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Neutral Density

westerly winds

Ekman pumping: 
steepens isopycnals

Eddy 
restratification

Southern Ocean Momentum Balance

Existing Theoretical Framework (Gill et. al. 1974, Marshall & Speer, 2012; 
Hallberg & Gnanadesikan, 2006; Abernathey & Cessi, 2014): Competition 
between wind driven upwelling and baroclinic eddies determines mean 
isopycnal slope, ACC transport, and MOC



SAM EKE
2 ~ 3 yrs

Meredith & Hogg (2006, GRL)

Wind Stress —> APE —> EKE



SAM EKE
2 ~ 3 yrs

Meredith & Hogg (2006, GRL)

Wind Stress —> APE —> EKE

Simple model: 
channel SO

Variable 
Wind forcing  
at surface

Adiabatic 
Interior



SAM EKE
2 ~ 3 yrs

Meredith & Hogg (2006, GRL)

Wind Stress —> APE —> EKE

Simple model: 
channel SO

Variable 
Wind forcing  
at surface

Adiabatic 
Interior

Conversion  
term

Drag term

wind power  
input

d(APE)

dt
= W � C

d(EKE)

dt
= C �D

Simple model: 
Energy pathway



SAM EKE
2 ~ 3 yrs

Meredith & Hogg (2006, GRL)

Wind Stress —> APE —> EKE

Simple model: 
channel SO

Variable 
Wind forcing  
at surface

Adiabatic 
Interior

Conversion  
term

Drag term

wind power  
input

d(APE)

dt
= W � C

d(EKE)

dt
= C �D

Simple model: 
Energy pathway

C = �
ZZZ

dV
w0b0

⇠ �KGM
(rb)2

N2



Simple model: w/o Eddy feedback
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Two conversion 
terms : 

c1, c2

Same as c,  
(eddy mixing coeff)

New term, 
(eddy feedback)
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Spectral Analysis

energy input: 
same power, 
different 
frequency

response: 
different 
amplitudes

Sinha & Abernathey (submitted to JPO)
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Compare Analytic & Numerical Model
dP 0

dt = f 0 � c1P 0 � c2K 0

dK0

dt = c1P 0 + c2K 0 � rK 0

~560 days ~157 days

~560 days ~78 days

c1 = f/P ; c2 = f/2K

c1 = f/P ; c2 = f/K

weak eddy feedback

strong eddy feedback

Sinha & Abernathey (submitted to JPO)



Summary
Two limits : Fast vs Slow - Transient response to changing 
winds

Analytical model: Energy Budget -  wind power, APE, EKE
with and without eddy feedback

smooth transfer function, complex phase and amplitude 
response to changing winds: Regime shift

Numerical simulations with idealized model 

 mechanistic description of the eddy equilibration process 
with purely dynamic forcing



Discussions
Eddy generation and dissipation - non-local in 
time

Eddy memory effect - Time dependent eddy 
parameterization  

Used in conjunction with multiple timescale 
response to thermodynamic forcing (Ferreira et al 
2014 )(sea ice, ozone depletion etc.) - more 
complete theory for SO response, baroclinic eddy 
equilibration 
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used in this paper, the wind stress parameterization does not depend on ocean velocity. Including ocean
velocity in the wind stress calculation would reduce the rate of work done by the wind stress slightly.

The power input from wind-driven buoyancy loss from the mixed layer to layer 1 is less significant at these
time scales. The main balances appear to be split between very long and very short time scales:

1. For the longest time scales, wind work (Figure 7a) is quite well balanced (small residual in Figure 7e) by
frictional dissipation. The frictional dissipation comes from lateral viscosity (Figure 7d) and bottom drag
(Figure 7c) in a ratio of about 2:1. There is still notable interannual variability in the residual of this balance
(Figure 7e) which is manifested in frictional processes but does not vary with F. It is notable that both
forms of frictional dissipation show both trends and interannual variations which are similar to those
seen in the EKE time series of Figure 5a, an association which seems physically reasonable. These rela-
tively long-period variations, visible most clearly in Figure 7e, are balanced by changes in PE (Figure 7f).

2. For short time scales of much less than a year, but distinct from the forcing periods, there is some variabil-
ity in wind work (Figure 7a) and lateral viscous dissipation (Figure 7d), but the strongest signal is in d

dt ðPEÞ
(Figure 7f) and d

dt ðKEÞ (Figure 7g), a balance which is consistent with equipartition of energy expected for
motions on length scales centered on the relevant Rossby radius [Gill, 1982, section 7.5]. The rapid vari-
ability in energy and its insensitivity to the strength of the wind stress trend is interesting and suggests
that the slow adjustment between wind work and frictional dissipation (which does increase with wind
stress) might be mediated by rapid, energetic processes which are insensitive to F. It is worth adding that,
although friction may be of little importance in the momentum budget of a Southern Ocean channel
with topography, as examined extensively by Wolff et al. [1991], it is important energetically.

Figure 8 (left) shows power spectra for terms in (3) averaged across all 11 members of the BCPE after
detrending, so does not distinguish variation with F but rather gives an overview which relates to the intrin-
sic variability and any nonlinear forced response. At periods shorter than about a year, the main balance is

Figure 8. (left) Power spectra of the time series of terms in the energy balance of the model run, calculated as the average of the Fourier transforms of the 11 primary model runs, after
detrending. Terms shown are the rate of change of (blue) potential energy, (red) kinetic energy, (pink) total energy (kinetic plus potential), together with (black) the power input from
wind (including a potential energy input to the mixed layer), frictional power loss (green), and the residual imbalance (orange). (right) Time series (after subtracting a fitted seasonal
cycle) of the run with the largest trend in wind stress. Colors are as before, except that orange represents the difference between power input and frictional loss (which should be bal-
anced by dE/dt if the residual can be neglected). The orange horizontal line represents the zero offset applied to its time series.

Journal of Geophysical Research: Oceans 10.1002/2014JC010315

WILSON ET AL. VC 2014. The Authors. 13
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Simple model with Eddy Feedback



Power Spectra of Winds

NCAR Reanalysis ERA Interim



Spectral 
Amplitude Response



Transport Spectra



Amplitude and Phase from Composite



Composite Transport


