Topographic beta-plane turbulence
and form stress

Navid Constantinou & Bill Young
Scripps Institution of Oceanography
UC San Diego

thanks to IPAM

(work in progress)

7/ June 2016



how does the bottom topography of the ocean
affect the large-scale zonal oceanic currents?

(e.g. the Antarctic Circumpolar Current)



Antarctic Circumpolar Current (ACC)

Southern Ocean State Estimate NASA/Goddard Space Flight Center
UC San Diego state estimates
(computer simulations
constrained by observations)




momentum Is Imparted to the ocean by winds

annual-mean wind stress (107! N m~2)
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winds are (on average) easterlies or westerlies

how does the force applied to the oceans by the winds balance?



ocean with continental boundaries
(e.g. Atlantic)

wind
F
—>
N&S Europe
America Africa

the surface of the ocean tilts and creates
an east-west pressure gradients that
mostly balances the momentum input

(the ocean leans onto the eastern coast)



ocean without continental boundaries
(e.g. Southern Ocean)

wind
F
—

the flow over ocean ridges creates pressure differences
that counterbalance the momentum input



“I don’t know why I don’t care about the bottom
of the ocean, but I don’t.”



initially work didn’t focus on the role of
the bottom topography

iIn a seminal paper Munk & Palmen 1951
with a back-of-the-envelope calculation estimated that:

if the bottom of the Southern Ocean was flat
then the ACC should be 10-20 times stronger than observed!



topography in the Southern Ocean

credit: V. Tamsitt, Scripps, UCSD



yet some more motivation...

Magnitude of peak zonal wind stress
over the Southern Ocean
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Farneti et. al. 2015

winds seem to be increasing
how will the ACC respond?

doubling the wind gives double the ACC?
not always — “eddy saturation” regime

2008



a single-layer quasi-geostrophic model for the ACC
on a beta-plane

v - - - ‘ h(z,y,t)

bottom Ekman drag

dynamical variables

f()h(.CU, y)
ootential vorticity ~ 4(%,9,t) = fo + By + VZ(z,y,t) + 7
N——
large-scale U(t) =n(z,y)

zonal flow



flow evolution

0rq + I = Uy, q) = —uV=¢
atU — F — ILLU — <¢ax77> Carnevale&agrederiksen1989

q = fo+ By + V¢ +n

where J(a,b) = (9,a)(9,b) — (0ya)(0;b)

=advection of b by the flow with stream function a

i0di 1
domain = square of length L per|od.|c.; bogndary (o )= — /o d*x
conditions in X,y



parameters

Ocq + J( — Uy, q) = —uV=1
U =F — pU — <¢3$77>

g = fo+ By + V¢ +n

. mean wind stress
. planetary vorticity gradient, 6 =df/dy

. bottom Ekman drag coefficient

/ Tlhrms — <772>
. topography ly = \/120s/ (| V1I?)

>

spectral distribution (e.g. isotropic)

spectral slope (for isotropic)



energy & potential enstrophy

Ocq + J( — Uy, q) = —uV=1
U =F — pU — <¢3$77>

g = fo+ By + V¢ +n

dFE

= FU - pU? — p(|Vip[?)

d

d_Cf = FB — ppU — u((V*¥ + n) V)

total energy and potential enstrophy are conserved
in the absence of forcing and dissipation



a snapshot of the flow at statistically steady state

for “realistic” parameter values
ut = 4.00

topography

spectral slope = -2 -; | _ -; , -




spin-up from rest
ut = 4.00

http://www-pord.ucsd.edu/~navid/animation.mp4

U rmstn
B, _

nI'l’I’lS

0.1

topography

spectialslope = -2 i . i I . i




topographic form stress

U = F — pU — (1p0xn)
N\

topographic form stress
(or pressure drag)
(or mountain drag)

(or form drag)
form stress controls the steady state large-scale U
for a flat bottom U = il very large
! (Munk & Palmen 1951)
F— <¢aa:77>

<
|

for a non-flat bottom




a bound for the form stress
based on the energy equation

F (6] = W0um) + M (F = U = @0m) ) + Ao (FU = pU” — (u[VoP2))

\ \

steady state steady state
mean flow energy
equation equation
F k2
Wi < —— 5 il =) sl
]. _|_ —r 1 k ‘ ‘

v(n]



a bound for the form stress
based on the energy equation

+ the enstrophy eqguation

F (6] = W0um) + M (F = U = @0m) ) + Ao (FU = pU” — (u[VoP2))

+A3 (FB — pBU — p{(V3¢ + n)V2y))

\

steady state
enstrophy
equation

we were unable to obtain a bound...
are we over restricting the problem?

any suggestions perhaps?



how does U respond to wind increase”?
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how does U respond to wind increase”?

