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My favorite adjoint trick Using fictitious (0 in forward run)

terms to compute specific adjoint

Evaluating carbon sequestration efficiency in an ocean circulation t t
model by adjoint sensitivity analysis sensitivites.

Chris Hill, Véronique Bugnion, Mick Follows, and John Marshall

oC . S is a fictitious source that is set to 0 in forward
o = U VEEVHRVE) +T(C) =pC+S ryn In adjoint it will accumulate sensitivity of cost
: function to a continuous source.
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Adjoint sensitivity S* is computed even if S=0
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Adjoint trick works for dynamics fields too

An Adjoint Analysis of the Meridional Overturning Circulation in a
Hybrid Coupled Model

Windstress sensitivit
VERONIQUE BUGNION, CHRIS HILL, AND PETER H. STONE 5;) L 'y
Massachusetts Institute of Technology, Cambridge, Massachusetts
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Some parameterization motivation for future

plans

* Numerical ocean models are finite
resolution in space and time

* Underlying PDEs assume infinite resolution
in space and time

* Truncation of a finite dimensional model
inevitably creates a need for
parameterization/approximation terms

* e.g.
* Sub-grid parameterizations/closures

* Representing bulk effect of small scale in
space and time (full talk Sonya next Thur)

e Other approximations e.g.
 Surface flux computations
* Equation of state
* Riverine fluxes
* Mass v. volume conserving
* etc...

* Parameterizations and other
approximations play a O(1) role in
solutions.

2 stress, coriolis, viscosity, transport, ...

}Q{ig. velocity
Oy \ Velocit
Tt Tn0Pres + Prya) = G, Y
\ pressure g'radient J\sea-surface height anomaly
Zsources/sinks, transport, mixing, ... .
1 : Thermodynamics
ral R ’S{l"l} and tracers
temperature other tracers
salinity
an g |
V2 + — V . equation of state
T e = Yo My Pressure and
Phyd ow bt
% = _gp(e, S;p(z,)) E ==V ah Conthlty

https://mitgcm.readthedocs.io/en/latest/overview/overview.html#

continuous-equations-in-r-coordinates



https://mitgcm.readthedocs.io/en/latest/overview/overview.html

The O(1) role of “parameterization/closures”

e e.g. Stommel Gyre, Gent McWilliams

MITgem Barotropic Gyre Free-Surface Height (m)

o~ ‘ ~
v v
& /_\__/\
cold




Recap - prognostic MITgcm equations basic timestep

Thermodynamics

1
Yn+1—)/n - ->n+5 — {H S /1 }
At _ GY 4 Ferem and tracers
apn+1
h_’)fd 1 1
—— —gp(@™t1,s"t, 2) Pressure,
0 velocity and
777’L+‘1 am nn —>Tl+;— ﬁﬁ n+;‘_ t. .t
2. n+1 _ v . . “h o _ continuity.
Vin + - Vs, f Guh + o Vphyd Y
_1H 4 Adams Bashforth
N+l —n 1 1
Up ——Up n+1 ntoy _ A n+s _ (3 n
AL + V(n — phyd) — Ggh ¢ _(5+E) ¢
n+1 a (%_l_ E) o
aW — V . -n+1
real h * Up

https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html#synchronous-time-stepping-variables-co-located-in-time



https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html

Simplest example?

e Given the basic equations a lot of the specialization to a specific model

configuration is in defining the G terms. b velsty ), e ool sty tonsor, .
aﬁh \t.,
= T Vrf (9Presm + pnyfz) = Gy,

pressure ngadient sea-surface height anomaly

* Single layer, Gyre example

(https://mitgcm.readthedocs.io/en/latest/examples/examples.html#tbarotropic-gyre-
mitgcm-example )

