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Transports and boundary pressures
Meridional transport 

anomaly
The time series shows the basin-
wide transport anomaly…

Meridional transport anomaly
Boundary pressure estimate

90% explained variability

Depth interval: 1000-3000m

Latitude band: 18.75-33.75°N

Transports through the depth 
interval are averaged across 
the latitude band.

Calculated using the ECCO 
State Estimate
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Transports and boundary pressures
Meridional transport 

anomaly
The time series shows the basin-
wide transport anomaly…

which can be estimated using 
boundary pressures.Western & Eastern 

boundary pressures

Meridional transport anomaly
Boundary pressure estimate

Depth interval: 1000-3000m

Latitude band: 18.75-33.75°N

Transports through the depth 
interval are averaged across 
the latitude band.

Calculated using the ECCO 
State Estimate

90% explained variability
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Key questions
If a significant component of Atlantic 
transport variability is described at the 
boundaries…

What drives this variability?
• Local forcing at the local boundary,

Local
boundary forcing
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Key questions
If a significant component of Atlantic 
transport variability is described at the 
boundaries…

What drives this variability?
• Local forcing at the local boundary,
• Forcing at remote boundaries – 

communicated by boundary waves,
• Interior forcing above the interior ocean,

We investigate this using an adjoint model.

Local
boundary forcing

Remote
boundary forcing

Interior forcing
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Adjoint models
• Adjoint models effectively run “backwards”.

• Relate an ocean behaviour to physical drivers in the past via algorithmic 
differentiation.

• Calculates the linear sensitivities of an objective function.

𝒥 Adjoint Model
ECCOv4r4

𝜕𝒥
𝜕ℱ!

,
𝜕𝒥
𝜕ℱ"

, …

Linear sensitivities
Sensitivity of 𝒥 to external forces

Depends on position and lag
 

Objective function
e.g. Basin-wide geostrophic 
transport across the Atlantic
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Objective functions
• Use the annually-averaged 

basin-wide geostrophic 
transport as our objective 
function.

• Four subtropical subdomains 
which target the upper and 
lower limbs of the time-
averaged overturning. 

• Focus on the Northern 
Hemisphere today.

1

2

3

4

Subdomain Latitude range Depth range Explained 
variability

RAPID Upper 18.75-33.75°N 250-1000m 74%

RAPID Lower 18.75-33.75°N 1000-3000m 90%

S-RAPID Upper 18.75-33.75°S 250-1200m 75%

S-RAPID Lower 18.75-33.75°S 1200-3000m 83%

1

2

3

4
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Example sensitivity field
Sensitivity to meridional winds
Describes how meridional winds 
can increase basin-wide 
geostrophic transport.

If you…
• Increase meridional winds where 

the field is positive,
• Decrease meridional winds where 

the field is negative,

The basin-wide geostrophic 
transport should increase linearly 
after a time equal to the lag.

#𝑃! #𝑃"  

Basin-wide 
geostrophic transport

RAPID Lower: Sensitivity of basin-wide geostrophic transport to meridional winds 
(lag = 720 days)
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Available 
sensitivities
We calculate 
sensitivities to:
• Zonal wind stress
• Meridional wind stress
• Surface heat fluxes
• Surface freshwater 

fluxes*

*Sensitivities to 
freshwater fluxes are 
negligible in all cases.

RAPID Lower: Sensitivities of basin-wide geostrophic transport (lag = 720 days)

Sensitivity to zonal wind stress Sensitivity to meridional wind stress

Sensitivity to freshwater fluxesSensitivity to heat fluxes
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Reconstructions
Reconstructions are a product of sensitivity fields and forcing anomalies experienced by 
the model.

ℛℱ 𝑡	 = 	%
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(
	𝒜" 𝒙, 𝑡) 	∆ℱ" 𝒙, 𝑡 + 𝑡) 	𝑑𝑡)	𝑑𝐴

An optimal combination of forcing and memory identifies the forces and timescales 
which drive the transport variability.

Reconstruction of the 
basin-wide geostrophic 
transport anomaly at time 𝑡 
for a combination of forces 
ℱ

Linear sensitivity of 
the transport to 𝑖-th 
force with a lag of 𝑡′

Forcing anomaly 
at time 𝑡 + 𝑡#
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Reconstructions
Reconstructions are a product of sensitivity fields and forcing anomalies experienced by 
the model.
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An optimal combination of forcing and memory identifies the forces and timescales 
which drive the transport variability.

