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1. Gulf Stream North Wall 
• The north edge of the Gulf Stream is marked by strong temperature front referred to as the North Wall.
• The North Wall migrates meridionally by up to 2º on interannual timescales.
• Changes in the position of the North Wall have significant impacts on local biology and climate, and has even been 

shown to influence biogeochemical cycles in European lakes and estuaries (e.g., Taylor 1995).

Atmospheric forcing, the North Wall, and the North Atlantic Oscillation 
• North Wall shifts are correlated with the North Atlantic Oscillation (NAO) with a lag of 0–2 years. Proposed mech-

anisms include
• Rossby waves excited by changes in wind stress curl (e.g., Marshall et al. 2001; Taylor and Gangopadyay 2001; 

Sasaki and Schneider 2011); however, the lag between the NAO and North Wall is short compared to the Rossby 
wave crossing time (4+ years)

• Advection in boundary currents of thermal or mechanical signals generated at high (Rossby 1999) or low lati-
tude (Hameed et al. 2018)

• Here we use an adjoint sensitivity analysis to show that most interannual variability is driven by winds over and 
immediately east of the Gulf Stream extension.

4. Reconstructions 
• Actual response to forcing can be reconstructed from the sensitivities using a convolution integral:
• Complete variation of cost function can be reconstructed from sensitivities and forcing fields, if

Local winds drive interannual variability of the Gulf Stream North Wall Path

Results from an adjoint sensitivity analysis (PL24B-2665)
Xiaohui Liu (Second Institute of Oceanography, Hangzhou, China) & Christopher L.P. Wolfe (Stony Brook University, Stony Brook, NY)

2. Data and Background 
Gulf Stream Index 

• The North Wall is typically colocated with the 15ºC isotherm (Fig. 1); the position of the 15ºC 
isotherm at 200 m depth (T200 = 15ºC) serves as an operational definition of the North Wall posi-
tion

• Joyce et al. (2000): the Gulf Stream Index (GSI) is the first PC of 200-m temperature at a sequence 
of points located along the mean path of the North Wall. 

• The EOF is single-signed—representing a coherent north-south shift of the North Wall—and 
captures more than 50% of the variance on interannual time scales.

ECCOv4 Release 2 
• ECCOv4r2 is a dynamically consistent estimate of the ocean state from 1992–2011 based on a 

wide range of remote and in situ observations (Forget et al. 2015)
• Comes with well-developed adjoint modeling system     
• ECCOv4 has the best representation of the Gulf Stream of coarse-resolution ocean reanalyses 

(Chi et al. 2018) 
• GSI in ECCOv4r2:

• Explains >75% of the interannual variance of temperature at the points in figure 2a
• Is significantly correlated (r = 0.60) with the observed GSI—not an exact match, but captures the 

gross features of the index
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Figure 2: (a) Mean temperature at 200 m in ECCOv4r2. Red 
circles indicate the 8 points used to calculate the GSI. (b) 
Loading pattern of the GSI.

mean temperature at 200 m in ECCOv4r2

1st EOF of annual-mean 
temperature at the 8 points in (a)

4. Air–sea heat and freshwater exchange during Feb/Mar 2007
in CLIMODE

The surface forcing during the 2 month averaging period
involves numerous individual synoptic events—with the most
effective type being cold air outbreaks (see The Climode Group,
2009). The averaging also sums over synoptic variability in the GS
region—which takes the form of rings and meanders of the Gulf

Stream. Joyce (2012, Fig. 3) has shown the mean SST and surface
geostrophic flow for this 2 month winter window in 2007.
Inspection of the net heat loss map (Fig. 5, upper panels) for the
two months of Feb/Mar (data provided by the global study of
Schanze et al., 2010), shows that most of the large heat loss is over
the warm core of the GS, which lies between the aggregate of
northwall and southwall positions tabulated during Feb/Mar 2007
in the thermal imagery by US Navy analysts based upon SST