T,=0 N T,=0.1 Nm*
- 1 T./n +PL,
= _ - =il o AL -
Gﬁh - (Gu; Gv)l uh - (ul 7.7) . - ID:S km
/Wmd stress Z‘. -
) X f=h
2 ou ou =104 :
Gu = fv _I_ A v u -I— T.’X,'(y) - UuUy—7v — p=10"s"m" L,=1200 km
T ax ay ——— L,=1200 km =———,
coriolis eddy visc. tran%t o MTgem Brtrosc Gy Fre-SraceHegh
\ 5 /a This elementary, illustrative setup is o)
v v . . .
Gv — —fu + A Vzv U ——p— useful for L'mder‘stahdl-ng circulation
ox ay model basics. It is similar to
experiments in
Vz an V 5 A Numerical Investigation of a l::li:::nhladd of & Wind-Driven Ocean
n + - = * 17,) 1.'.s.wm.5-...
a t h (Manscript received 17 June 1963, in revissd form 12 September 1963)



https://mitgcm.readthedocs.io/en/latest/examples/examples.html

Even simpler .....

 We can reduce to a linear problem by modifying G terms.

}o,,'z' velocity Z stress, cw:'scosity, transport, ...
oup, 5
ot +* VIT (9Pref U,i phyt‘i) = Gy,
* Single layer, linear Gyre example pressure gradient  *ec-surface heaht anomaly

(https://mitgcm.readthedocs.io/en/latest/examples/examples.html#barotropic-gyre-
mitgcm-example )

Barotropic Gyre Analytical Solution
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N = I =ho+BL, 1000 /’\.
— ! [ s
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GU,h (Gu’ GU)I uh (u, v) il I,)=5 km 800 \..\
|2 f=h £ 600 \)
u fym 1045 ' : | /
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_ 2 RS ; wol| 4
G, =fv+AVu+1,(y) —u—><y— Letkm ——y _
200/ G
U0 200 400 600 800 1000 1200
2 v modifying G terms gives slightly different km
G, =—fu+AVv—u—Xy a_ mathematical model (and solution) 1o SSrokople Qe Lneernd Seka
y \030 = =
&N
a 800 '\»\
2 n . ~ This is similar to analvses in . |
V n + — V ° Gﬁh THE WESTWARD INTENSIFICATION OF WIND-DRIVEN OCEAN CURRENTS = 600}
a t Henry Stommel 400 /,J'
(Contribution No, 408, Woods Hole Oceanographic Instiution) )
ON THE WIND-DRIVEN OCEAN CIRCULATION w0 =
e Gt ot e et e e % w0 w0 wo 00 w0



https://mitgcm.readthedocs.io/en/latest/examples/examples.html

Some MITgcm numerical modeling details
from this example

* Discrete grld (https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html#notation,

https://mitgcm.readthedocs.io/en/latest/algorithm/horiz-grid.html )

General notation:

v
Ax, Ay, Ar grid spacing in X, Y, R directions
8 [ o b) vArs 8
Vg u
v A, Ay, A, A; @ horizontal area of a grid cell surrounding 8, u, v, £ point
u u u o Vs Yo, Vi, Vi : Volume of the grid box surrounding u, v, w, @ point
e . Mool S, N i, J, k : current index relative to X, Y, R directions
Basic operators:
LN V--
B A\ T
<) d) a © : 6; :6;® = Dpyyp = Ppip
"u 0 = (Dp + D)2
u u u u =] & & blis
! 8,18, = 55,0
v v A= v

<l

\ = horizontal gradient operator : Vo = {6,D,6,D)
Figure 2,6 Staggering of horizontal grid descriptors (lengths and areas). The grid lines indicate the

tracer cell boundaries and are the reference grid for all panels, a) The area of a tracer cell, A, is
bordered by the lengths Ax, and Ay, . b) The area of a vorticity cell, A, is bordered by the lengths
Ax. and Ay,. c) Thearea of a u cell, A, , is bordered by the lengths Ax, and Ay,. d) The area of a " "
vell, A, , is bordered by the lengths Ax ; and Ay,. V™ = horizontal Laplacian operator: V ® = V - V&

V. = horizontal divergence operator : V.-f= '1 {6,Ayf, + 6,Axf,)}


https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html
https://mitgcm.readthedocs.io/en/latest/algorithm/horiz-grid.html

