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ABSTRACT

Most numerical models designed for numerical weather prediction or atmospheric general
circulation studies have become increasingly more sophisticated in the past two decades.
Rapid advances in super-computer technology have permitted development of models
with relatively high spatial resolution and improved representation of physical processes.
For the most part this has resulted in more accurate modelling of atmospheric flow
regimes. However, certain systematic deficiencies, related in part to representation of the
effects of variations in surface orographic elevation, have remained. Recently it has been
found that these systematic errors are substantially reduced when the drag forces
resulting from breaking of unresolved, orographically excited, gravity waves are
parameterized in the models. In this paper the parameterization techniques currently used
are outlined and some examples of the effects of using them in an atmospheric general
circulation model are presented.

INTRODUCTION

Most numerical models used for weather prediction or atmospheric general circulation
studies are designed to represent phenomena whose horizontal and vertical length scales
are a few hundred kilometers and a few hundred meters respectively. The models all
make use of the primitive equations of motion. The range of atmospheric phenomena
that are resolved is illustrated to some extent by noting that the density scale height in
the troposphere is of the order of 10 km. This is also a representative depth for the
synoptic scale dynamical processes in the troposphere. Typical flow speeds are in the
range of 10-20 m/sec in the middle troposphere. The potential temperature variation in
the vertical is typically such that the buoyancy period (2 7/N; N = Brunt-Viisila
frequency) is a few hundred seconds. Thus a typical internal wave vertical length scale,
given by the product of the buoyancy period and the flow speed, is a few kilometers
while a typical Rossby deformation length scale is a few thousand kilometers.

Synoptic-scale storms embedded in the middle latitude westerly flow are baroclinic
eddies whose dynamics are quasi-geostrophic in nature. Such eddies are adequately
resolved in atmospheric general circulation models.

Substantial refinements of the spatial resolution of global atmospheric models have
accompanied advances in super-computer technology in the past decade. In general this
has resulted in more accurate modelling of flow patterns. However, certain systematic
errors have not only remained but become accentuated with increased horizontal
resolution. These errors are associated, at least in part, with inadequate representation of
the effects of orography on the atmospheric flow in synoptic and planetary scales. The
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errors in question are quite apparent for the northern hemispheric flow during winter
and are characterized by excessively strong westerly flow over continental areas in
middle and high latitudes. This excessively strong zonal flow regime is accompanied by
unrealistically low and broad minima in pressure and temperature fields in northerly
regions.

A terrain-following coordinate system is used in most atmospheric models. Although
effects of variations in orographic forcing at the surface are formally taken into account
in such a coordinate system, all the models employ smoothed representations of
orographic height fields. The smoothing procedure may vary somewhat from model to
model but is invariably such as to ensure that the smoothed field does not contain scales
of variation which are smaller than those explicitly resolved in the model.

Largely as a result of radiative cooling at the surface the atmospheric boundary layer
over continents is stably stratified in winter. The boundary layer formulations commonly
used in atmospheric models are such as to ensure suppression of vertical transports by
turbulent processes in stably stratified flow near the surface. Consequently surface wind
stress values (and the associated frictional drag forces) are often rather small in
mountainous regions during winter, even though surface roughness may be larger than in
other locations. Thus, in the absence of other parameterizations of the effects of
unresolved orography, representation of the effects of mountains is accomplished entirely
through the effects of (smoothed) variations in the elevation of the lower boundary in
the terrain-following coordinate system. Reduction of the barrier effect of mountains
associated with smoothing may have a detrimental effect on modelling of flow which is
strongly statically stable near the surface. Wallace et al. (1983) were able to reduce
systematic errors over continental areas in winter to some extent by simply adding to the
smoothed orography a height increment proportional to the local standard deviation
about this smoothed mean. Use of such "envelope" orography is less effective, and
sometimes detrimental, in summer when the near surface flow is often slightly unstably
stratified and surface heat fluxes and wind stresses are relatively large.

