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Western boundary currents (WBCs) are highly variable,
on timescales from months to decades.

5-year RMS variability of altimetric sea-surface height (P. Cipollini, NOC, http://www.euroargo-edu.org/img/map7.png)



What sets WBC variability timescales?
Is it intrinsic, forced, or a combination of both?

E.g.: East Australian Current

• Intrinsic barotropic & baroclinic instability: sheds
3–4 large anticyclonic eddies per year (Bowen et al.,
2005; Mata et al., 2006)

• Forced interannual and multidecadal EAC
variability via baroclinic Rossby waves driven by
wind stress curl variation (Holbrook et al., 2011; Hill
et al., 2008; Sloyan and O’Kane, 2015).

being shed from the current as large anticyclonic eddies, the
SLAs that keep propagating southward along the coast
undergo a slow decay. The smaller scale structures (‘‘dia-
monds’’ in Figure 11, top) are harder to interpret, but they are
probably reflect the high noise level associated with the
surface TKE field derived from altimetry.
[28] The TPE model field features an elongated region of

high positive TPE following the east Australian continental
slope with most of the nonzero values to the south of 30!S
(Figure 12). Further offshore in the EAC return flow the
TPE field values are distinctively negative (blue areas in
Figure 12) indicating that the dissipation of eddies likely
plays an important role in driving the recirculation. The

model TPE field also shows raised positive TPE values at
bathymetric constriction of the Tasman Sea deep basin
(22!S/154!E). This is consistent with the composite analysis
previously discussed which revealed the presence of rela-
tively strong eddies that begin to grow in that area. Hence,
near to the coast baroclinic instabilities are active and thus
both kinds of instability are acting to feed the growth of the
SLAs that will eventually form the EAC rings.
[29] In a meridional transect (zonally averaged between

154! and 155!E) of TKE there is general agreement
between model and observations but the model values are
generally lower (Figure 13). The large peak of positive TKE
is broader in the altimetry results and, from north to south,

Figure 10. SLA composite for (a) the EAC inshore situation and (b) the EAC offshore situation. Same
results as presented in Figure 8, except that the climatological mean sea level has been removed. The
SLA composites from the POP model outputs for the (c) inshore and (d) offshore phases are also
presented. Units are meters.
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Composite SLA
(Mata et al., 2006)



What conceptual models do we have for WBC variability?
Nonlinear models show intrinsic variability under steady wind forcing (Jiang

et al., 1995; Berloff and McWilliams, 1999; Dijkstra and Molemaker, 1999)

Linear models show that variable wind forcing can explain some of the WBC
variation, especially at interannual to decadal timescales (Qiu and Chen, 2006; Qiu,

2002; Holbrook et al., 2011)

But WBCs are both nonlinear
and subject to variable forcing

— what effects can this produce?
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FIG. 1. Bifurcation diagram for the QG model with values of the parameters as in Table 1. Here C subtropical vs the Reynold number
Re is plotted together with the flow patterns. The bifurcations P1, P2 correspond to the pitchfork bifurcations (squares), whereas the triangles
indicate the location of the Hopf bifurcations (see text and Fig. 2 for details), the first limit point L is indicated by a dot. The panels
correspond to the upper-layer streamfunctions, positive contours are represented by thick lines, negative contours by thin lines together with
contour intervals.

tisymmetric steady flow becomes unstable to this per-
turbation pattern. Basically, the superposition of such a
symmetric perturbation on the antisymmetric steady
state creates either a stronger subpolar gyre or a stronger
subtropical one. When Re . 29.4, the perturbation is
able to extract enough energy from the horizontal shear
of the basic state so as to overcome the effect of the
dissipation (Dijkstra and Katsman 1997; Primeau 1998).
Because this mode is responsible for multiple equilibria
and asymmetric states under symmetric forcing condi-
tions, that is, for the pitchfork bifurcations, we call it
the P-mode. The P-mode streamfunction keeps its sym-
metric structure unchanged over the whole Re range
explored herein.

The nonoscillatory mode responsible for the saddle–
node bifurcation at L and the one just before P2 has a
dipolar antisymmetric structure (Fig. 3a, lower-left pan-
el). It thus acts on both gyres simultaneously so that
they either increase or decrease in intensity. The anti-
symmetric structure of the steady flow is thus kept un-
changed due to the equally antisymmetric structure of
the perturbation. We will call this nonoscillatory mode
involved in the saddle–node bifurcations, or limit points,
the L-mode. At P1, the L-mode is stable with a growth
rate kr ¯ 25 and kr becomes positive at the saddle–
node bifurcation L in Fig. 3a. When the L-mode per-
turbation has the sign shown, it increases the energy of
both gyres. On the contrary, if the perturbation has the

Bifurcation diagram
(streamfunction maximum
vs. Reynolds number) for
two-gyre barotropic QG
flow under antisymmetric
steady wind forcing.

