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OutlineMore than gradients: 
Dynamical attribution in ocean science using adjoint models

Patrick Heimbach (messenger), Nora Loose, An T. Nguyen, 
Helen Pillar, Timothy Smith, and others …
Oden Institute for Computational Engineering and Sciences
Institute for Geophysics, Jackson School of Geosciences
The University of Texas at Austin
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Overview

1. Short recap: the global ocean circulation inverse problem 

2. The adjoint (or Lagrange multiplier) method
• Getting the adjoint of a GCM

3. Causal / dynamical attribution based on the dual ocean state
• Application to the North Atlantic circulation
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1.
Short recap:
The ocean circulation inverse problem
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The ocean circulation inverse problem – historical
Drawn by Carl Wunsch on the occasion of Walter Munk’s 65th Birthday, 1982

Munk & Wunsch: Observing the Ocean in the 1990s. Phil. Trans. R. Soc. Lon. A (1982)
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The ocean circulation inverse problem – today
Estimating the Circulation and Climate of the Ocean (ECCO) 

Stammer et al., JGR (2002)

Wunsch & Heimbach, Physica D (2007)

http://ecco-group.org
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The ocean circulation inverse problem

Wunsch & Heimbach
Physica D (2007)
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The ocean circulation inverse problem

Wunsch & Heimbach
Physica D (2007)
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2.
Getting the adjoint of an
ocean general circulation model
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Some of the challenges: 
Generating & maintaining the adjoint of a state-of-the-art ocean circulation model

Approx. form of Navier-Stokes equations for incompressible fluid:
§ momentum equation (including Coriolis term)
§ conservation of mass – NLFS & real water flux
§ conservation of tracers (heat, salt)
§ nonlinear equation of state for sea water
§ subgrid-scale parameterizations
§ scalable (domain decomposition)
§ general curvilinear grid
§ adjoint capability

http://mitgcm.org
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Some of the challenges: 
Generating & maintaining the adjoint of a state-of-the-art ocean circulation model

Global ocean
simulation on a
“cubed-sphere”
grid topology
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Some of the challenges: 
Generating & maintaining the adjoint of a state-of-the-art ocean circulation model
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The inverse problem

Courtesy
Nora Loose

ç
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The sensitivity analysis problem

Courtesy
Nora Loose
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3.
Dynamical attribution
via the dual (adjoint) state
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Dynamical attribution:
The Atlantic Meridional Overturning Circulation
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Dynamical attribution:
The Atlantic MOC @ 26oN

(North) Atlantic Meridional 
Overturning Circulation 
(AMOC) variability
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Dynamical attribution:
The Atlantic MOC @ 26oN

Pillar et al., J. Clim. (2016)

Recall:
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Dynamical attribution:
The Atlantic MOC @ 26oN

Pillar et al., J. Clim. (2016)

Recall:Sensitivity of J
with respect to
zonal wind stress,
1, 3, and 12 months
back in time,
…
carried by the
time-evolving
dual/adjoint state
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Dynamical attribution:
The Atlantic MOC @ 26oN

Pillar et al., J. Clim. (2016)

H. Johnson & D. Marshall (2002)

Sensitivity of J
with respect to
zonal wind stress,
1, 3, and 12 months
back in time,
…
carried by the
time-evolving
dual/adjoint state
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Dynamical attribution:
The Atlantic MOC @ 26oN

Pillar et al., J. Clim. (2016)

Sensitivity of J
with respect to
(from left to right):

• zonal wind stress
• merid. wind stress
• heat flux
• freshwater flux
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Dynamical attribution:
The Atlantic MOC @ 26oN

(Where) are uncertainties in externally forced AMOC uncertainties 
determined by …
1. regions most sensitive to forcings?
2. regions exhibiting largest forcing uncertainties?
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Dynamical attribution:
The Atlantic MOC

Pillar et al., 
J. Clim. (2018)
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Dynamical attribution:
The Atlantic MOC @ 26oN

Fractional contribution of 
uncertainty in reanalysis
air-sea flux forcing fields 
to the total uncertainty
in the modelled AMOC

Pillar et al., J. Clim. (2018)
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4.
Uncertainty Quantification &
Optimal Observing System Design
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Recall:
The inverse problem

Courtesy
Nora Loose
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Now:
The uncertainty propagation problem

Courtesy
Nora Loose
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Uncertainty propagation via the time-evolving dual/adjoint state

More on this on Thursday AM

Nora Loose (Uni Bergen & Oden Institute), Ph.D. thesis (2019)
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Conclusions

Looking beyond optimization…
• Adjoints are powerful tool for gaining dynamical and quantitative 

insight into processes governing ocean variability
– (linear) sensitivity analysis
– dynamical (as opposed to statistical) attribution
– non-normal transient amplification (not shown)
– uncertainty quantification
– optimal observing system design
– …

• Plenty of reasons for exploring adjoint models