Fig. 1. CTD stations during the R/V Knorr’s winter CLIMODE cruise in Feb/Mar 2007 (upper). Selected CTD sections upstream (lower left) and downstream (lower right) of
our shipboard study area, show contrasts in potential temperature (1C, upper left sub-panels), salinity (psu, upper right), % oxygen saturation (lower left) and downstream
velocity (lower right, CI¼0.5 m/s, max. 2.0 m/s, dashed for negative downstream velocities). The sections have been plotted in stream coordinates in which the origin is the
location of greatest depth-averaged flow observed with the shipboard ADCP system (ca. 25:600 m) and the cross-frontal coordinate yc, is defined to be at right angles to
this flow direction and oriented towards the warm water side of the system.
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Fig. 6. Monthly mean composite maps for February 2007 (upper) and March 2007 (lower) of SST (colors), surface geostrophic velocities (arrows), CTD stations from KN188 cruise
(white dots), EDW outcrop indicated by the area between the 17.5 and 18.5 isotherms (black lines), and the location of moorings C and D, deployed during the two CLIMODE winters
of 2005/2006 and 2006/2007, white squares. The two ‘‘modes’’ of EDW formation are roughly marked by the EDW outcrops in the Sargasso Sea, away from the GS, and the outcrops
connected to the GS itself. The northern Sargasso EDW outcrops shown migrate from west to east from Feb. towards Mar., when the mooring ‘‘D’’ site becomes one for local
outcropping of EDW. This is not to say that outcropping could not occur on Feb. on a daily basis, only that it is obscured in a monthly mean map. East of 55W, the two types of EDW
outcrops cannot be separated as the GS warm core has been eroded from the monthly mean maps, and the GS recirculation gyre is recharged with new EDW detrained from the GS.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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North Wall

Figure 1: Left: Mean 
SST and surface 
velocity in the Gulf 
Stream region during 
the 2007 CLIMODE 
experiment. Right: 
Potential temperature 
section along the 
white line shown in the 
left panel (north on the 
left). Source: Joyce et 
al. (2013).
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3. Adjoint Sensitivity of the Gulf Stream Index 

• The adjoint provides gradients of the cost function (i.e., sensitivities) with respect to control parameters
• Here, the cost function is the GSI (temperature weighted by EOF in figure 2) and the controls are atmospheric 

forcing fields
• Caveats: 1) Sensitivities are linear       2) Adjoint is approximate (some “nasty” physics are simplified)

Adjoint sensitivity analysis
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Figure 3: Adjoint sensitivity of the Dec. 2002 GSI to atmospheric forcing for different lead times, τmem, scaled by 
grid-cell area. The color scale is nonlinear to show detail near zero. Black circles give the location of the points 
used to calculate the GSI. The sensitivity to freshwater forcing (not shown) is very similar to the sensitivity to heat 
flux.
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• All memory is used (τmem➝ ∞) • The response is linear

variance explained by reconstructions

Figure 5: Spatial 
distribution of 
contributions to the 
variance explained by 
partial reconstructions of 
the seasonal cycle (left) 
and interannual 
variability (right) of the 
GSI using 5 years of 
memory

seasonal cycle interannual variability

• All forcing fields are used • The adjoint is exact

seasonal cycle of GSI and reconstructions
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Figure 4: 
Upper panels: Seasonal 
cycle (left) and interannual 
variability (right) of the GSI 
and reconstructions using 5 
years of memory. 

Lower panels: Variance 
explained by the partial re-
constructions as a function 
of memory:

1 � var [�(C) � �rec (C , �mem)]
var [�(C)]
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• Seasonal cycle dominated by buoyancy forcing
• Saturates after ~6 months of memory

• Contribution of wind forcing sometimes negative
• Accounting for wind sometimes worse than persistence!
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• Interannual variability driven by (mostly zonal) winds
• Saturates after ~4 years of memory (approx. Rossby wave crossing time)
• First 2 years of memory make largest contribution

• Buoyancy forcing saturates in ~6 months of memory—no effect on subsequent years!
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• Local forcing dominates both seasonal cycle and interannual variability
• Interannual variability: contributions of decreasing magnitude extending eastward

• Response to wind a residual between large positive and negative contributions
• Residual is small for seasonal cycle
• Long memory of zonal wind perturbations due to baroclinic Rossby waves.

• Most of the signal arrives within 2 years ➝ waves excited near Gulf Stream
• NAO has small, but statistically significant, loading in the region where 0–2 year lags are possible
• NAO-forced perturbations do not propagate from the subpolar region to the Gulf Stream
• NAO-forcing in the eastern midlatitudes could propagate to the Gulf Stream, but project on regions 

with opposite sensitivities and the signal attenuates before reaching the Gulf Stream
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