Some numerical modeling details from this o
example (and code! -U—"

o0x _
* Momentum advection

(https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html#
advection-of-momentum )

Fioclude “MOM_FLUXFORN_OPTIONS. h*

2.14.1. Advection of momentum

The advective operator is second order accurate in space:

"
Calculates the zanal advective flus of zossl mosentus:
—k

AuBrh, G =50 @ + 6,V @ +6W @

91 \overlise{uy{s}

ABrh G =5 U'T + 5V 0 + 6, W T

—K i R ’ —k
AAr G =50 W +6V W + W W

zocal trarspert
20mal fiow
thread musber

ARAAAA RmaN A ARRAA

and because of the flux form does not contribute to the global budget of linear moment:
quantities U, V and W are volume fluxes defined:

RLUTEMN {1008 SN, 1-OLy ;SN +OLY)
AL GFLd|1-OLx: MorDLy, 1-OLy: shy+OLy |
wThid

AAMETERS

U = Ay, Arsh,u (2.92) R AveceF Lo 1-OLES v 0L, -Gy sty 08y )
V = Ax,Arch,v (2.93) Mooy Legiron
W=Aw (2.94)
& 0.2% 1 uTransii,)) « wfrans(iel,
The advection of momentum takes the same form as the advection of trge€rs but by a translated B e e i I
3 ; : 5 + UFtai L], )T sasawt
advective flow. Consequently, the conservation of second momengsefierived for tracers later, oW o HILiNe oMl )
applies to «? and v* and w? so that advection of momentygs@rrectly conserves kinetic energy. " o

e

AETURN

https://github.com/MITgcm/MITgecm/blob/master/pkg/mom_fluxform/mom u adv uu.F

uu, vu, wu ; fZon, Mer, fVerUkp ( local to MOM_FLUXFORM.F )


https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html
https://github.com/MITgcm/MITgcm/blob/master/pkg/mom_fluxform/mom_u_adv_uu.F

Some numerical modeling details from this

2.14.2. Coriolis terms

exa I I | p | e a n d CO d e ! The “pure C grid" Coriolis terms (i.e. in absence of C-D scheme) are discretized:

Ahrh G = fAAr BT e Abr b
[ ] ——
Coriolis e T
(https://mitgcm.readthedocs.io/en/latest/aIgorith m/algorith AR5 T AR

m. ht m | -Cco rl Ol Is_te rms ) where the Coriolis parameters f and f" are defined:

f
f

2Qsin @
2Qcos @

#include “MOM_FLUXFORM_OPTIONS.h"

cBop
€ (ROUTINE: MOM_U_CORIOLIS

(2.95)

(2.96)

(2.97)

¢ (mmeAca: where @ is geographic latitude when using spherical geometry, otherwise the f-plane definition is
i o3, P used:
I myThig)

C IDESCRIFTION:

g f;:;-;,l‘:::‘:?:"?gumnul Coriolis tem in the zonal eguation: IF (useEnergyConservingCoriolis) THEN f B fa + ﬁ)’

€ \overline{f}~i \overline{v}*(ij) Mbmed Lot 77 oy Rl tambonan

€ \end{equation+}

= 0

C 1USES:

"GRID.
“SURFACE.h" . . R
' : co """“."“‘("L‘.?‘é?? 1 discretization:
C {INPUT PARAMETERS! s s scss s s e e s s S S s S e S SR SRR SRR o

C bi,b) it tile Indices T
¢k vertical level “"”"“‘ en

1, s le

& £,0)) ¢
C vFld i+ meridional flow & io61) ) . -
C myThid it thread number H GCr = f e kf’w‘k
INTEGER bi,bi,k B WFLEC L weFLa( L ge) u u nhJu
_RL vFld(1-0Lx: sNx+OLx, 1-OLy: sNy+OLy| & wvPldi-1,5)evFLdti-1,1+1)
INTEGER myThic 17 e ) —l)
oa00 GS” = —fou
C 10UTPUT PARAMETERS: = T ——————— __:r"}l‘t v v
€ uoriolisTerm Cortolis tern !
_RL uCoriolisTerm(1-0Lx: sNxsOLx, 1-OLy: shy+0Ly) (uselamarthetPotnts) THEN

