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ABSTRACT

The *‘high drag’’ state of stratified flow over isolated terrain is still an impediment to theoretical and exper-
imental estimation of topographic wave drag and mean-flow modification. Linear theory misses the transition
to the asymmetrical configuration that produces the enhanced drag. Steady-state nonlinear models rely on an ad
hoc upstream condition like Long’s hypothesis and can, as a result, be inconsistent with the flow established
naturally by transients, especially if blocking is involved. Numerical solutions of the stratified initial value
problem have left considerable uncertainty about the upstream alteration, especially as regards its permanence.

A time-dependent numerical model with open boundaries is used in an effort to distinguish between permanent
and transient upstream flow changes and to relate these to developments near the mountain. A nonrotating
atmosphere with initially uniform wind and static stability is assumed. It is found that permanent alterations are
primarily due to an initial surge not directly related to wave breaking. Indeed, there are no obvious parameter
thresholds in the time-mean upstream state until ‘‘orographic adjustment’’ (deep blocking) commences. Wave
breaking, in addition to establishing the downstream shooting flow, generates a persistent, quasi-periodic, up-
stream transience, which apparently involves the ducting properties of the downslope mixed region. This tran-
sience is slow enough to be easily confused with permanent changes.

To understand the inflow alteration and transience, the energy and momentum budgets are examined in regions
near the mountain. High drag conditions require permanent changes in flow force difference across the mountain
and, consequently, an ongoing horizontal flux of energy and negative momentum. The source of the upstream
transience is localized at the head of the mixed region. Blocking allows the total drag to exceed the saturation
value by more than an order of magnitude. The implications for nonlinear steady-state models and wave drag
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parameterization are discussed.

i. Introduction

The theory of stratified, high-drag flow over isolated
terrain has borrowed much of its terminology from sin-
gle-layer hydraulic theory: surge, jump, upstream in-
fluence, and wave breaking are familiar terms in both
contexts. However, numerical modeling has shown that
the stratified phenomenon is more complicated than the
hydraulic analog, even in the case of uniform environ-
inental wind, static stability, and density. This has a lot
to do with the fact that internal waves are more com-
plicated than surface waves. The present study of the
continuously stratified problem has two main goals: 1)
to clarify the relationship discussed by Pierrehumbert
and Wyman (1985) between wave breaking and per-
manent upstream changes, and 2) to assess the impact
of upstream influence on steady-state models like that
proposed by Smith (1985). Both issues relate to the
practical problem of estimating wave drag from large-
scale conditions.
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In their numerical study of stratified flow over a
ridge, Pierrehumbert and Wyman ( 1985, hereafter PW)
argue that ‘‘columnar modes’’ excited by wave break-
ing are directly responsible for the permanently decel-
erated layers of fluid that stretch far upstream along the
ground from the mountain. Direct causality between
wave breaking and ‘‘upstream influence’’ ( permanent
changes in the inflow ) contrasts with hydraulic models,
which produce upstream surges without lee waves (as
noted by PW), and with laboratory experiments on
stratified, finite-depth fluids, which produce upstream
influence, including blocking, without wave breaking
(Baines 1979). Conversely, in a numerical study of
anelastic mountain waves, Bacmeister and Schoeberl
(1989) find that high-level overturning produces no
significant, permanent changes in the background flow
despite a vigorous wave breaking signal.

The connection between wave breaking and up-
stream influence is worth clarifying, since, if PW are
correct, additional importance would attach to the way
in which experiments and theories treat wave-induced
instability. The uncertainty stems mainly from the fact
that both the wave breaking process and the initializa-
tion of the wind across the terrain can produce low-
frequency transients with upstream-directed group/
phase velocity. Thus, Laprise and Peltier (1989a) dis-






