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Characterising the chaotic nature of ocean ventilation

Plumb et al. (1994)

Lagrangian tracing of filaments1094 PLUMB ET AL.: INTRUSIONS INTO THE ARCTIC VORTEX 

Plate 1. Vortex structure on the 450 K isentropic surface at 1200 UT on January 22, 1992, from the CAS 
integration of Figure 3. The DC-8 flight track for this day is shown. (The part of the flight track that is 
shown here is that for which data are plotted on Plate 2; circles correspond to the hours marked on Plate 
2.) The cross marks the location of Alert. 

Hudson Bay. During this period some forecasts were run 
with an experimental version of the model, the most signif- 
icant difference from the operational model being reduced 
diffusion [Simmons, 1993]. The 8- and 5-day forecasts of 450 
K PV, valid at 1200 UT on January 24, from these experi- 
ments are shown in Figures 2c and 2d, respectively. Note 
the greater penetration of the intruded air in these forecasts 
and the wrapping of edge air right around the western vortex 
center and across Greenland. 

2.3. CAS Integrations 
A CAS experiment was initiated with contours coincident 

with the 450 K NMC PV contours on January 16. These 
contours were advected for 10 days with the 450 K daily 
balanced winds determined from the NMC analyses. (Since 
the NMC analysis was missing for January 24, the NMC 
12-hour forecast winds were used at this time.) Results of 
this procedure are shown in Figure 3. The first frame shows 
the initial condition for the experiment, taken from the 
January 16 analysis shown in Figure 1; note that the outer 
material contours, at the boundaries of the lightest gray 
shading, are outside the main vortex as defined by the region 
of maximum potential vorticity gradient in the analyses. In 
light of the results to follow, it will become evident that this 
initial condition is likely a low-resolution picture of a highly 
detailed structure; this initial error will of course be carried 
throughout the integration. 

Compared with the analyses of Figure 1, the evolution of 
the material contours gives a rather different impression of 
the likely behavior of the vortex. Nevertheless, close com- 

parison shows that the two are in fact remarkably consistent; 
e.g., note the agreement on January 26-28 (after 10-12 days 
of CAS integration) in depiction of the vortex air that has 
broken away over Siberia. Overall, the comparison is con- 
sistent with the presumption that the NMC analyses give a 
low-resolution picture of what the CAS results are describ- 
ing. The differences are marked, however, at smaller scales. 
In particular, a substantial intrusion begins in the CAS 
calculation over the northeast Atlantic after January 20. The 
vortex becomes increasingly divided but never completely 
split into two. Note that most of the air initially in the center 
of the vortex is now in the eastern part (near 40øE). Subse- 
quently (by January 22), what remains of the main vortex 
near 50øW appears to control the velocity field and to roll up, 
with the result that air from the eastern part is drawn back 
around the western center of the vortex along with intruded 
air from the north Atlantic. By January 24 the result of this 
transport is a vortex with a highly convoluted internal 
structure. Note that air originally in the vortex center is now 
around the outer edge; further inside is found the intruded 
air, strung right around the vortex just inside the main jet. Its 
location is similar to that of the intrusion in the experimental 
ECMWF forecasts of Figures 2c and 2d but with greater 
penetration. At the center of the re-formed vortex is air that 
was originally at its edge. Later (January 24-28), the in- 
truded air is mixed within the vortex, and much of what 
remains of the eastern center is ejected. 

As a test of the sensitivity of the CAS results to the 
advecting wind field, the calculation was also done from the 

Eddy stirring and filamentation

Manucharyan and Thompson (2017)
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Strogatz (1994)

In nonlinear dynamical systems, filament width characterises the chaotic 
nature of trajectories by establishing sensitivity to initial conditions

Forced double-well oscillator
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The thinning of filaments in dynamical systems is analogous to stretching and 
folding of puff pastry, at a rate defined by the strain
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In the ocean, the role of the baker is played by the circulation, with the strain 
rate set by local velocity gradients
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For a ventilated fluid parcel, the ‘time that the baker has been working for’ is 
the time since ventilation, allowing the definition of a filamentation number, F

Ventilation pathways 
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We calculated F in the subtropical thermocline of a 1/4º ocean model, using 
backwards-in-time Lagrangian trajectories
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We calculated F in the subtropical thermocline of a 1/4º ocean model, using 
backwards-in-time Lagrangian trajectories
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We resolve filaments directly, equivalent to a dynamical systems Lagrangian 
map, using year and longitude of ventilation as the ‘final state’
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We resolve filaments directly, equivalent to a dynamical systems Lagrangian 
map, using year and longitude of ventilation as the ‘final state’

σθ = 26 kgm-3

σθ = 26.5 kgm-3
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The filament width of the Lagrangian maps exhibits the expected behaviour: 
smaller filaments for larger F

Power spectra of ventilation longitude PDFs of ventilation longitude gradients
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Summary 
• By analogy to dynamical systems, the chaotic 

nature of ocean ventilation can be characterised 
by a reduction in filament width since subduction. 

• This is quantified by the non-dimensional number 
F, a ratio of ventilation and strain timescales. 

• F is large across three density surfaces in the 
subtropical North Atlantic thermocline. 

• Resolving filament width directly (through 
backwards-in-time Lagrangian maps) shows the 

expected relationship with F.

MacGilchrist et al. (2017) Characterizing the chaotic 
nature of ocean ventilation, JGR Oceans, 122.
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