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~The Southern Ocean features
localised subduction hotspots and
_ _ _ & Subduction
a variety of ventilation pathways Z |
- - Drake %D —> ACC mixed-layer transport

— Western boundary currents
o % 5 Mode water pools

Export to the interior

The Southeast Pacific pathway is
an especially rapid ventilation
pathway, as measured by
numerical tracer release
experiments

Sallee et al. (JPO, 2010)
Jones et al. (JGR-Oceans, 2016)
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Ventllatlon IS about more than
~ just the overturning circulation

More generally, all
of these processes
are important:

1. Overturning
2. Isopycnal mixing
3. Subduction

4. Gyre circulation
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Numerical tracer experiments reveal
the patterns and timescales of
ventilation

But how sensitive Is the recently
ventilated interior to changes in

ocean properties or surface
forcing?

To address this question, we will use
adjoint modelling

Jones et al. (JGR-Oceans, 2016)



An adjoint model is a tool for
sensitivity analysis.

All other applications derive from
sensitivity analysis.
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Key Points:

» The heat content of the recently
ventilated Pacific (RVPh) is strongly
controlled by gyre circulation

« On timescales shorter than 3-5 years,
RVPh is most sensitive to midlatitude
wind stress anomalies

« On timescales longer than 3-5 years,
RVPh is most sensitive to midlatitude
heat flux anomalies
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A traditional perturbation experiment

S
S ®
Input Output 1
(e.g. sea surface height)
N distance
§ . /4///1/0
O
distance § o
Qutput 2
In a traditional “forward” perturbation experiment, we distance (e.g. surface currents)

perturb one input and examine the changes in the outputs




An adjoint sensitivity experiment:
how does the “output” depend on all the “inputs”?

[ ] Quantity of interest
Sensitivity to @ (e.g. interior heat content)
. &
iNnput 1 = 9.7
(e.g. wind stress) % QEJ -
distance T =T /A t /V f(r, t)dtdV
H
Sensitivity to 2 .
nput 2 S 0J distance
(e.g. net heat flux) oOx
distance

In an adjoint sensitivity experiment, we calculate the

sensitivities of a quantity of interest to a large set of inputs




An alternative way to visualise an
adjoint sensitivity experiment

Traditional “forward" experiment

Perturb one input, examine all outputs




_* An alternative way to visualise an
- .- . adjoint sensitivity experiment

Adjoint sensitivity experiment
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Perturb one input, examine all outputs Sensitivity of one output to all inputs

(Albeit linearlized)



g "o " o We use potential vorticity and mixed layer depth to
o /e 9 a Identify potential subduction hotspots
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Median values of annual minimum PV across 1992-2011
Data from ECCOQOv4-r2



' . How do and change
L the of Southern Ocean

S mode waters?

-

Antarctica

Boland et al. (JGR-Oceans, 2021)



What did we find?

Boland et al. (JGR-Oceans, 2021)



‘We release passive tracers in the mode water
pools; the tracer distribution highlights
surface-to-interior ventilation pathways
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A dljickaside: the volume of the RVP varies inter-annually
(and has a multi-year trend)

o 1996
N 1996-2000 are Lt (9) @& () 1997
1998
400 A X 1999
s s GO 2000
() 2001
¢ Median
VN SC
s 160°W 140°W 120°W we 160°W 140°W 120°W 100°W 80°W B0°W -500 |~
1999-2009 1998-2008 o
20 20 ><Q
£
40°S 40°S 5 "600 B
Q.
g OH® %
60°s 160°W 140°W 120°W 60"s 160°W 140°W 120°W 100°W 80°W 60°W -700 F
. 2000-2010 i 2001-2011 O O
40°S 40°S
-800 @
s 160°W 140°W 120°W s 160°W 120°W 120°W 100°W 80°W 60°W
-900 1 1 ' | |
B . | 0 2 4 6 8 10
0 : : 0.6 0.8 1 3 14

Ventilated volume (m~) x10



We use the tracer distribution and mixed layer
depth to define the “recoently ventilated Pacific”

180° 180° 180°



Kinematic sensitivities reveal source water pathways

Lag -10 3 yr, z= -95 m

Near-surface
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East Pacific heat content i1s sensitive to basin-scale
density changes

Lag=-6.3 yr, z=-553 m
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Boland et al. (JGR-Oceans, 2021)




\ | 1 P Nk el ey o
J ' - 4 €% . . papea—
. ~— N 2 A% T

Kinematic
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heat flux anomalies along the SAF
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Examining the response mechanisms:
three step response experiments

Subduction region forcing pattern C High latitude forcing pattern

Jones et al. (JGR-Oceans, 2019) |

ones ol eo, 2o Inspired by the sensitivity fields

Boland et al. (JGR-Oceans, 2021) L
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® East Pacmc heat content is only weakly sensitive
" to hlgh -latitude wind stress on 10-year timescales
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015 Response to gyre forcing perturbation

== Step response experiment
=== Adjoint prediction
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The lmear apprommatmn
works well here

Response to high latitude forcing perturbation
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Sustained changes in
gyre circulation have a
larger Impact on RVP heat

content compared with

high-latitude changes

Jones et al. (JGR-Oceans, 2019)
Jones et al. (JPO, 2020)
Boland et al. (JGR-Oceans, 2021)
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L ® Recently ventilated Pacific sector heat content iIs most
sensmve to mid-latitude wind-stress anomalies (timescales
Iess than 3-5 years)...
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..and mid-latitude heat flux anomalies (timescales longer than 3-5 years)

