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FIG. 10. PV fluxes in vertical cross section through the end of the
jump at y � �3.2a at time u0t/a � 10. Shown are the diabatic heating
(1/�N 2u0�)H (heavy dashed lines; contour interval is 0.085) and po-
tential vorticity flux (1/�2N 3u0�)(Jx, Jz). Thin lines show (b � b0)/
Nu0 (contour interval is 0.25).

FIG. 11. Basic wake features in the � � 1.8, � � 3 case with viscosity determined through
subgrid-scale turbulence parameterization. Contour intervals and vector lengths are as in previous
figures except that shading indicates values of (a/�Nu0)�b/�x less than �0.65: (a) vertical vorticity
�/�2�N and horizontal velocity (u, �)/u0 as in Fig. 1b; (b) vorticity computation with stretching
of vertical vorticity neglected in the jump as in Fig. 3e.

ing and diabatic cooling at the base of the jump produces
a vertical component Jz � ��H � 0 at the lower bound-
ary, resulting in a net flux of PV through the topography.
According to (11), PV fluxes in the interior of a fluid

necessarily produce equal amounts of positive and neg-
ative PV. By contrast, fluxes of PV through the lower
boundary provide a mechanism for generating asym-
metric PV anomalies. Orographic wakes with unequal
amounts of positive and negative PV are likely to be
observed in flows with asymmetric topography, asym-
metric basic states, and/or background rotation.

6. Summary and discussion
This study has explored mechanisms of vorticity and

PV production in viscous stratified flow over ridges with

free-slip surfaces. Particular emphasis has been given
to fully nonlinear effects and to the role of the hydraulic
jump in producing vorticity and PV.
A diagnostic method involving Lagrangian decompo-

sitions of the vorticity field was developed based on a
propagator analysis of the Lagrangian vorticity equation.
The method was then applied to the nonlinear viscous
simulations to clarify mechanisms of vorticity production.
The vertical vorticity at the lateral edges of the wake is
found to have its origins in baroclinic generation and tilting
in the mountain wave upstream of the jump, as originally
suggested by SR89. However, upstream of the jump the
vertical vorticity is relatively weak. Upon reaching the
jump the vorticity is amplified several-fold through stretch-
ing to produce the pronounced vertical vorticity anomalies
along the wake shearlines. In vertical cross section, vis-
cous effects near the free-slip lower boundary inhibit the
baroclinic generation of negative cross-stream vorticity �
� �u/�z at low levels along the lee slope. (Note that a
surface friction condition would locally act in the same
sense.) Upon crossing the jump the low-level flow deep-
ens, decelerates, and gains positive � due to the buoyancy
gradient across the jump. The negative u� u0 and positive
�u/�z downstream of the jump are then consistent with
reversal of the surface flow.
In the viscous laminar model the vertical vorticity

anomalies along the shearlines downstream of the jump
are nearly coincident with anomalies in PV, suggesting
that PV is produced in the jump. The generation of PV
in the jump occurs primarily through thermal diffusion
tending to modify the potential temperature field fol-
lowing the flow so as to produce PV from the vertical
vorticity already present in the jump. This thermal PV
generation occurs in the same region of the flow as the
amplification of the vertical vorticity through stretching.
From the perspective of PV conservation, diabatic cool-
ing at the base of the jump produces a vertical com-


