
Tel/us (1993), 45A, 28-43 
© M unksgaard 

Stagnation points and bifurcation in 3-D mountain airflow 

By RONALD B. SMITH, Department of Geology and Geophysics, Yale University, New Haven, CT, USA 
and SIGBJ0RN GR0NAS, Institute of Geophysics, University of Bergen, Bergen, Norway 

(Manuscript received 8 January 1992; in final form 22 June 1992) 

ABSTRACT 

The effect of non-linearity on the formation of mountain-wave induced stagnation points is 
examined using the scaling laws for ideal hydrostatic flow and a series of runs with decelerating 
winds in a numerical model. In the limit of small deceleration rate, (i.e., near steady state) runs 
with a variety of mountain heights and widths give similar results; i.e., the speed extrema values 
in the 3-D wave fields collapse onto "universal curves". For a Gaussian hill with circular con­
tours, stagnation first occurs at a point above the lee slope. This result contradicts the result of 
linear theory that stagnation begins on the windward slope. The critical value of h for stagnation 
above a Gaussian hill is hcrit = 1.1±0.1. For a 3/2-power hill, the critical height is slightly higher, 
hcrit = 1.2 ± 0.2. These values are significantly larger than the value for a ridge (hcrit = 0.85 ), due 
to dispersion of wave energy aloft. The application of Sheppard's rule and the vorticity near the 
stagnation point are discussed. As expected from linear theory, the presence of positive 
windshear suppresses stagnation aloft. With Richardson number= 20 for example, stagnation 
first begins at the ground at a value of h = 1.6 ± 0.2. When a stagnation point first forms aloft 
in the unsheared case, the flow field begins to evolve in the time domain and the scaling laws are 
violated. We interpret these events as a wave-breaking induced bifurcation which leads to 
stagnation on the windward slope and the formation of a wake. 

1. Introduction 

The formation of stagnation points in stratified 
air flow over a hill has been investigated by Smith 
(1989a) using linear theory. According to this 
theory, two preferred points for flow stagnation 
exist over a simple isolated hill; one at the lower 
boundary on the windward slope (point B) and 
one at a point in the fluid located some distance 
above the leeward slope (point A). For long ridges 
oriented perpendicularly to the flow, the tendency 
for stagnation at point A is far stronger than at B, 
while for hills with circular topographic contours, 
the two points are equally significant. 

The significance of flow stagnation in stratified 
flow can be profound, at least in two-dimensional 
flow. Long (1955) suggested that regions aloft 
nearing stagnation (i.e., point A) would be 
associated with steeply sloping streamlines and 
incipient overturning, leading to turbulence. 
Huppert and Miles (1969) found the critical hill 
height to be h = h0 N 0 /U0 ~ 0.85 for a simple ridge 
in 2-D flow. Clark and Peltier (1977) found that 

when this critical value of h is exceeded, a 
turbulent patch appears and the flow begins to 
change in time, eventually reaching a new "severe 
wind" steady state. In the new steady state, the 
wave breaking decouples the flow below from the 
flow above the breaking region, allowing the flow 
below to be well described by a local hydraulic 
theory (Smith, 1985). 

The significance of flow stagnation in 3-D flows 
has received less attention. The two obvious 
possibilities are first, stagnation and wave over­
turning at A could trigger severe downslope flow 
as in 2-D. Second, stagnation at B could allow 
flow splitting; i.e., the left-right splitting of the low 
level center streamline so that the flow passes 
around instead of over the hill. This latter idea 
has been put forward in a number of contexts. 
(Sheppard, 1956; Drazin, 1961; Hunt and Snyder, 
1980; Smolarkiewicz and Rotunno, 1990). These 
approaches have been recently reviewed by Smith 
(1989b ). Other possibilities are equally probable. 
For example, wave over-turning aloft could trigger 
a bifurcation which, after some adjustment in the 
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