Reconstruction of the 
basin-wide geostrophic 
transport anomaly at time 𝑡 
for a combination of forces 
ℱ

Linear sensitivity of 
the transport to 𝑖-th 
force with a lag of 𝑡′

Forcing anomaly 
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Reconstructions of RAPID transport
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Basin-wide geostrophic 
transport
12-month rolling mean

Optimal reconstruction
Wind + heat forcing
Memory: 6-8 yrs

Optimal reconstruction
Wind + heat forcing

Memory: 6-8 yrs

Depth 
range

Forcing Explained 
variability

Minimum 
memory

RAPID 
Upper
(250-
1000m)

Wind + Heat 79% 6 yrs

RAPID 
Lower 
(1000-
3000m)

Wind + Heat 94% 6 yrs
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Reconstructions of RAPID transport
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Optimal reconstruction
Wind + heat forcing
Memory: 6-8 yrs

Optimal reconstruction
Wind + heat forcing

Memory: 6-8 yrs

Wind-driven variability
Explains 64% of the variability
Primarily interannual

Wind-driven variability
Explains 70% of the variability
Primarily interannual

Depth 
range

Forcing Explained 
variability

Minimum 
memory

RAPID 
Upper
(250-
1000m)

Wind + Heat 79% 6 yrs

Wind 64% 8 yrs

RAPID 
Lower 
(1000-
3000m)

Wind + Heat 94% 6 yrs

Wind 70% 6 yrs
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Reconstructions: RAPID transport
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Optimal reconstruction
Wind + heat forcing
Memory: 6-8 yrs

Optimal reconstruction
Wind + heat forcing

Memory: 6-8 yrs

Heat-driven variability
Explains 52% of the variability
Forms a near-linear trend

Heat-driven variability
Explains 48 % of the variability
Forms a near-linear trend

Depth 
range

Forcing Explained 
variability

Minimum 
memory

RAPID 
Upper
(250-
1000m)

Wind + Heat 79% 6 yrs

Wind 64% 8 yrs

Heat 48% 6 yrs

RAPID 
Lower 
(1000-
3000m)

Wind + Heat 94% 6 yrs

Wind 70% 6 yrs

Heat 52% 8 yrs
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Summary
• There is a robust relationship between 

transport variability and boundary pressures.

• Adjoint sensitivities explain 79-94% of the 
basin-wide geostrophic transport variability.

• Wind-driven variability is necessary to 
describe the interannual variability of the basin-
wide geostrophic transport.

• Heat-driven variability can represent trends 
in a 15-year time series of the transport.

RAPID Lower: Sensitivity of basin-wide geostrophic 
transport to meridional winds (lag = 720 days)
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Our full investigation
• Calculate sensitivities and reconstructions of 

the basin-wide geostrophic transport for the 
subtropical Southern Hemisphere.

• Identify a rogues’ gallery of wind and heat 
patterns which drive the transport variability.

• Identify cases where the western boundary 
is significantly more sensitive than the 
eastern boundary.

• Tested for non-linear sensitivities in a series 
of perturbation experiments.

Preprint available 
on ESS Open 
Archive

RAPID Lower: Sensitivity to zonal winds

RAPID Upper: Sensitivity to heat flux

RAPID Lower: 
Sensitivity to meridional 
winds
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EXTRA SLIDES
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Basin-wide geostrophic transport
Basin-wide geostrophic transport is a product of 
geostrophic balance:

𝑓𝑣# =
1
𝜌$
	𝜕𝑃
𝜕𝑥

The above equation can be integrated zonally to relate 
the basin-wide transport to the across-basin pressure 
difference

−
𝜕Ψ#
𝜕𝑧

=
1
𝜌$𝑓

𝑃% − 𝑃&

Basin-wide transport 
per unit depth

Across-basin 
pressure difference

𝑃* 𝑃+

'
,'

,(
𝑣- 	𝑑𝑥 = −

𝜕Ψ-
𝜕𝑧

𝑃+𝑃*
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Basin-wide geostrophic transport

−
𝜕Ψ-
𝜕𝑧

=
1
𝜌(𝑓

𝑃+ − 𝑃*

Applying the above equation on a model grid 
can be problematic. Problems include:
• Unaligned grid points
• Noise in the vertical pressure profile
• Vertical sidewalls

Resolved by averaging bottom pressures 
over fixed depth and latitude ranges

𝑃* 𝑃+

'
,'

,(
𝑣- 	𝑑𝑥 = −

𝜕Ψ-
𝜕𝑧

𝑃+𝑃*
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Summary of spatial features
Feature RAPID 

Upper 
RAPID 
Lower

S-RAPID 
Upper

S-RAPID 
Lower

Boundary 
affected

Zonal wind 
bands ✓ ✓ ✓ ✓ West

Local along-
slope winds ✓ ✓ ✓ ✓ Both

Remote along-
slope winds ✓ ✓ ✓ ✓ Both

Local interior 
heat fluxes ✓ ✗ ✗ ✗ West

Northern heat 
fluxes ✓ ✓ ✗ ✗ Both
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