Cor _ g ik
Gw — Enhf wlt

4 S(a‘e ters 50 that only
C Dos 1o2 Jasart and Ozer

et Dom" are used
bl JER 91 (CO), 10,621-18,631
“Numerical &Nno:l’) Llyers and svunw. Residual Flows"
B9 1-1-Gly, sy 01y
D0 £~3-0lxe1, ﬁNxADl
.I(cuolxsfemu.‘l = uoriolisTers{s,j)
- NAX( one,

& maskS{ 1, §
& +maskS{i-1,

obj)emaskS( 1 ,§e1,k,bi,85)
b)) omaskS(4-1,741,%,bi,8)) )

useEnergyConservingCoriolis to .TRUE. which otherwise defaults to .FALSE..

(%

G, GS™ : cF (local to MOM_FLUXFORM.F)

L3 s
; m‘l";i: . E This discretization globally conserves kinetic energy. It should be noted that despite the use of this
ot cy‘n.':;(cn discretization in former publications, all calculations to date have used the following different

(2.98)
(2.99)

(2.100)

where the subscripts on f and f” indicate evaluation of the Coriolis parameters at the appropriate
points in space. The above discretization does not conserve anything, especially energy, but for
historical reasons is the default for the code. A flag controls this discretization: set run-time logical


https://mitgcm.readthedocs.io/en/latest/algorithm/algorithm.html

Some numerical/physical parameter detail for
Gyre example

* The experiment also illustrates * The eddy viscosity term has a
standard numerical stability basic stability too
criteria A, At
* Velocity and timestep i (4 A,xz ) </0.04
|u|At ° h . ”
2( . ) <05 owever, it cannot be too sma
* because it also determines the

Western boundary dissipation of
vorticity. This must be resolved

on the grid

* Coriolis and timestep
fAt < 0.5

Even for simplest
possible problem
the ”“eddy closure”
has an O(1) effect
on solution.

* for Gyre example these implies
At =1200s |

https://mitgcm.readthedocs.io/en/latest/examples/examples.html#numerical-stability-criteria



https://mitgcm.readthedocs.io/en/latest/examples/examples.html

What about parameterization role in more

realistic model.

* One big term that is lost when coarsening model
to A=10km is mesoscale eddy effect.

Isopycnal Mixing in Ocean Circulation Models’

PETER R. GENT AND JAMES C. MCWILLIAMS
National Center for Atmospheric Research®, Boulder, Colorado

a ,(ddY piffusion in the Atmosphera and Ocean 20 March 1989 and 14 August 1989
3 439
o =
E=ES
R~ = The Gent-McWilliams Skew Flux
-g 5 v StePHEN M. GRIFFIES
E :!- ]O> Geophysical Fluid Dynamics Laboratory, Princeton University. Princeton, New Jersey
(@] - (Manascript received § May 1997, in final form 6 Aagust 1997)
° O
N
o
l/)* — K Sx Mathematically, shown here in 2d, GM defines an
GM . ) .
- l/J* overturning stream function, ¥ ", that depends on
UV =— .
*Z the isopycnal slope, $* = — ’;—xand that works to
Z

flatten slope without changing moments.

Ocean Color
off Patagonia

Gulf Stream SST

Gent McWilliams parameterization
was a big step in ocean modeling.



Subgrid Parameterization GM — “Gent
McWilliams” - modeling details |

Mathematically GM (1990) defined an overturning stream function that depended on the
isopycnal slope and acts to “flatten” sloping isopycnals. Where k¢, is a mixing coefficient
that reflects the efficiency of geostrophic eddies in extracting potential energy (ks is
uncertain and is used as a control in some ECCO calculations). In practice, however, the GM
velocities, written (@, ¥, w) in full 3d, in their “advective” form.