A second means of reducing the systematic westerly flow error in models is associated
with parameterization of the effects of unresolved internal gravity waves. It is well
known that such waves are excited when stably stratified air flows over irregular terrain.
The Eliasen-Palm theorem indicates that the vertical momentum flux associated with
stationary internal gravity waves is independent of height except in regions where wave
dissipation occurs. In such regions wave momentum flux divergence gives rise to drag
forces which act on the mean flow, The idea that such mountain wave drag forces may
have a significant impact on the larger scale flow is not of recent origin. The linear
theory of mountain waves, though analytically difficult in general, has been explored
quite extensively for idealised mean flow conditions so that many of the important
properties of these waves are now known. A few detailed observational studies of
naturally occuring wave events have been carried out within the last two decades. To a
substantial extent these studies confirm the usefulness of linear theory in describing the
salient features of such wave systems.

Sawyer (1959) suggested, on the basis of linear theoretical calculations, that the effects
of mountain wave momentum fluxes should be taken into account in numerical weather
prediction models. However, at that time detailed observational studies of mountain
waves were not available and sample theoretical calculations had not been done for very
~ realistic conditions of background flow and topographic forcing. Moreover the existing
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numerical weather prediction models were far too unsophisticated to provide clear
evidence that errors in numerical weather forecasts were due explicitly to neglect of
mountain wave drag as opposed to a variety of other physical processes which were
either neglected as well or very poorly represented by the coarse spatial resolution
employed in the models at that time. A decade later Bretherton (1969) presented results
of a theoretical calculation of the linear wave response for realistic mean flow and
topographic forcing conditions selected from actual observations of flow conditions over
an area in Wales. This paper was an important contribution to the literature on this
subject in that it not only demonstrated that wave momentum fluxes of substantial
magnitudes could be associated with gravity waves excited in realistic conditions but also
included a thorough discussion of the relevant linear wave dynamics and included some
discussion of the question of parameterizing their effects in larger scale models.

A large amount of very useful information has been provided by the series of detailed
aircraft observations of mountain wave events in the Colorado Rocky mountains
documented and analysed in a series of papers by D.K. Lilly and colleagues.These
studies have stimulated the development of several high resolution numerical models of
stratified flow over ridges. Results from these modelling studies are still being published
and have provided valuable insights into the non-linear wave dynamics. Of particular
relevance to the parameterization problem is the finding that the onset of convective
instability in the waves is of crucial importance in determining locations of vertical
momentum flux divergence.The importance of this processes in regard to mountain
waves was demonstrated numerically by Clark and Peltier (1977), although the idea that
such wave breaking effects may determine gravity wave momentum flux profiles in
general has an earlier origin in the literature on middle and upper atmosphere dynamics.
The wave saturation hypothesis of Lindzen (1981) was proposed in this context and now
forms the basis of the current parameterization schemes.

PARAMETERIZATION OF OROGRAPHIC WAVE DRAG

Basic theoretical ideas

Most of the orographic gravity wave drag parameterization schemes currently used in
atmospheric models are based on those developed independently by McFarlane (1987)

and Palmer et al. (1986). These two schemes are fundamentally similar in formulation,
and in practice behave in much the same way.

The relevant theoretical ideas can be outlined simply by considering the linear theory for

steady unidirectional flow of stably stratified air over a two-dimensional orographic
perturbation whose displacement from the larger scale mean terrain height is of the form

h(x) = h, cos(kx) (n

where the horizontal coordinate (x) is oriented in the direction of the mean flow and k
is a characteristic horizontal wave number for the perturbation.
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In this simple monochromatic wave response case the horizontal and vertical velocities
(u,w) and potential temperature () perturbations can all be represented in terms of a
stream line displacement function (§) such that

u = -(1/p) d(pus)/oz (2)
w = ud§/ax (3)
= -680/3z (4)

where over bars denote mean flow quantities, assumed to vary only in the vertical (z)
direction.

The streamline displacement must conform to the orographic perturbation at the lower
boundary. This boundary condition is applied at the level of the undisturbed mean
terrain (z = 0).