Jones et al. (JGR-Oceans, 2019)
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Ciatimal perturbation recipes: how to change the
annual mean heat content of the recently ventilated
interior Pacific Ocean

Recently ventilated Pacific

Mixed layer mask
Subantarctic Front proxy

180°

-y

120°E



Conclusions

We defined the recently ventilated Pacific (RVP) using passive tracers in
an observationally-constrained state estimate (i.e. ECCOv4-r2)

We used an adjoint approach to produce a comprehensive sensitivity
analysis and recommendations for optimal perturbations

RVP heat content is most sensitive to basin-scale changes, South
Pacific gyre circulation, mid-latitude wind-stress anomalies (timescales
less than 3-5 years), and mid-latitude heat flux anomalies (timescales
longer than 3-5 years)



Next steps

Objective functions defined by a range in density
(Ciara Pimm, PhD student, U. Liverpool)

Perturbation experiments in high-resolution
Southern Ocean models (Dave Munday, BAS)
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Supplemental slides:
More on adjoint modelling and
state estimation



Computer programs as functions (1 of 3)

A vector that describes the model state (every variable, every grid cell) at time t:
X(?f) — :5131 (t), Lo (75), ) (Tf)

The full nonlinear model advances the model state by one timestep:
X(t) = M[x(t - 1)
A simple objective function (e.g. mean potential temperature at the end of the model run):

J = Jx(ts)
J = Jx(ty)] = JIMMIM[--- M[x(t = 0)] - - - ]]]




Computer programs as functions (2 of 3)

If we think of the full nonlinear model as an operator that we apply over and over again:
J = Jx(ty)| = JIMMM[--- M[x(t = 0)]---]]]

Then a perturbation in the initial conditions ultimately changes the objective function as follows:

0J

5J - aX(tf) 5X(tf> Evaluate from right to left
(always a matrix times a vector)
0J Ox(t ox(t =1

N Ox(t ) | Ox(tr —1) T 9x(t=0)



Computer programs as functions (3 of 3)

B 0J ox(ty) —  oOx(t=1) (f —
o) = <Bx(tf) ox(ty —1)  0x(t =0) 0 (t_0)>
[ oxt=1)1" L oox(ty) 1T 8J B
- < ox(t=0)] 7 |ox(tr—1)] Ox(ty) ox(t = O)>

You can think of this as the adjoint model - a bunch of partial derivatives!

- <0x<fJ= oy |\ = O)>




http://www.AutoDiff.org



Algorithmic differentiation Is amazing

@
SUBROUTINE F00(x, xd,y, yd,z, zd, p)
REAL xd,yd,td,zd
REAL x,y,t,z,p

SUBROUTINE F0O0(x, v, Z p)

REAL x,y,t,z,p
td = 2.0%*xd
t =2.0xx + 5.0
t =2.0%x + 5.0 zd = td + px(yd*xt-y*td)/(t*xt)
z =t + pxy/t

z =t + pxy/t END
END

Inserts Differentiated instructions into FOO, Automatically.

Ideal for complex, long, constantly evolving source code

00Ep

q

“source to source transformation” ias tOpt
L. HaSCOet, from presentation Fast Optimisation and Sensitivities




Problem (minor): how do you go backwards
through “if” statements?

if (T(i).1t.0.0) then
T(1) = S(L)*T(i)

push(true)
Solution: the forward sweep must | ©*+5¢
store all of its control flow choices. z‘?;h(fals@
The reverse sweep reads them in. | ="%*
pop(test)

if (test) then
Sb(i) = Sb(i) + T(i)*Tb(i)
Tb(i) = S(i)*Tb(i)

endif

L. Hascoet, from presentation



Problem (major): adjoint runs require the entire
model state at every timestep, in reverse

Ui lev3 U, levs Uilev3 Ui.lev3
k k k n —1 k n

Solution: a mixture of
temporarily storing
“checkpoints” of the
model state on disk
and recomputing the

Y Llev2 U zm
‘IIIII‘IIIII|I!|||‘IIIIJ

oy

—
~

model state from v YT
those checkpoints ik "
S
Y
d(ll AI v3 ad’l,? lev3
n— 1




Adj 0 i nt a p pl i Cati O n : 3. Parameter estimates and sensitivities
state estimation

eat content anomaly

2. State estimation framework

1. Datasets (e.g. MITgcm, NEMO+NEMOTAM)

-1 i)

Well-constrained ocean state

with closed budgets of salt and heat

Argo profiles |
Forward model. Calculates time-

evolving ocean state based on
Mooring data initial conditions and surface forcing

(OSNAP, RAPID)

Iterative improvements Sensitivity maps reveal

Sea surface height adjustment mechanisms|

Adjoint model. Modifies initial
conditions and surface forcing to

Surface fluxes

improve model-data agreement



https://docs.google.com/document/d/1vkNLRSPgm-7KGNubyMJZJpN8MkOpCRzwQk1PSV6y4XU/edit
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Description:
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https://ecco.jpl.nasa.gov/

ECCOvV4 is constrained by
observations

Simulated oxygen concentration, derived
using optimised mixing rates, shows that the
ventilation process compares well with
observations (e.g. World Ocean Atlas)

Forget, Ferreira, and Liang (2015)
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Kinematic sensitivities reveal source water pathways
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East Pacific heat content is sensitive to basin-scale
temperature changes
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East Pacific heat content i1s sensitive to net
heat flux anomalies along the SAF
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East Pacific heat content is sensitive to wind
stress as the RVP boundaries
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