Griffies (1998) showed that numerically it can be preferable to formulate the stream
function transport in terms of a skew flux. In full 3d (acting on 6 for example) this gives a

term

0 0 -S §* = —Bx
Ggmredi = —AVO ,A =Ky | O 0o -=S7 : i
Sx Sy 0

that then appears as a subgrid term in the tracer equations.



Subgrid Parameterization GM — “Gent
McWilliams™ - modeling details Il

sion In the Atmosphgm and

0 0 -—S* Pz , : y
Ggmredi = —AVO A = kg [ 0 0o =S cold
Sx Sy 0 o w=0

The skew flux term can combine nicely with the background
along isopycnal diffusion. When the isopycnal slopes are small Oceanic Isopycnal Mixing by Coordinate Rotation
(i.e. the ocean interior) and k;y; = Kgeg;, Various terms cancel

and a combined Redi/GM operator for sub-grid eddy diffusivity is

MARTHA H. REDI'?

1 0 0
https://mitgcm.readthedocs.io/en/latest/phys pkgs/gmredi.html#tgriffies-skew-flux

A:KGM[O 1 0
25* 257 |s?



https://mitgcm.readthedocs.io/en/latest/phys_pkgs/gmredi.html

But we still have free parameters!

Specihication of Eddy Iranster Coethicients in Coarse-Resolution
Ocean Circulation Models*

* GM is very elegant and physically based but
y g p y y CICRC ) Center for Meteorology and Ph graphy, Department of Earth, Atmospheric, and Planetary Science,
achusetts Institute ¢ ambridge, Mc s

* Variable kzy,: Variants on GM have
dynamic ks (based on local

Richardson number, u—z) etc...
VA

https://mitgcm.readthedocs.io/en/latest/phys pkgs/gmredi.html#variable-
kappa-gm

* Tapering: In the mixed layer isopycnal slopes
can become large (or even infinite). Tapering
schemes smooth the transition between
ocean interior eddy mixing and mixed layer
dynamics. Various tapering schemes exist,
with sizable effects on solutions. The right
approach is an open area of research

https://mitgcm.readthedocs.io/en/latest/phys pkgs/gmredi.html#tapering-and-stability

MIKE SpaLl

ECCO version 4: an integrated framework for non-linear inverse
modeling and global ocean state estimation

G.Forget', J-M. Campin', P. Heimbach'2-, C. N. Hill',R. M. Ponte', and C. Wunsch’

80°N
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nOp N o - ! M7.00
60°N 7 e 6.00
s g - T | M5 00
30°N B - = | 4.00
=300
- . 12.00
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0" B £0.00
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N -5.00
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. -8.00
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Sensitivities of Argo data misfit to k., in Forget, 2015.
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Looking forward

Even with worlds biggest computers, iterative,

assimilation problems like ECCO will need to
parameterize unresolved processes for the
foreseeable future.

Core ocean model terms we would like to
improve

 eddy parameterization

* mixed layer column

* transport

Relying on computing power improvements
alone will likely not suffice.

Ocean Model Resolution (km equivalent)

10°

10"

3
1c‘)1980

Resolution of Ocean Component of Coupled IPCC models

SAR  AR4 ARG?

: FAR TAR AR5

First Rossoy radius range

“><_lit to median res.

Moores Law X _ fit to finest res

2080

2000

2020 2040

Year

2060

Baylor Fox-Kemperer

2100



Can we create accurate models for resolving
some of the parametrization challenges?

Mixed layer Mesoscale eddy

T(°C
M.

LES model for mixed layer column LLC4320 — mesoscale resolving
A=50cm. (Ali Ramadhan)

These models can not run for long enough at scale for use in iteration, but (if they
are accurate) they can in principle create synthetic fields that for developing
parameterizations.



Can we frame parameterization improvement as an
“assimilation like” problem?
@ CliIMA Home OurTeam  Workshops Publications  For Students og  doinUs @jttps://clima.caltech.edu "

CLIMATE MODELING
ALLIANCE

Can we create highly resolved models that have enough skill to use as
synthetic “obs” input for developing better parameterizations for use in
projects like ECCO?

