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climate science
"statistical investigations"

look for patterns/correlations
in obs or climate model output

A dichotomy

ρ( ∂u
∂t

+ u ⋅ ∇u) = … Γ(x) = ∫
∞

0
tx−1et dt

theory
study dynamical laws

(differential equations)
and the consequences they imply

a typical meeting with Bill Young @ Scripps/UCSD

(yes, we still use chalk...)
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motivate conceptual model studies
from climate model output/observations

conceptual models

observations /
realistic models

inform climate model development
and interpretation

closer to
reality

easy to understand
and build physical intuition

Goal: narrow the gap between theory and simulation
reality

[Held 2005, BAMS]



use theory to extract dynamics
from observations

conceptual models

observations /
realistic models

closer to
reality

easy to understand
and build physical intuition

Goal: narrow the gap between theory and simulation
reality

[Held 2005, BAMS]

use conceptual models to inspire 
e.g., design of cruises to test hypotheses



I'll give an example:

Response of Southern Ocean to winds increase.



0.2 N/m2

GODAS Wind Stress, 1982-2004 Annual

strong westerly winds blow over the Southern Ocean transferring 
momentum through wind stress at the surface

Climate 
Prediction 

Center

winds (mainly) drive the Antarctic Circumpolar Current



JRE55-do 1960-2018

mean zonal wind (m/s)
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DJF

winds over Southern Ocean are getting stronger

Farneti et al. 2015

how will the Antarctic Circumpolar Current respond?

R. Farneti et al. / Ocean Modelling 93 (2015) 84–120 89

Fig. 2. Changes in zonal-mean zonal wind stress in the CORE-II multi model mean (MMM). (a) Time series of magnitude of peak zonal-mean zonal wind stress (thick line; in N m−2),

and its 10-year running mean for 1958–2007 (thin line), showing the overall strengthening of the westerlies from 1948 to 2007. (b) Change, in percentage, of the peak zonal-mean

zonal wind stress relative to 1948. (c) Change, relative to 1948, in the latitude of the peak zonal-mean zonal wind stress. Negative values indicate a southward displacement of the

peak.

properties in models participating in CORE-II can be found in Downes
et al. (2015).

Variability in the upper limb of the MOC is believed to be largely
dominated by wind forcing (e.g. Treguier et al., 2010), although re-
cent studies have also highlighted the role of buoyancy flux changes
and suggested a linear increase in the upper MOC with buoyancy gain
(Morrison et al., 2011). The abyssal Antarctic Bottom Water (AABW)
cell is instead largely controlled by surface buoyancy forcing in po-
lar latitudes. Changes in heat fluxes influence the rate of AABW for-
mation and the strength of the lower limb of the MOC (Rintoul and
Naveira-Garabato, 2013), resulting in an increase of the abyssal over-
turning with a greater surface negative buoyancy flux. We note that
CORE-II simulations disagree on the sign and magnitude of surface
heat flux trend poleward of 65 °S (Fig. 4).

3. The Antarctic Circumpolar Current

The evolution over the five CORE-II cycles of the vertically-
integrated annual-mean mass transport through Drake Passage for
the seventeen models is given in Figs. 5 and 6. We consider the Drake
Passage transport, and its response to changes in forcing, as represen-
tative of the large-scale features of the ACC. Integrating models for
300 years is not enough for equilibration of the high-latitudes and
especially in the Southern Ocean, where low-frequency adjustment
to local and remote forcing and deep bottom water formation pro-
cesses likely require longer integrations. Most models, however, show
a stabilization of the ACC transport after the first two to three cycles,
and five cycles seem necessary for the characterization of the ACC
evolution during the period 1948–2007. However, some models have

magnitude of peak zonal wind stress over the SO
DJF

does doubling the winds imply double ACC the transport?
not always — “eddy saturation”

results from
inter-annual

CORE-II simulations



When the total time-mean mass transport of a current
is relatively insensitive to wind stress strength.

what's eddy saturation?

Instead, the extra work done by increasing wind goes to mesoscale eddies.

"A
tla

nt
ic

"

"Southern
Ocean"

Eddy saturation is seen in
eddy-resolving "ocean models".

(some hints also in obs.)

eddy saturation
“emerges”

higher
resolution

[Οther examples:  Hallberg & Gnanadesikan 2001, Tansley & Marshall 2001, 
Hallberg & Gnanadesikan 2006, Hogg et al. 2008, Nadeau & Straub 2009, 2012, 
Farneti et al. 2010, Meredith et al. 2012, Morisson & Hogg 2013, Abernathey & 
Cessi 2014, Farneti et al. 2015, Nadeau & Ferrari 2015, Marshall et al. 2017.]

experiments interpolated to the new grid spacing. The 28
were initialized from a set of very coarse 48 experiments
and the ½8 experiments were then initialized from the
result of the 28 experiments. After 1000 years, the ½8
results were then interpolated to 1/68, and these experi-
ments begun.2 Where time-average results are discussed,
the 28 experiments have been averaged over 1000 years,
the ½8 over 100 years, and the 1/68 over 10 years.

