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each other), suggesting that turtles may try to avoid the peripheries of anticyclonic eddies. This

hypothesis was supported by the relatively lower abundance of turtles in the peripheries of

anticyclones, in contrast to the relatively higher abundance of drifters in those same eddy

subregions.

In the southern subregion, a total of 564 and 527 individual daily turtle location estimates

were observed within 2Ls of anticyclones and cyclones, respectively. The eddy-centric compos-

ites revealed an apparent association of turtles with the interiors of anticyclones and along the

peripheries of cyclones (Fig 5C and 5D), which was confirmed in the radial histograms (Fig

6D; note that the differences outside the cores are only different in the outer peripheries).

Fig 5. Eddy-centric turtle locations.Daily turtle locations collocated with the interiors of (A) anticyclonic and (B) cyclonic eddies north of 35˚S, and
(C) anticyclonic and (D) cyclonic eddies south of 35˚S. The tracks of turtles in eddy-centric coordinates are shown as grey lines. The x and y axes if
each panel have been scaled by the horizontal speed-based eddy radial scale Ls defined in section 2.1.

doi:10.1371/journal.pone.0172839.g005

Fig 6. Normalized histograms of turtle, drifter and swimming speed.Histograms of the number of daily turtle locations (panels A and D) and
drifter locations (panels B and E) per unit area of each radial annulus as a function of radial distance from the closest eddy centroid. Turtles and
drifters associated with anticyclones and cyclones are shown as red and blue stepped curves, respectively. The x axes of each panel have been
scaled by the horizontal speed-based eddy radial scale Ls. The 95% confidence interval of each radial bin is shown by grey shading. Confidence
intervals for the binomially distributed location counts were computed following [38]. The median turtle swimming speed (see section 2.2) as a function
of radial distance from eddy centroids is shown in panels c and f. The 95% confidence interval of the mean is shown by grey shading in panels c and f.

doi:10.1371/journal.pone.0172839.g006
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Eddy Centric Analysis of Turtle Movement



negative SST’ is located outside of the eddy periphery in the northeast quadrant. Northern

cyclones contain a primary pole of elevated CHL to the north and a region of low CHL to

southeast (Fig 4B). The composite SST’ of these cyclones is characterized by a primary pole of

negative SST’ that extends from the eddy core into the northwest quadrant and a secondary

pole of positive SST’ to the east (Fig 4D). The dipole structure of the composite in the northern

eddies suggests that eddy-induced perturbations of SST and CHL are primarily caused by

advection of ambient gradients around the eddy periphery (“eddy stirring” [37]). It is impor-

tant to note, however, that the anomalies are not zero at the eddy centers, as would be expected

from the influence of eddy stirring alone, suggesting that other mechanisms (i.e. “eddy pump-

ing” [34]) may be important in this region.

In the southern subregion, the observed geographical structure of eddy-induced CHL’’ and

SST’ is best described as a monopole with negative CHL’’ and positive SST’ in the interiors of

anticyclones (Fig 4E and 4G) and positive CHL’’ with negative SST’ within the interiors of

cyclones (Fig 4F and 4H). The exact mechanism generating the observed monopoles of CHL’’

and SST’ in these eddies is ambiguous, as there are at least two processes that could be respon-

sible for the observed patterns. In the case of CHL, Gaube et al. [37] showed that the observed

CHL’’ in these eddies is consistent with trapping of elevated or depressed CHL during forma-

tion of cyclones and anticyclones, respectively. Upwelling and downwelling occurring during

the intensification of cyclones and anticyclones can also generate these same patterns in CHL’’

Fig 4. Eddy-centric composite of CHL and SST.Composite medians of CHL’’ (left two columns) and SST anomalies (right two columns) for eddies in
water depths in excess of 3,000m. (A,C) Anticyclones and (B,D) cyclones north of 35˚S. (E,G) Anticyclones and (F,H) cyclones south of 35˚S. The x and y
axes if each panel have been scaled by the horizontal speed-based eddy radial scale Ls. The contours overlaid on each composite are the composite median
of SLA at an interval of 3 cm, negative contours shown as dashed curves. Note different colorbar scaling used in the for observations north and south of
35˚S.

doi:10.1371/journal.pone.0172839.g004

Turtles in eddies

PLOSONE | DOI:10.1371/journal.pone.0172839 March 1, 2017 10 / 19

Why do Juvenile Loggerheads Prefer Anticyclones?

