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Fig. S7.  The wind stress vectors and curl around South Georgia Island in the South Atlantic averaged over
conditions during which the winds were within ±15º of the prevailing westerly wind direction in this
region.  This accounts for about 20% of the QuikSCAT overpasses.  To accommodate the large dynamic
range of the curl in the lee of the island, the color scale differs from the color scales in Figs. S1-S4 and in
the curl figures in the text.  Distortion of the wind field by 2934-m Mount Paget and twelve other mountain
peaks exceeding 2000 m can be detected in the curl field more than 500 km downwind of the island.  Wind
shadows develop in the lee of South Georgia Island when the winds blow from other directions as well
(S12).

Fig. S6.  Schematic illustration of the divergence and curl of the wind stress  ô  resulting from spatial
variations of the SST effects on the surface winds summarized in Fig. S5. Near a meandering SST front
(heavy black line), surface wind speeds are lower over cool water and higher over warm water, shown
qualitatively by the lengths of the vectors.  Acceleration where winds blow across isotherms generates
divergence, Ä_•ô  (green area).  Lateral variations where winds blow parallel to isotherms generate curl,
Ä_xô  (red area).  The magnitudes of the divergence and curl perturbations are proportional to the magni-
tudes of the downwind and crosswind SST gradients, respectively (see Fig. 4 in the text).
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soscale straining event as in Fig. 1 or the edge of a
recent vertical mixing event (Price 1981; Haine and
Marshall 1998). The front is initialized as a horizontal
density gradient in a flat-bottom reentrant channel.
Vertical stratification is uniform in the interior and

weak in a surface ML. A typical model configuration is
shown in Fig. 2a and detailed in appendix B. The initial
velocity may be either resting (hereafter “unbalanced”)
or in thermal wind balance (“balanced”). Many other
parameters vary across the simulations, and resolution

FIG. 2. Temperature (°C) during two typical simulations of a ML front spinning down: (a)–(c) no diurnal cycle and (d)–(f)
with diurnal cycle and convective adjustment. (Black contour interval ! 0.01°C; white contour interval ! 0.1°C.)

JUNE 2008 F O X - K E M P E R E T A L . 1149

used to develop a parameterization. First, the initially
vertical isopycnals slump from the vertical to the hori-
zontal without spreading much (i.e., M2 decreases only
10% to 20% while N2 increases by orders of magni-
tude). Second, the inverse cascade proceeds to ever in-
creasing scales in the horizontal, but it is arrested by the
ML depth in the vertical. The typical vertical excursion
scale is a fixed proportion of the ML depth across dif-
ferent simulations (Fig. 6).

Third, the MLEs release PE by fluxing buoyancy
along a surface at a shallower slope than the mean iso-
pycnal surface (i.e., the flux direction is more horizontal
than the isopycnals), a characteristic of linear and non-
linear baroclinic instability (Fig. 7). The ratio of the
slopes is fixed near two, the value yielding the maxi-
mum extraction of PE (Eady 1949; Haine and Marshall
1998).

Fourth, the rms eddy velocities in the middle of the
front saturate at a value that scales with the initial mean
geostrophic shear (Fig. 5). These four elements consti-
tute the basic ingredients of the parameterization.

3. Theory for the parameterization

A parameterization of ML restratification is to be
derived based on the phenomenology of MLEs. A sche-
matic of the slumping process of a ML front is shown in
Fig. 8. The vertical eddy buoyancy fluxes are every-
where positive, and the horizontal cross-channel eddy

fluxes are everywhere down the mean horizontal gra-
dient. The fluxes are along a shallower slope than the
mean isopycnal slope to slump the front and reduce the
mean PE.

The ML restratification problem shares many aspects
with the mesoscale restratification considered by GM
and Gent et al. (1995). First, restratification proceeds
through baroclinic instabilities and releases mean PE.
Second, isopycnal slumping is largely adiabatic and can
be represented through advection by an eddy-driven
overturning streamfunction. Third, momentum fluxes
are weak compared to Coriolis forces; hence only buoy-
ancy fluxes need to be parameterized. Despite these

FIG. 8. Schematic of the ML restratification. Thin contours de-
note along-channel mean isopycnals. Straight arrows denote di-
rection of the eddy buoyancy fluxes, and circular contours/arrows
indicate eddy-induced streamfunction contours and direction. The
decorrelation lengths of the eddies !y and !z are indicated. The
reader is reminded that after Rossby adjustment the isopycnals
are already flattened to slopes O[10 m (km)"1] despite their near-
vertical appearance in this figure.

FIG. 6. Typical vertical excursion scale, # $ %b&2/N2, scaled by
ML depth, H, for initially balanced simulations where the initial
ML depth was 200 m (solid), balanced simulations where the ML
depth was 50 m (dashed), and unbalanced simulations where the
initial ML depth was 200 m (dotted). Other parameters vary as
well: Lf /Ls varies by a factor of 4 and initial N is 0 or 4f. The value
of #/H shown is the maximum in z, horizontally averaged over the
front center.

FIG. 7. Ratio of the horizontal to vertical eddy fluxes scaled by
isopycnal slope for the same simulations as in Fig. 6. The z level
shown is the ML midpoint, and all quantities are averaged over
the center of the front.
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We conjecture that under global warming

q An increase in the stratification of the near-surface ocean 
and decrease in mixed layer depth will lead to a reduction 
in submesoscale activity

q The reduction in submesoscale activity will change the 
spatial and temporal structure of vertical heat and 
nutrient fluxes.

q Does the presence of the submesoscale change the 
change caused by global warming?



Forcing of 1/10 degree (10km) POP

q Present Day: CORE typical year

q Future: CORE + plus anomaly in seasonal forcing got 
from the Large Ensemble CESM RCP 8.5 projection

Downscale both climate states to the submesoscale
using regional model (ROMS) run with 1/100 degree 
(1.25km) resolution
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