Symmetry broken in pitch-
fork bifurcation P1.

Variability arises from 3
Hopf bifurcations.

(Simonnet and Dijkstra, 2002)
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Spectrum of intrinsic variability
under steady wind forcing.
(Speich et al., 1995)

Wind also varies on similar
timescales—what effect might
this have?
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Annual peak in wind stress curl

damped annual and semiannual peaks and clearer cut-
offs between 2- and 3-yr periods (figure not shown).

Spectral analysis of the FC time series (Fig. 3b) shows
a red spectrum consistent with the multiplicity of physical
processes operating on the FC at time scales from sea-
sonal to decadal. Less pronounced annual and semian-

nual peaks are also present in comparison with the WSC
signals. The interannual portion of the spectrum is
separated from the annual peak by a minimum at about
the 2-yr period, and the energy in this portion of the
spectrum explains about 20% of the total variance.
These results suggest the use of a low-pass cutoff at the

FIG. 2. Climatological mean surface wind stress from the NCEP–NCAR reanalysis project
between 1982 and 2007. Arrows show the wind stress field, and the contour map is the vertical
component of WSC. The WSC contours are in units of 1027 Pa m21. White (gray) background is
for positive (negative) mean WSC. Three regions are outlined across a latitude band centered at
278N, corresponding approximately to the Straits of Florida: WNA, CNA, and ENA. WSC
forcing over these regions is hypothesized to influence the FC transport on interannual time
scales, via baroclinic adjustment. The solid line shown following continental coastlines corre-
sponds to the 200-m isobath.

FIG. 3. (a) Spectra of the WSC time series for each forcing region. The lines correspond to
regions: solid black is western; solid gray is central; and dashed gray is eastern. (b) Spectrum
of the Florida Current transport time series. The time series are normalized to zero mean and
unit variance before computing the power spectral density (PSD), resulting in dimensionless
values of PSD. The frequency axis is in cycles per year, with 108 corresponding to the annual
frequency.
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NCEP-NCAR reanalysis wind stress
curl spectra in the North Atlantic,
showing peaks at 12 and 6 months
above a roughly white background
(DiNezio et al., 2009)



Two-layer quasigeostrophic model
Deliberately simple conceptual testbed, allowing detailed parameter surveys:

• Q-GCM, 12,960× 5,120 km closed box, flat bottom, 10 km grid resolution

• 2 layers (H1 = 500 m, H2 = 3500 m); baroclinic Rossby wave speed (2.69 cm s−1)
and deformation radius (37.4 km) match Pacific at 30◦S

• Driven by climatological annual cycle of scatterometry-derived South Pa-
cific wind stress curl (SCOW, Risien and Chelton, 2008)

WSC = <
(

∑4
n=0 Cneinω

)
complex coefficients Cn set the spatial structure of the amplitude and phase of the
mean and 12-, 6-, 4- and 3-month harmonics of the annual cycle on a 0.25◦ × 0.25◦ grid,
modified to account for Island Rule around Australia and New Zealand and to give
realistic EAC separation

• Model WBC is laminar but similar to the EAC
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Intrinsic behaviour under steady forcing
Spinup under
steady wind

Eddy viscosity
Ah = 1200 m2 s−1

Rapid barotropic
adjustment;
slow baroclinic
adjustment

Final state:
periodic
shedding of 4.13
anticyclonic
eddies per year
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Spinup under
steady wind

Eddy viscosity
Ah = 900 m2 s−1

Final state:
chaotic eddy
shedding
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Spinup under
steady wind

Eddy viscosity
Ah = 450 m2 s−1

Final state:
chaotic eddy
shedding (now
involving 2nd
meander)
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Power spectra of top-layer EKE vs. eddy viscosity Ah with steady forcing



How might the annual wind cycle modify the intrinsic eddy-
shedding of the EAC?
Three basic possibilities:

• Quasiperiodicity: eddy-shedding period not greatly affected by variable
forcing: unsynchronised (unlocked) to forcing

• Locking: eddy-shedding shifts frequency to exactly match a forcing fre-
quency (or a rational multiple), giving a synchronised state

• Chaos: nonlinear response of periodic intrinsic state to periodic forcing
yields broad spectrum of variability: unsynchronised (unlocked) to forcing
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Response to
annual wind
cycle (with 12-,
6-, 4- & 3-month
harmonics).

Eddy viscosity
Ah = 1200 m2 s−1

Final state:
locked to
forcing (eddy
shedding period
shifts from 4.13
to 4.00 per year)





Parameter surveys
• Under steady forcing, nonlinearity and time-dependence of WBC depend

on eddy viscosity Ah, a “free” parameter.