It is assumed at the outset that the horizontal scale of the wave response is such that the
flow is nearly in hydrostatic balance and that effects of rotation can be ignored. In
addition mean flow quantities are assumed to vary more slowly in the vertical than do
those associated with the wave. These assumptions imply that

N/u >> k >> f/u ()
{N/(ux)} 19x/92] << 1 (6)
where X is a mean flow quantity.
Under these assumptions an approximate solution to the linear partial differential

equation governing the streamline displacement c¢an be obtained using the WKBJ
method. Details are given in McFarlane (1987). The result is

§ = A cos(kx + ¢) (7)
u = NA sin(kx + ¢) (3)

= -ki A sin(kx + ¢) %)
8 = -A(36/3z) cos(kx + ¢) (10)

where the amplitude (A) and phase (¢) of the streamline displacement function are as
follows:

A" = hy? (3(0) N(0) T(0))/pNT) (11)
$= foz (N/u)dz (12)
where the Brunt-Viisidli frequency is defined as

N? = (g/6) 06/8z (13)
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The vertical momentum flux, averaged over a horizontal wavelength is
paw = -(k/2)pNuA? (14)

As expected, this quantity is independent of height when the wave amplitude is given by
equation (11). However, since air density decreases with height in the atmosphere while
the mean flow speed and Brunt-Viisila frequency remain finite it is clear that equation
(11) implies that the wave amplitude will eventually become very large. This will also be
true in regions where the mean flow speed becomes small. Such behaviour would, of
course, lead to violation of the linearization assumptions employed up to this point. More
importantly, however, small scale convective and shearing instabilities may occur when
the wave amplitude becomes sufficiently large. Such processes act to dissipate wave
energy and limit the wave amplitude. These dissipative effects are taken into account in

a simple way by invoking a wave amplitude saturation hypothesis.

It is assumed here that the onset of convective instability is the dominant process leading
to limitation of wave amplitudes. This process can occur if the total potential
temperature (including both mean flow and wave contributions) decreases with height
somewhere in the atmosphere. Using equation (10) with the WKBJ assumption that mean
flow quantities vary slowly in the vertical over a distance of the order of a vertical
wavelength gives the following approximate expression for the vertical potential
temperature gradient:

o(8 + 6)/8z ~ (89/3z) {1 + (NA/u) sin(kx + ¢)} (15)

This quantity must be negative for the onset of convectivity, a condition which can be
satisfied somewhere in the wave if the amplitude is large enough so that the quantity
NA/u exceeds unity. The amplitude saturation hypothesis simply assumes that the effects
of convective over-turning act to limit the wave amplitude without substantially
affecting its phase structure. The mathematical statement of this hypothesis is simply

A <F /N (16)
where F_ is unity for the simple monochromatic wave response considered here.

In practice this saturation condition can be implemented in a simple way by starting at
the surface with the wave amplitude defined as

A = MIN(h,F_ u/N) (17)

and the vertical momentum flux defined by (14). The amplitude at any other height can
be determined in terms of its value a short distance below by assuming first that the
momentum flux does not vary over this short distance. The amplitude so determined is
then limited if necessary by invoking the saturation hypothesis (16). The resulting
amplitude is then used in equation (14) to specify the vertical momentum flux at the
vertical level in question. The drag force on the mean flow which results from
divergence of the vertical momentum flux due to the wave produces a local deceleration
of the flow such that

(8u/at),, = -(1/p)d(puw)/dz (18)

(the subscript denotes an effect due to wave-drag).
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Parameterization procedure

The orographic gravity wave-drag parameterizations currently used in global atmospheric
models are based on the simple monochromatic wave model outlined above. The wave-
drag force is represented as a local deceleration of that component of the flow which is
parallel to the flow at a reference level near the surface. The local deceleration term has
the form

(8V/at),, = n(1/pL) 3(pNUD?)/3z (19)

where V is the local flow velocity, n a unit vector in the direction of the flow at the
reference level, and U is the component of the local velocity in that direction.