3. Key results

The key results of our numerical experiments are
summarized in Fig. 3, where the relationship between the
time-mean ‘‘circumpolar’’ transport (the zonal transport
through the re-entrant channel) and the strength of the
wind forcing (Fig. 3a) and diapycnal diffusivity (Fig. 3b)
are shown.Different averaging periods are used for each
grid spacing; 1000 years for 28, 100 years for ½8, and
10 years for 1/68. The bars represent two standard de-
viations of the instantaneous monthly transport about
the mean. They indicate the instantaneous variability of
the circumpolar current, rather than the standard error
in the mean, which is extremely small due to the large
number of sample values in the averaging period.

Examination of Fig. 3a demonstrates that the noneddy-
resolving model (28, blue line) behaves like other global
climate models employing a constant GM coefficient,
that is, the circumpolar transport changes strongly with
the wind stress (Fyfe and Saenko 2006). Even with no
wind at all (t0 5 0 N m22) a significant TACC of;50 Sv
occurs. This transport occurs for the reasons elucidated
by Munday et al. (2011), that is, that the pycnocline to
the north of the ACC is deepened by diapycnal mixing,
even in the absence of wind. This then leads to a con-
siderable circumpolar transport via thermal wind shear.
The increase in TACC with wind forcing continues across
the extreme range considered here, which reaches a
peak wind stress of 1.0 N m22, compared to the basic
state value of 0.2 N m22. The increase in transport does
not remain linear with wind stress, although it is close to
this limit across many of the experiments. The reader
should note that no error bars are shown on the D 5 28
line of Fig. 3a as the variability is so low that they would
be smaller than the plotted symbol in most cases.
When the grid spacing is refined to ½8 (red line), and

again to 1/68 (green line), the model behaves like the
high-resolution numerical models discussed in section 1.
In other words, TACC ‘‘saturates’’ at some finite value of
wind stress and ceases to increase with further increases
in wind stress. Indeed, for the first time our 1/68 exper-
iments demonstrate that such saturation may take
place with no wind at all, since the increase in vari-
ability effectively makes the green line on Fig. 3a in-
distinguishable from flat. The extreme range of wind
forcing considered in the experiments presented here

FIG. 3. Sensitivity of the circumpolar transport to (a) the wind stress and (b) the diapycnal diffusivity. The ‘‘error
bars’’ are two standard deviations around the long-term mean, calculated from instantaneous monthly values
throughout the averaging period. The 28 (blue) experiments are averaged over 1000 years, the ½8 (red) experiments
over 100 years, and the 1/68 (green) experiments over 10 years.

2 For reasons of numerical stability it was found to be easier to
initialize the 1/68 diapycnal diffusivity experiments from the 48 ex-
periments used to initialize the 28 experiments. In some cases, this
leads to a noticeable lag between the 1/68 basic state and the 12
experiments that make up the rest of the 1/68 diapycnal diffusivity
suite.
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transport =  
a "measure" of the strength of the current;

how much water the current carries per sec



the textbook explanation:
how eddies lead to eddy saturation?

wind increase
slopes the isopycnals

before

after

baroclinic eddies
restratify isopycnals  

before

after

westerly winds

1000

0

2000

-65S -55S -45S -35S
latitude

de
pt

h 
[m

]
surfaces of
constant
density

A
C

C

remember
jets & fronts
Amelie's talk



the textbook explanation:
how eddies lead to eddy saturation?

wind increase
slopes the isopycnals

before
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This explanation crucially relies on density varying with depth.
(gfd-jargon: baroclinic)

Role of bathymetry?
A

C
C



however, simple unstratified models reveal
a new possible mechanism

Eddy saturation can occur
 without any baroclinicity

in a model with
constant density with depth

 and bathymetry.

Constantinou & Young 2017
Constantinou 2018

(gfd-jargon: barotropic)
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up

East

Momentum balance in the Southern Ocean is 
"applied at the bottom [...] where ridges lie."

role of bathymetry I

topographic form stress

Munk & Palmen (1951)

W.H. Munk
1917 - Feb 2019



wind stress
 τ

Fp =
Δp

ridge width

U

p+ p−

up

East

Momentum balance in the Southern Ocean is 
"applied at the bottom [...] where ridges lie."

role of bathymetry I

topographic form stress

pressure
gradient

force

Munk & Palmen (1951)

W.H. Munk
1917 - Feb 2019



flat bottom ridge

equilibration ~100 yr
isosurfaces of potential temperature

colors from 0 oC to 8 oC

role of bathymetry II

[See also Youngs et al. (2017)]
Abernathey & Cessi (2014)