• Under periodic forcing, expect response (locked or not) to depend on

• nonlinearity of response to varying forcing (control by Ah or amplitude
of wind variability)

• ratio of intrinsic frequency to wind frequency (control by Ah or fre-
quency of wind variability)

• ⇒ Parameter surveys: to get independent control of nonlinearity and fre-
quency ratio, force with observed mean wind stress curl, but
scale the frequency and amplitude of the time-varying component of the
wind
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“Annual” wind cycle plus 3 harmonics (periodic intrinsic variability; Ah = 1200 m2 s−1)

Dots are experiments. Coloured: phase locked. Grey: unlocked.
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Sinusoidal “annual” wind forcing cycle (periodic intrinsic variability Ah = 1200 m2 s−1)

Dots are experiments. Coloured: phase locked. Grey: unlocked.
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E.g.: WBC shifting its frequency to phase-lock to forcing

Grey: KE vs. time

Dots: KE sampled
at forcing period.

Spectra for steady
& periodic forcing.

fw is wind
frequency.
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E.g.: Quasiperiodic state: WBC not synchronised to wind variation

Grey: KE vs. time

Dots: KE sampled
at forcing period.

Spectra for steady
& periodic forcing.

fw is wind
frequency.
Low-frequency
variability
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Chaos produced by periodic forcing of intrinsically periodic state

Grey: KE vs. time

Dots: KE sampled
at forcing period.

Spectra for steady
& periodic forcing.

fw is wind
frequency.
Low-frequency
variability



Parameter survey with intrinsically chaotic state (Ah = 900 m2 s−1)

Periodic forcing can make a chaotic flow periodic!



Chaos eliminated by periodic forcing of intrinsically chaotic state

Grey: KE vs. time

Dots: KE sampled
at forcing period.

Spectra for steady
& periodic forcing.

fw is wind
frequency.
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Including bathymetry
• Response to variable wind mediated by barotropic Rossby waves, which

“feel” f /h contours (rather than f )

• Bathymetry expected to inhibit the propagation of barotropic Rossby waves
(Kindle, 1991)

• A topographic Sverdrup balance (governed by f /H rather than f ) is ex-
pected for the barotropic response to annual forcing (Anderson and Corry,
1985)

So try a suite of experiments including bathymetry
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Model
bathymetry,
clipped to
5500–2500 m
for compatabil-
ity with QG

Planetary PV
contours
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Bathymetry stabilizes gyre under steady forcing (instability needs smaller Ah)
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Response to
annual wind
cycle (+ 3
harmonics), with
bathymetry

Eddy viscosity
Ah = 1000 m2 s−1

Final state:
locked to
forcing
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Locked regimes persist with bathymetry
(“Annual” wind cycle plus 3 harmonics; periodic intrinsic variability; Ah = 1000 m2 s−1)



Phase locking in a forced nonlinear oscillator
WBC behaviour is similar to a forced nonlinear oscillator

Kiss and Frankcombe (2016)

Response frequency 1/Ts vs.
natural frequency 1/Tn and
nonlinearity ε in an oscillator
driven at frequency 1/Tw.

Response is locked to
rational multiples of forcing
frequency (light grey),
or is quasiperiodic or chaotic
(dark grey).



Nonlinear effects in a more realistic model

• NEMO 1/4◦ regional model, nested
in a global model
• Surface forcing from ERAI (stress,

buoyancy)
• Boundary forcing from global model

(Bull et al., in prep.)

Experiments with the same mean forcing and

• All forcing variable (VARY-ALL)
• Open boundary forcing constant (VARY-LOCAL)
• Surface forcing constant (VARY-OBC)
• All forcing constant (CONSTANT)
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Mean SSH superimposed from 2 runs
• Green: Open boundary forcing

constant (VARY-LOCAL)
• Yellow: Surface forcing constant

(VARY-OBC)

Rectified response: mean forcing is the same but variable surface forcing
moves mean EAC separation region poleward
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Change in eddy KE (left) and mean KE (right) with variable forcing.



Conclusions
• Wind-induced Rossby waves can be a “pacemaker” for WBC instability

(at least in simple models)

• Periodic wind variations can dramatically alter the time-dependence of an
intrinsically unstable current:

• Phase-locking can shift eddy-shedding far from its natural period

• Nonlinearity generates long timescales (absent from wind or current)
by chaos and quasiperiodicity

• Dependence on parameters resembles a forced nonlinear oscillator

• Observed timescales of variability may not be due to the wind or the
current alone, but to their nonlinear interaction

• Varying forcing may lead to significant changes in mean EAC separation
location



Questions?

More information

Kiss & Frankcombe (2016) J. Phys. Oceanogr. 46:1117–1136
http://dx.doi.org/10.1175/JPO-D-15-0113.1
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