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Figure 9. Vertical vorticity production in a 3D
mountain wave. (a) Streamline with upstream height
Nz/U = π/2 in the centerline plane for flow over an
obstacle with ε = 0.5 and β = 2.4. Circular arrows in-
dicate horizontal vorticity generated through buoyancy
gradients. (b) Schematic vortex line on the isentropic
surface corresponding to the streamline in (a). Circular
arrows indicate vertical vorticity in regions where the
vortex line ascends or descends the sloping isentropic
surface. (After Smolarkiewicz and Rotunno, 1989)

results of a numerical simulation of stratified flow past
an isolated ridge with ε = 1.8 and β = 5. A hydraulic
jump similar to that in Fig. 3a forms downstream of the
obstacle; the shading in Fig. 10 shows the position of
the jump. Behind the jump the flow is weakly reversed
indicating the early stages of vortex formation. From
a macroscopic perspective the flow in Fig. 10 is simi-
lar to the shallow-water calculation of Figs. 7a,b with
streams of vertical vorticity extending downstream of
the lateral ends of the jump. However, in the case of
Fig. 10 it can be shown that the vertical vorticity of the
wake originates in the mountain wave upstream of the
jump through a mechanism similar to that described in
Fig. 9. Upon reaching the jump the vorticity is ampli-
fied several-fold through vertical streching to produce

the pronounced vorticity anomalies at the edges of the
wake.

In the flow of Fig. 10 the viscosity is sufficiently high
to suppress the onset of small-scale turbulence. Real
flows are likely to be turbulent in both the steepened
mountain wave and the hydraulic jump, raising the pos-
sibility of vorticity generation by turbulent stresses. It
remains to be seen how well the mechanisms of vortic-
ity generation in the viscous laminar model extend to
more realistic flows with turbulence. The details of vor-
ticity generation in some large-ε (ε ∼> 3, say) cases with
prominent flow-splitting are also uncertain at present.
Numerical simulations of flow at large ε often show
jump-like features on the lateral slopes of the obsta-
cle as in the shallow-water calculations of Figs. 7c,d.
The tilting and stretching mechanism described above
likely plays an important role in creating the vertical
vorticity of the wake in such cases. However, in other
large-ε flows the jumps on the lateral slopes are weak
or apparently absent (at least at steady state). One
possibility is that the Bernoulli deficit of the wake in
such cases is determined not by jump-like features but
rather by weak dissipation distributed throughout the
length of the wake. A Bernoulli gradient and associ-
ated potential vorticity flux are then produced where
the recirculating (low-Bernoulli) wake flow joins the in-
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Figure 10. Incipient vortex formation in viscous strat-
ified flow past a long ridge with ε = 1.8, β = 5 and
Re = 1000. Fields are shown on a low-level terrain-
following surface. Vectors show the horizontal velocity
and contours give the non-dimensional vertical vorticity
ζ/ε2δN (contour interval 0.21 with negative contours
dashed and zero contour suppressed). Shaded area in-
dicates the position of a hydraulic jump similar to that
shown in Fig. 3a. (From Epifanio and Durran, 2000)