Gaube et al. 2017





a) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumping

a) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumpinga) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumping

Gaube et al., 2014

Exploring the Mechanisms Generating Observed 
Eddy Influence on Chlorophyll



r0(SSH,	CHL’)

Cyclones

Cyclones

Anticyclones

Anticyclones

SSH	– CHL	correlation
and	eddy-centric	

composites

Gaube	et	al.,	2014



Mechanisms	  of	  mesoscale	  physical-‐biological	  interac5on:	  
2.	  Eddy	  forma5on	  /	  intensifica5on	  

McGillicuddy	  and	  Robinson,	  1997	  

McGillicuddy	  et	  al.,	  2001	  

Vertical Exchange Forced by Eddy Dynamics

Gaube et al. 2015



Mechanisms	  of	  mesoscale	  physical-‐biological	  interac5on:	  
3.	  Eddy	  s5rring	  

McGillicuddy	  and	  Robinson,	  1997	  

Chelton	  et	  al.	  2011	  

Theory	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Observa5ons	  

Clockwise	  
	  
	  
	  
Counter-‐	  
clockwise	  

Clockwise	  
	  
	  
	  
Counter-‐	  
clockwise	  

Eddy Stirring
Observations reveal this to be the globally dominant mechanism



In situ Observations of Eddy-Mediated 
MLD Variability

Cyclone

Anticyclone

Waite et al. (2007b) 
figure 5, b and c

Eddies Modulate Mixed Layer Depth
Pelagic predators spend a significant amount of time in the mixed layer
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Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
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(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.

13.8 McGillicuddy



Eddy Temperature Composites
Computed from Argo float profiles collocated with the interiors of eddies
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Eddies Affect Deep Scattering Layers
Eddies separated by only 200 km
• Eddies modulate both the magnitude of mesope-

lagic backscattering and the characteristics of the 
DVM

• Mesopelagic acoustic backscatter is inversely  
correlated with surface chlorophyll-a
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Mesopelagic Backscattering is Elevated in 
Anticyclones in the North Atlantic

Della Penna and Gaube (in prep)



Mesopelagic Backscattering is Inversely 
Correlated with Primary Production in these Eddies

Della Penna and Gaube (in prep)



Primary Production and Mesopelagic 
Backscattering are Correlated at the Global Scale

Irigoien et al 2014



• Our research indicates that pelagic sharks and turtles preferentially occupy the cores of 
anticyclonic eddies.

  - Turtles in the Southern BMC seek out warm-core anticyclones

  - White sharks in the North Atlantic conduct longer dives into the mesopelagic in 

    warm-core anticyclones

  - Blue sharks prefer anticyclones in the North Atlantic and exploit the larger

    strata enveloped by the 12 deg C isotherm in warm-core anticyclones*.

The observed preference of anticyclones by white sharks could be the result of a simple 
calculus of energetic demands: 

(1) White sharks regulate their internal temperature and anticyclones in the North Atlantic  
      are generally associated with positive sub-surface temperature anomalies;  

(2)  foraging dives might be more successful in anticyclones as a result of elevated     
      mesopelagic fish and squid biomass when compared to cyclones.  

Summary and Conclusions 



Braun et al., (in prep)





Sharks prefer cores of anticyclones
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Analysis of the movement of tagged blue sharks 
and eddies identified and tracked in the global 
1/12 degree HYCOM model suggest that these 
sharks dive into the mesopelagic within a thermal 
“envelope.”



Are Anticyclones Conduits to the Mesopelagic for 
Pelagic Predators?