Bathymetry enhances 
baroclinic instability growth (in situ).

http://vimeo.com/55486114

westerlies

North

East

Up



Use a model
with varying

number of fluid layers.

what's the plan

Assess the relative role of
barotropic versus baroclinic dynamics

in establishing "eddy saturated" ocean states.
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model setup

realistic value 
τ0 = 0.05 - 0.25 N m-2

westerlies

GFDL's MOM6 model
isopycnal coordinates/Boussinesq

   

Southern Ocean
parameter values
no diapycnal motions
no buoyancy forcing

(some oceanographic-jargon;
important is what's in bold)
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westerlies

North

East

y

x

surface
relative vorticity
ζ = ∂xυ − ∂yu

the "spherical-cow"-version of the ACC

note the standing meander
(remember Amelie's talk on Tue)

τ0=0.2 N/m2



vary the wind stress amplitude τ0

and see how the time-mean zonal transport changes
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>3-layer configurations are the same as 2-layers
(as fas as the mean zonal transport is concerned)
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how does the flow look like in the four flow regimes?
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IV

bottom layer
outcrops

transients develop;
flow steered by f/h

one jet with signature of bathymetry
appears in top-layer flowBC: 

BT: 

transients develop;
flow steered by f/h

signature of bathymetry
appears in top-layer flowBC: 

BT: 

a strong jet develops

bottom layer outcrops;
strong jet seen in depth-averaged flow

BC: 

BT: 

weak steady flow following f/h contours

multiple jets + eddies
"homogeneous BC turbulence"-regimeBC: 

BT: 

1-layer config
speed

2-layer config
top-layer speed

yeap, this slide 
is too much
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Almost all momentum is balanced by topographic form stress
(except when flow transitions to "upper branch").
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standing−transient kinetic energy decomposition
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only standing flow contributes to
time-mean topographic form stress

⟨pbot ∂xhbot⟩ = ⟨pbot ∂xhbot⟩

how transients affect
topographic form stress?

⟨ ⟩ : horizontal average

: time average

standing−transient contribution to TFS



0.0 0.5 1.0

ø(y)
±
ø0

°800

°400

0

400

800

y[km]

(a) wind stress (b) bathymetry

0 800 1600 2400 3200

x [km]

°4000

°2000

0 z[m]

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0z[m] (c) 1-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(d) 2-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(e) 3-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0 z[m](f) 4-layer config

4000

3900

3800

3700

3600

depth[m]

0.0 0.5 1.0

ø(y)
±
ø0

°800

°400

0

400

800

y[
km

]

(a) wind stress (b) bathymetry

0 800 1600 2400 3200

x [km]

°4000

°2000

0

z[m
]

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0

z[m
]

(c) 1-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(d) 2-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(e) 3-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0

z[m
]

(f) 4-layer config

4000

3900

3800

3700

3600

dep
th

[m]

0.0 0.5 1.0

ø(y)
±
ø0

°800

°400

0

400

800

y[km]

(a) wind stress (b) bathymetry

0 800 1600 2400 3200

x [km]

°4000

°2000

0 z[m]

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0z[m] (c) 1-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(d) 2-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

(e) 3-layer config

1027.0 1027.5 1028.0

Ω [kgm°3]

°4000

°3000

°2000

°1000

0 z[m](f) 4-layer config

4000

3900

3800

3700

3600

depth[m]

[Same phenomenology as that
described by Youngs et al. 2017]

region of
high

transient EKE

0

de
pt

h 
[m

]

sea surface height

how transients lead to time-mean topographic form stress?

transient eddies appear
downstream of topography

have an asymmetric
signature on SSH

induce asymmetric time-mean pressure
upstream & downstream the ridge

⟨ pbot ∂xhbot ⟩
topographic form stress
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East
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proposal:

eddy saturation occurs due to
transient eddies shaping the standing flow

to produce topographic form stress that balances the wind stress
(regardless of the process from which transient eddies originate)

when transient eddies exist (both in barotropic or baroclinic configs) 
the mean zonal transport becomes eddy saturated

[transport is much less sensitive to wind stress increase]

[in agreement with recent obs. evidence, e.g., Thompson & Naveira Garabato 2014, 
Peña-Molino et al. 2014, Donohue et al. 2016 (cDrake exp)]

our results show that the (oftentimes ignored) barotropic flow-component
plays an important role in setting up the ACC transport

take home message
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what's next?

check what holds in a global ocean model?

use SAMx perturbation experiments?

another way of changing wind forcing?



let's try to reduce this gap

but really, if you only want to take one thing back home

the proper way forward 
comes when

work together 
in unison

(e.g., airline luggage restrictions)

[schematic by
CB Rocha]