Starting to look at three areas

1. Improved numerics to yield better models

2.  Application to LES style process models embedded in ECCO

3. Application to “super parameterization”+sub-mesoscale capable large scale models for mesoscale closures



1 . H |g h O rd e r n u m e rl CS Controlling.spurlc.)us dlle)YCl.’lal mixing in

eddy-resolving height-coordinate ocean
models — Insights from virtual deliberate

* What numerics should we explore to ensure tracer release experiments
we can represent adiabatic interior and - - .

turbulent boundary layers all in same core.

ﬁe P30 S30
 Earlier work shows the importance of high 5 !
order tracer transport/advection schemes to / e
maintaining an adiabatic interior. o B g ro
* Exploratory work looking at potential role for £ ’ -

discontinuous Galerkin (DG) technigues in S -l ™
moving more terms to high-order schemes.

* DG is a finite-volume based approach (like
existing MITgcm) but considerably more
complex.

* Used in engineering flows for accuracy and
scaling.



LES style process

Mixed layer processes are a significant

models embedded parameterization in current ECCO (KPP based).
in ECCO Together with Raf Ferrari, Greg Wagner, Andre
1. Current - FV and DG process model S d h | . . LES
configurations to train new ouza and others we are exploring using
parameterizations. that samples the ECCO solution space. The
2. =» Future - New global model L. . . .
LTS — : creating new ML parameterizations.
https://glthub.com/cllmate-machme|
FV DG
Oceananigans.jl + NPS,
9 . CLIMA Caltech

Development team

¢ Ali Ramadhan (@ali-ramadhan)

* Chris Hill (@christophernhill) —— = e
Preparing to drive ensembles with
s BiegWaoner (GaMadien realistic bcs sampled from ECCO

[ e o EmneerStand alone process model for | ocean state estimates.

* Andre Souza (@sandrez

* Jean-Michel Campin (@jm-c)

e John Marshall (@johncmarshall54)

« zenwu@nenw22)  jdealized scenarios running => New ML column dynamics
* Also big thanks to Valentin Chura gv réur;}l:() alrsdrPgeaAGrecné((s@ogtgaFﬁnes]!initial parameterization; |n|t|a”y evaluate
synthetic training data. in ECCO setup.

Currently making DG atmos

kernel incompressible

* approach based on
CG/HDG concepts

* should allow equivalent
process models to FV

Plausible hydrostatic form

equations for large scale also

identified.



What about synthetic systems for mesoscale

parameterization formulation. ,
Ocean Modelling

Volume 36, Issues 1-2, 2011, Pages 90-101

Superparameterization enhahanced sub-meso models.

Super-parameterization in ocean modeling:
Application to deep convection

Jean-Michel Campin & 8, Chris Hill &, Helen Jones &, John Marshall &

Resolved Super-parameterization

3 <
12 -8 prray of Fine Grid Models

dv
Fine : %tr = _Xf'er — 202 x Vo~ r}TV(P" + Pun)¢ + Dg

du
Coarse: = =—-v -Vu —22xu — iV;,(P;.)
ot ~C ~C ~ ~C 2y

o + D¢ + F368



“Assimilation like” approaches to creating
parametrizations

1. At this stage approaches are more rooted in Bayesian, gradient free
methods
* Emphasis on statistical fitting e.g. mean, variance etc... in algorithms rather

than precise single trajectory following
» Exploiting correlations within process studies as a cost term e.g. patterns and
timescales of response to a windburst

2. Looking forward there is interest in where gradient information
(through adjoint counterpart) could be leveraged.

3. Itis 2019 so there is interest in various techniques from ML/AI.
These include regression style networks, using unsupervised
pattern detection to find structure, parsimonious bounded search
for algebraic forms to create better reduced order/compressed

models.



summary

* A few new tricks for ECCO adjoints

* Sizable efforts to address parametrization biases that are generally
believed to be pervasive in much ocean/climate modeling
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* Using ECCO solutions to provide realistic state space for parameterization
development and for cost function to test new schemes.
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