Coming soon from Global Shark Movement Project
http://www.globalsharkmovement.org/

Peter Gaube        pgaube@apl.washington.edu



Animation of Turtles, Eddies and CHL
log10 Chlorophyll-a from MODIS-Aqua, MERIS and SeaWiFS 2001-2008



Why do White Sharks Seek Out Anticyclones?
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• Negative near-
surface  
anomalies CHL.

• Low in NO3 
when   
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cyclones.

• Likely ares of 
low   
primary   
production.

Gaube and McGillicuddy 2017



Turtles in eddies

PLOSONE | DOI:10.1371/journal.pone.0172839 March 1, 2017 12 / 19

each other), suggesting that turtles may try to avoid the peripheries of anticyclonic eddies. This

hypothesis was supported by the relatively lower abundance of turtles in the peripheries of

anticyclones, in contrast to the relatively higher abundance of drifters in those same eddy

subregions.

In the southern subregion, a total of 564 and 527 individual daily turtle location estimates

were observed within 2Ls of anticyclones and cyclones, respectively. The eddy-centric compos-

ites revealed an apparent association of turtles with the interiors of anticyclones and along the

peripheries of cyclones (Fig 5C and 5D), which was confirmed in the radial histograms (Fig

6D; note that the differences outside the cores are only different in the outer peripheries).

Fig 5. Eddy-centric turtle locations.Daily turtle locations collocated with the interiors of (A) anticyclonic and (B) cyclonic eddies north of 35˚S, and
(C) anticyclonic and (D) cyclonic eddies south of 35˚S. The tracks of turtles in eddy-centric coordinates are shown as grey lines. The x and y axes if
each panel have been scaled by the horizontal speed-based eddy radial scale Ls defined in section 2.1.

doi:10.1371/journal.pone.0172839.g005

Fig 6. Normalized histograms of turtle, drifter and swimming speed.Histograms of the number of daily turtle locations (panels A and D) and
drifter locations (panels B and E) per unit area of each radial annulus as a function of radial distance from the closest eddy centroid. Turtles and
drifters associated with anticyclones and cyclones are shown as red and blue stepped curves, respectively. The x axes of each panel have been
scaled by the horizontal speed-based eddy radial scale Ls. The 95% confidence interval of each radial bin is shown by grey shading. Confidence
intervals for the binomially distributed location counts were computed following [38]. The median turtle swimming speed (see section 2.2) as a function
of radial distance from eddy centroids is shown in panels c and f. The 95% confidence interval of the mean is shown by grey shading in panels c and f.

doi:10.1371/journal.pone.0172839.g006
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hypothesis was supported by the relatively lower abundance of turtles in the peripheries of

anticyclones, in contrast to the relatively higher abundance of drifters in those same eddy

subregions.

In the southern subregion, a total of 564 and 527 individual daily turtle location estimates

were observed within 2Ls of anticyclones and cyclones, respectively. The eddy-centric compos-

ites revealed an apparent association of turtles with the interiors of anticyclones and along the

peripheries of cyclones (Fig 5C and 5D), which was confirmed in the radial histograms (Fig

6D; note that the differences outside the cores are only different in the outer peripheries).

Fig 5. Eddy-centric turtle locations.Daily turtle locations collocated with the interiors of (A) anticyclonic and (B) cyclonic eddies north of 35˚S, and
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of radial distance from eddy centroids is shown in panels c and f. The 95% confidence interval of the mean is shown by grey shading in panels c and f.
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Eddy Centric Analysis of Turtle Movement



negative SST’ is located outside of the eddy periphery in the northeast quadrant. Northern

cyclones contain a primary pole of elevated CHL to the north and a region of low CHL to

southeast (Fig 4B). The composite SST’ of these cyclones is characterized by a primary pole of

negative SST’ that extends from the eddy core into the northwest quadrant and a secondary

pole of positive SST’ to the east (Fig 4D). The dipole structure of the composite in the northern

eddies suggests that eddy-induced perturbations of SST and CHL are primarily caused by

advection of ambient gradients around the eddy periphery (“eddy stirring” [37]). It is impor-

tant to note, however, that the anomalies are not zero at the eddy centers, as would be expected

from the influence of eddy stirring alone, suggesting that other mechanisms (i.e. “eddy pump-

ing” [34]) may be important in this region.

