in the well-mixed bottom boundary layer (e.g., within 50 m
of the bottom). However, based on the direct measurements
of Johnson et al. [1994a] and the sign of velocity shear, we
anticipate t b to be positive and similar in magnitude to those
reported above.

4. Conclusions and Implications

these two layers is a region of strong shear and stratification.
Note that bottom boundary layer turbulence is not estimated
because (1) measurements often did not include the bottom
30 m, and (2) Thorpe analyses are not effective in well-mixed
boundary layers.
[22] Perturbation APE and  in the bottom 200 m increase
dramatically as the flow-passes over the sill crest (near UTS)
and plunges downslope past DTS. Both quantities have a
similar spatial structure and their logarithms are highly correlated (Figure 3g), suggesting that the turbulence is driven
by breaking internal waves [D’Asaro and Lien, 2000]. The
timescale for turbulent decay (T = APE/), is typically 103s
in regions of strong turbulence, which represents several
buoyancy periods (2p/N  500 s) and implies a spatial decay
of a few kilometers. Thus, distinct wave-like undulations
may exist, but these are difficult to identify because they have
similar timescale as our profile spacing. The undulating disturbances reported here have decay scales similar to oscillations observed in the equatorial undercurrent [Moum et al.,
2011], which were interpreted as shear instabilities of the
mean flow by Smyth et al. [2011]. Similar stability analyses
performed on these data indicate the Med is also susceptible
to high-frequency wave growth (B. Smyth, personal communication, 2012). It is thus possible the correlation between
 and APE indicates that the observed APE is associated with
breaking shear instability waves that generate the turbulence.
However, we also note significant differences between the
Med outflow and the equatorial undercurrent, namely the
Med outflow has higher  and APE and appears to be topographically controlled, which can lead directly to breaking
lee waves [Farmer and Smith, 1980].
3.3. Mixing and Stress
[23] The intense wave activity that develops downstream
of Spartel West Sill increases APE and  by a factor of 10–
100. As a result, inferred turbulent diffusivities for mass and
momentum increase by a similar factor in the strongly
sheared interface region between outflow and Atlantic
waters, peaking at Km ≈ Kr ≈ 1 m2/s (Figure 4b). This results
in significant upward transport of westward momentum, as
quantified by t = Km ∂u/∂z. Upstream of the sill (at UTS),
t ≈ 0.1  0.1 Pa, while downstream (near DTS),
t ≈ 2  1.0 Pa throughout the almost 100-m thick interface
(Figure 4c). Thorpe-based stress estimates cannot resolve t

[24] Detailed observations at the Spartel West Sill reveal a
gravity current that is both (i) highly unsteady over tidal
through internal wave timescales, and (ii) spatially variable,
with abrupt changes in stress by a factor of 10–100 over 1-km
scales. Hydraulic control by small-scale topography appears
responsible for this inhomogeneity and the enhanced internal
stress. This picture compliments large-scale estimates of the
cumulative entrainment and retarding stress in historic studies [Price et al., 1993; JSB94; BP97] and regional modeling
efforts [Xu et al., 2007].
[25] Our observations provide further insight into the role
of interfacial stress in the initial descent of the outflow and
help somewhat to reconcile the contrasting findings of previous studies. For example, direct estimates of t i near this sill
by Johnson et al. [1994a] exceeded a magnitude of 1 Pa
during only a single profile (t i = 3.25 Pa during XDP drop
804), and averaged 0.4 Pa in this area (across their lines B
and C and stations 4 and 8). While similar to BP97’s estimates from bulk entrainment rates (t i  1 Pa), the measured t i contrasts the substantially greater bulk estimates of
JSB94 (3 to 4 Pa).
[26] Here we find time-averaged t i = 2  1 Pa within the
hydraulic jump region (at DTS) but only t i = 0.1  0.1 Pa
upstream (at UTS), consistent with the wide distribution of
previous t i estimates reported above. It is thus plausible that
the Med outflow’s initial descent may be strongly influenced
by high interfacial stresses that act on the large-scale
momentum (JSB94, BP97) but were not captured by Johnson
et al. [1994a] because of their localized nature. Multibeam
bathymetry [Zitellini et al., 2009] indicates the Gulf of Cadiz
is incised with a spectrum of roughness down to O(1km)
scales, so intensified dynamics may impact more than just
the major sills indicated in Figure 1a. Within the Strait of
Gibraltar, for example, hydraulic control and large-amplitude
shear instabilities produce  ≈ 102 W/kg at Camarinal Sill,
100x larger than those observed here [Wesson and Gregg,
1994].
[27] While our observations indicate that t i is significant,
our data do not permit us to compare this directly to t b.
However, it is likely that the ratio of t i to t b is strongly variable and controlled by topography. Whereas t b may be quasihomogeneous (as it scales with u2), t i depends on the internal
flow stability, and can change abruptly as a flow transitions
from marginally stable to marginally unstable (from UTS to
DTS). Like the equatorial undercurrent, the mean state of the
Med outflow has Richardson number close to 1/4, so that
small changes in background state can manifest into significant changes in mixing [Moum et al., 2009].
[28] We suggest that the Med Outflow acts like a pool and
drop river, whereby the outflow transitions abruptly from a
marginally stable, relatively quiescent flow into intense
undulations and turbulence. Based on the complexity of the
topography [Zitellini et al., 2009], we contend that a large
fraction of the Med’s mixing may occur within accelerated
downslope flows that enhance , Km and Kr by a factor
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of 100, and produce order-of-magnitude increases in t. Farther downstream (Figure 1a; BP97’s sections D and E), largescale budgets indicate a weakening of the total stress
to 0.5 Pa (BP97), consistent with a reduction in , Km and
Kr as the Med approaches geostrophic equilibrium over
the broad continental slope. However, the total entrainment
remains substantial during much of the 140 km from Camarinal Sill [Baringer and Price, 1997a], indicating continued
mixing during the Med’s descent to terminal depth. Whether
fine-scale topographic effects control the cumulative entrainment farther downstream remains an open question. In any
event, numerical prediction of the Med’s ultimate composition
will likely require resolving or parameterizing the effect of
turbulent dynamics over O(1 km) scale topographic features
[Özgökmen and Fischer, 2008].
[29] There is increasing evidence that the composition of
Mediterranean Outflow waters have been changing on decadal
timescales [Millot et al., 2006]. It has been suggested that
anthropogenic changes may lead to a warmer and less dense
Med Outflow [Thorpe and Bigg, 2000]. Because mixing is
sensitive to subtle changes in flow stability, it is unlikely that
numerical models that use “tuned” mixing parameterizations
will adequately model bulk entrainment correctly under future
scenarios where the outflow interacts differently with topographic complexity. It is thus imperative that the effects of
fine-scale topographic roughness be captured or accurately
parameterized in GCMs [e.g., Özgökmen et al., 2004] to avoid
significant errors in climate predictions [Legg et al., 2009].
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