The displacement amplitude, D, is initially defined at the reference level in terms of the
variance associated with the unresolved orography in the manner outlined in McFarlane
(1987). The length scale, L, is taken to be a tuneable parameter whose value is fixed for
all locations. As discussed in McFarlane (op.cit.), (1 /L) can be thought of as being the
ratio of a wave generating efficiency factor and an effective gravity wave length scale.
In practice it was chosen to ensure that wave momentum flux values determined by the
parameterization for typical large scale flow conditions were in reasonable accord with
observed values.

The procedure for determining D at higher model levels is as outlined above and may be
stated as follows:

D2 = MIN{(sNUD?);, /(sNU);, (F.U/N) %) (20)

where the index, j, increases downward from the top of the model. The value of F, i
fixed and slightly less than unity in the parameterization of McFarlane (1987) but 1S
made to be a function of the local gradient Richardson number in that of Palmer et al.
(1986). This, in fact, is the only essential difference between the two schemes.

EFFECTS OF WAVE-DRAG ON THE CIRCULATION SIMULATED BY GLOBAL
ATMOSPHERIC MODELS

Although the wave-drag parameterization outlined above is based on a highly simplified
model of the wave generation process, its use in atmospheric general circulation models
and numerical weather prediction models has resulted in a significant reduction of the
systematic westerly flow error which develops in the northern hemisphere in winter.
Examples of this are documented in Palmer et al. (1986) and McFarlane (1987). The
results of those studies have since been confirmed in other models and this has led to a
rather general use of these parameterization schemes in atmospheric models.

Two figures are included here to illustrate the general nature of the improvements which
are found with use of the wave-drag parameterization outlined above in the Canadian
Climate Centre atmospheric general circulation model. Examples of the zonally averaged
westerly flow, which is typically simulated by the model for the December to February
period, both with and without the wave-drag parameterization are shown in Figure 1.
The climatological flow, as obtained from several years of objectively analysed data
from the National Meteorological Center, is also shown for comparison. Figure 2 depicts
the zonally averaged mean sea-level atmospheric pressure for the corresponding cases.
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The reduction of the excessive westerly flow in the upper troposphere in high northern
latitudes is quite apparent in the simulation which included the wave-drag
parameterization (Fig. 1B) The flow in this case is in better agreement with observed
climatology (Fig. 1C). The improvement in simulated surface pressure fields is perhaps
even more dramatic, as illustrated in Figure 2A,B. This effect is also seen at higher
levels and coincides with reduction of the erroneous cool bias which develops in polar
regions in winter (see McFarlane, 1987, for further details of this effect). The thermal
response is, of course, an effect of the non-linear adjustment of the large scale flow
toward a thermal wind balance in the presence of the wave-drag forcing of the wind
field.
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Figure 1. Zonally averaged zonal flow for the December-February season as simulated
with the CCC AGCM and from observations. (A) Control (without wave drag); (B)
With orographic wave drag; (C) Observed, based on seven years of objectively analyzed
data from the U.S. National Meteorological Center. Contours every 5 m/sec.

DISCUSSION

Although the wave drag parameterization discussed above is based on a highly simplified
model of orographic gravity wave dynamics, it captures some of the important effects of
those waves on the larger scale atmospheric flow. However, it is over-simplified in many
respects. An obvious deficiency is the assumption that the dominant effects can be
accounted for in terms of a single gravity wave whose characteristic horizontal wave
length is independent of location or mean flow conditions.

In principle it is possible to permit excitation of a spectrum of waves at any particular
location in response to variations in the spectral content of the unresolved orography. In
practice, however, such a procedure would greatly complicate the implementation of
gravity wave parameterizations in models. It is probable that a major effect of horizontal
variations in the structure of the unresolved orography has to do with the possibility that
an azimuthal spectrum of waves may be excited. Hines (1988) has proposed that such a
possibility may be dealt with in a simple way by classifying the local orography as to
whether it is predominantly isotropic in structure (rolling terrain) or anisotropic with a