In the southern subregion, the observed geographical structure of eddy-induced CHL’’ and

SST’ is best described as a monopole with negative CHL’’ and positive SST’ in the interiors of

anticyclones (Fig 4E and 4G) and positive CHL’’ with negative SST’ within the interiors of

cyclones (Fig 4F and 4H). The exact mechanism generating the observed monopoles of CHL’’

and SST’ in these eddies is ambiguous, as there are at least two processes that could be respon-

sible for the observed patterns. In the case of CHL, Gaube et al. [37] showed that the observed

CHL’’ in these eddies is consistent with trapping of elevated or depressed CHL during forma-

tion of cyclones and anticyclones, respectively. Upwelling and downwelling occurring during

the intensification of cyclones and anticyclones can also generate these same patterns in CHL’’

Fig 4. Eddy-centric composite of CHL and SST.Composite medians of CHL’’ (left two columns) and SST anomalies (right two columns) for eddies in
water depths in excess of 3,000m. (A,C) Anticyclones and (B,D) cyclones north of 35˚S. (E,G) Anticyclones and (F,H) cyclones south of 35˚S. The x and y
axes if each panel have been scaled by the horizontal speed-based eddy radial scale Ls. The contours overlaid on each composite are the composite median
of SLA at an interval of 3 cm, negative contours shown as dashed curves. Note different colorbar scaling used in the for observations north and south of
35˚S.

doi:10.1371/journal.pone.0172839.g004

Turtles in eddies
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Why do Juvenile Loggerheads Prefer Anticyclones?

Gaube et al. 2017





a) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumping

a) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumpinga) Cross Correlation of CHL' and SSH

c) Cross Correlation of CHL' and SSH in Cyclones

b) Cross Correlation of CHL' and SSH in Anticyclones

d) Cross Correlation of CHL' and Eddy-Induced Ekman Pumping

Gaube et al., 2014

Exploring the Mechanisms Generating Observed 
Eddy Influence on Chlorophyll



r0(SSH,	CHL’)

Cyclones

Cyclones

Anticyclones

Anticyclones

SSH	– CHL	correlation
and	eddy-centric	

composites

Gaube	et	al.,	2014



Mechanisms	  of	  mesoscale	  physical-‐biological	  interac5on:	  
2.	  Eddy	  forma5on	  /	  intensifica5on	  

McGillicuddy	  and	  Robinson,	  1997	  

McGillicuddy	  et	  al.,	  2001	  

Vertical Exchange Forced by Eddy Dynamics

Gaube et al. 2015



Mechanisms	  of	  mesoscale	  physical-‐biological	  interac5on:	  
3.	  Eddy	  s5rring	  

McGillicuddy	  and	  Robinson,	  1997	  

Chelton	  et	  al.	  2011	  

Theory	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Observa5ons	  
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Eddy Stirring
Observations reveal this to be the globally dominant mechanism



In situ Observations of Eddy-Mediated 
MLD Variability

Cyclone

Anticyclone

Waite et al. (2007b) 
figure 5, b and c

Eddies Modulate Mixed Layer Depth
Pelagic predators spend a significant amount of time in the mixed layer
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Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.