I IIIIIII‘ I lll]lll| I IIIIIII‘ I T TTTTII I T TTTTIT [T T ‘/ Y 1 //,I,

b = By /Mms = 0.35
. “crisis”
U abruptly increases

>“eddy saturation”
regime
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how does U respond to wind increase”?
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how does the form stress respond to wind increase”?

Ler N form stress picks up
1 — and
y 1 . . N
M suddenly we have a “crisis”:
_08t® o 0 - form stress disappears and
< .
=l all momentum is balanced by U
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how does the form stress respond to wind increase”?

1.2~ N form stress picks up
1 and
& a suddenly we have a “crisis™:
089 o form stress disappears and
== ~ all momentum is balanced by U
S| 061° =
= %
- — U=large
| % X
0.2 —
—F—b = —o—0b=0.69
—A—b = 0.10 —¥—b=1.38
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“crisis” occurs for all b>0



F

the regime o <L & b=/ ZO(1)
HT)rmstn

assuming a regular perturbation expansion for ¢y and U
we get that to first order

JW —Uy,n+Py) =0
F — uU — ($d,1) = 0

and using the eddy energy equation

F/u F
U — aCC p—
0= T 0 W0 =




F

| <1 & b= (¢ /nrms =0
the regime e n

It turns out that the problem
IS mathematically homomorphic to the steady state
solution of the advection of a passive scalar by a flow
in the presence of a large-scale concentration gradient

J(¢,c — Gy) = KV?c J(n, v —Uy) = uV*y



J(p,c— Gy) = kV?c

streamfunction
concentration

diffusion
coefficient

large-scale
conc. gradient

Pe = ¢rms /K
L (c0:9)
Nu=1-+ Ve

the analogy

for cellular flows and high Peclet numbers
the concentration is confined to the places $=0

J(n, ¢ — Uy) = pV=e

topography
streamfunction

dissipation
coefficient

large-scale
flow

Pe, = Nrms/ 1

(0zm)

Nu, =1
U, + U

7
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“cellular” topography
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3T/2 B

“cellular” topography

3 /2
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y/L

3m/2

/2

“cellular” topography

ut = 4.00
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"Nusselt” scaling
for “cellular” topography
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random monoscale topography




random monoscale topography




random monoscale topography




3 /4

random monoscale topography

nrms/,u — 100
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random monoscale topography
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random monoscale topography

n(z,y) = i

contours




3 /4

random monoscale topography

i

0 /4 /2 3 /4 7

x/L

1-0.5

the total streamflow
homogenizes over
areas enclosed

by n(x,y)=0



"Nusselt” scaling
for random monoscale topography
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"Nusselt” scaling
for random monoscale topography
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F

| > 1
the regime A

assuming a regular perturbation expansion for ¢y and U
we get to first order:

J(p — Uy,n+ By) = - uV=y
F— pU — ($0,n) = 0

and using the eddy energy equation

2

_F sy _ pes(n]
Uy = y I ; <¢Oa:z:77> - R Z ]kP

independent of b



uU /F
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the regime > 1
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the "eddy saturation” regime & crisis
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b= 00, /Mms = 0.35

> (U abruptly increases
‘crisis”

>“eddy saturation”
regime
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can we make any analytical predictions
regarding critical Fand U at the eddy-saturation regime?

SSD?




Conclusions

In regions with no continental boundaries topography/topographic form stress
plays a crucial role in setting up the large-scale oceanic currents.

We demonstrated that quasi-geostrophic theory, even with a simple 1-layer
model, can capture the existence of an eddy-saturation regime.

We derived a bound based on energy constraint for the form stress.

We have seen that as the wind stress increases the momentum imparted by the
ocean is balanced mostly by the form stress and only little by bottom drag... until
a threshold wind value is reached (“crisis”) when form stress breaks down and
get very large U in order to get balance.

Things are yet to be done; especially in understanding the regime prior to the
‘crisis”.