13.8 McGillicuddy

MA08CH13-McGillicuddy ARI 2 September 2015 12:7

W
ar

m
 c

or
e 

  C
ol

d 
co

re
 

a   Gulf Stream ring formation b   Leeuwin eddy formation

Gulf S
tre

am

Slope water

Sargasso
Sea

Meander

Gulf S
tre

am

Slope water

Sargasso
Sea

SS

Separation

SS

SW

Gulf S
tre

am

Slope water

Sargasso
Sea

Ring

Anticyclonic
eddy

Jet

Co
as

t

Meander

Undulation

SW

Figure 3
Processes of (a) Gulf Stream ring formation and (b) anticyclone generation in the Leeuwin Current.
Abbreviations: SS, Sargasso Sea water in warm-core rings; SW, slope water in cold-core rings. Panel a
adapted from Warm Core Rings Exec. Comm. (1982) (top) with permission and Knauss (1978) (bottom) with
permission; panel b adapted from Moore et al. (2007) and Pearce & Griffiths (1991).

(Figure 5a), shoaling density surfaces in cyclones and mode-water eddies lift nutrients into the
euphotic zone, where they are rapidly utilized by the biota. Deepening of the isopycnals in anticy-
clones pushes nutrient-depleted water out of the well-illuminated surface layers. The asymmetric
light field thus rectifies vertical displacements of both directions into a net upward transport of
nutrients. Two aspects of this process favor complete utilization of the upwelled nutrients. First,
the timescale for biological uptake is fast (on the order of days) with respect to the physical supply
mechanism (eddy lifetimes on the order of months). Second, because the nutrient enhancement
takes place in the eddy’s interior, the circulation tends to isolate it from the surrounding waters,
which allows biomass to accumulate until the upwelled nutrients are exhausted.

Evidence for the eddy pumping mechanism is also present in the eddy-centric anomalies from
the Gulf Stream region (labeled GS in Figure 1). To begin with, the positive CHL anomaly
monopoles in cyclones (Figure 4a, subpanel ii ) and negative CHL anomaly monopoles in anticy-
clones (Figure 4a, subpanel i ) are consistent with expectations based on the conceptual model for
eddy pumping, although the monopole structures of these polarities are ambiguous with respect
to eddy trapping and pumping (Gaube et al. 2014). As stated above (Section 3.2), the presence of
these anomalies at the time of first detection is consistent with trapping. However, the signature
of eddy pumping is manifested by a subtle trend that barely exceeds the associated uncertainties:
As Gulf Stream cyclones intensify in the first 12 weeks of their lifetimes (Figure 4a, subpanel iii ),
CHL anomalies also increase (Figure 4a, subpanel iv). By contrast, the negative CHL anomaly
in anticyclones is more stable over time during the same interval.
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Eddy Temperature Composites
Computed from Argo float profiles collocated with the interiors of eddies
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Eddies Affect Deep Scattering Layers
Eddies separated by only 200 km
• Eddies modulate both the magnitude of mesope-

lagic backscattering and the characteristics of the 
DVM

• Mesopelagic acoustic backscatter is inversely  
correlated with surface chlorophyll-a
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Mesopelagic Backscattering is Elevated in 
Anticyclones in the North Atlantic

Della Penna and Gaube (in prep)



Mesopelagic Backscattering is Inversely 
Correlated with Primary Production in these Eddies

Della Penna and Gaube (in prep)



Primary Production and Mesopelagic 
Backscattering are Correlated at the Global Scale

Irigoien et al 2014



• Our research indicates that pelagic sharks and turtles preferentially occupy the cores of 
anticyclonic eddies.

  - Turtles in the Southern BMC seek out warm-core anticyclones

  - White sharks in the North Atlantic conduct longer dives into the mesopelagic in 

    warm-core anticyclones

  - Blue sharks prefer anticyclones in the North Atlantic and exploit the larger

    strata enveloped by the 12 deg C isotherm in warm-core anticyclones*.

The observed preference of anticyclones by white sharks could be the result of a simple 
calculus of energetic demands: 

(1) White sharks regulate their internal temperature and anticyclones in the North Atlantic  
      are generally associated with positive sub-surface temperature anomalies;  

(2)  foraging dives might be more successful in anticyclones as a result of elevated     
      mesopelagic fish and squid biomass when compared to cyclones.  

Summary and Conclusions 



Braun et al., (in prep)




