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Abstract. Mesoscale models which can be used to assess wind and turbulent structure in complex terrain
are overviewed. The different types of models -diagnostic and prognostic are discussed and the significant
physical processes which each can handle realistically are reviewed. Examples of specific applications of
these models are presented.

1. Introduction

Numerical models have been used for over thirty years in synoptic meteorology (N amias,
1983). Not until the early 1970's, however, was this tool applied to mesoscale atmos-
pheric features. Mesoscale systems are defined in this paper as being primarily
hydrostatic, but which have a significant divergent component of the wind above the

planetary boundary layer.
The purpose of this paper is to overview the current status of the use of this tool in

assessing wind energy and boundary-layer structure in complex terrain. A much more
detailed discussion of mesoscale meteorological models is presented in Pielke (1984a).

2. 

Types of Models

~,

There are two broad categories of mesoscale numerical models:

-prognostic models;
-diagnostic models.
In this paper, they will be distinguished in the following way:

(i) prognostic models utilize time-dependent partial differential equations (which
describe the behavior of fluid or gaseous flow) to integrate forward in time.

(ii) diagnostic models either eliminate the time dependency completely from the
equations, or use the time derivative term over one finite time step. This type of model
does not integrate forward in time.

3. Diagnostic Models

Examples of diagnostic models include those of Patnack et al. (1983), Fosberg et al.
(1976), Collier (1975, 1977), Rhea (1977), Bell (1978), Dickerson (1978), Danard (1977),
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and Sherman (1978). Illustrative results from three of them (Collier, 1977; Dickerson,
1978; Fosberg et al., 1976) are shown in Figures 1-3.

A major problem with this particular type of model, however, is that part of the wind
flow must be known before a simulation can be performed. Either observations can be
made and the model simulation forced to correspond closely to those measurements in
their vicinity or the disturbance to the wind due to the complex terrain is assumed to
disappear at some level.
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Fig. I. A rainfall distribution in mm over North Wales in Great Britain predicted for 1100-1200 GMT on
August 14, 1974 using a diagnostic model with one kilometer horizontal resolution (from Collier, 1977).

The incorporation of observational data into a diagnostic model is attractive because
physical constraints are applied through the partial differential equations in order to
assure that the simulation is at least physically consistent with the available observation
pattern. The use of the equation for the anelastic continuity of mass, for instance, even
if applied in the absence of the other conservation equations, will assure that the
simulated wind field conserves mass. Unfortunately, however, unless extensive data are
available at the surface and aloft, corresponding to the vertical and horizontal scales
of the mesoscale system of interest, such a representation will be necessarily inaccurate.
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Fig. 2. An estimate of the flux of air in m2 s -1 below inversion height in a portion of the San Fransisco

Bay area on July 26, 1973 at 2030 PST obtained using a diagnostic model. The spacing between tick marks
is 10 km (from Dickerson, 1978).

~2000 ft MSL ~4000 ft MSL _>6000 ft MSL 0 ~ 10

Fig. 3. An evaluation of the wind field in complex terrain in a portion of the Oregon Cascades at 1600 LST
on August 8, 1963. Pennants on the wind flag indicate 5 ms-l; a full barb, 2ms-l; a half barb 1 m S-I.

The observed winds have an asterisk over them (from Fosberg et al., 1976).
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In the absence of meteorological observations, however, knowledge of terrain-forcing
ca:n still permit diagnostic model simulations, as long as all of the following are fulfilled:
(i) a strong wind flow exists in the lower troposphere;
(ii) a strong lid (i.e., strong inversion) occurs below the level of the highest terrain;
(ill) the boundary layer below the inversion is well mixed;
(iv) differential heating of the terrain surface is minimal.
With this situation, the existence of a strong inversion damps vertical motion at that level
and above; so all mass continuity must occur below that height This inversion and the
stratification above must be strong enough so that upward wave propagation is rapidly
dissipated above the inversion. The existence of a well-mixed boundary layer and strong
winds, along with the absence of surface differential heating suggests that the winds are
more-or-less uni-directional with height. Thus air flows over terrain obstacles which are
below the inversion height but around those that reach above that level. Blocking can
occur when most of the terrain is above the inversion. The model described by
Dickerson (1978), already illustrated in Figure 2, is a good example of this type of tool,
where the product of the sub-inversion mean wind and height of inversion base is
averaged in such a way that mass is conserved and any available observational data are
changed in ~ minimal way. When conditions (i)-(iv) are met, prognostic models may
be unable to provide better forecasts.

Except for this specific application, however, diagnostic models are limited in their
applicability. They cannot, for example, represent wind flow reversals unless observa-
tions of this phenomena are available -in which case they become sophisticated
physically-consistent objective analysis schemes.

4. Prognostic Models

Prognostic models of airflow in complex terrain have been of two types:
-those which simulate circulations generated by differential heating in complex terrain

(i.e., mountain-valley flow, sea and land breezes)
-those which simulate perturbations to the larger scale flow due to air advecting over

irregular terrain (i.e., forced airflow over rough terrain).
The dominant forcings of these two types of systems are distinct from one another.

As shown, for instance, in Martin (1981), for sea-land breeze circulations (which are
closely related to mountain-valley flows), the flow pattern becomes very nonlinear when
the differential heating becomes significant. For this case, heating at the surface is mixed
upward by turbulence resulting in a horizontal pressure gradient in the lower tropos-
phere. In response to this pressure gradient, accelerations result which can concentrate
the region of heating, resulting in an even stronger horizontal pressure gradient force.
Only as a result of increased frictional dissipation as these velocities increase, or when
the heating is removed, is this positive feedback stopped. Without extensive observations
so that the flow reversal associated with this mesoscale system can be resolved,
diagnostic models cannot represent this feature.

Mountain-valley winds are of two types -the downslope (i.e., drainage) and upslope
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dimensional. Model simulations of this type are few and include those of McNider
(1981), McNider and Pielke (1984), and Bader and McKee (1983). Reproduced as
Figure 4 are results from the McNider and Pielke (1984) simulation of the nighttime flow
in the Gore-Eagle Valley of Colorado, as comparted with the observati,?ns of Whiteman
(1981). Although the depth of outflow and its intensity are different, the salient observed
features are well-represented in this simulation, which implies that the model includes
the significant physical forcing for this location on this date. The deficiency which is
found in the model simulation may be due to an inadequate representation of terrain-
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Fig. 5.

e
A schematic illustration of the destruction of the nocturnal inversion in a valley after sunrise

(reproduced from Whiteman, 1982).
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forcing in this region, since as shown by Young and Pielke (1983) the topography in
mountainous Colorado has large variability even at small scales.

The boundary layer behaves differently in complex terrain. As illustrated for the
transition between night and daytime flow by Whiteman (1982), reproduced here as
Figure 5, upslope flow can alter the intensity of an overlying valley center inversion and
thereby strongly influence its subsequent evolution. Observations also suggest that
turbulent velocity covariances are different for flow in complex terrain as compared with
flat ground at least for the horizontal fluxes (Panofsky et al., 1981, 1982) and for the
low frequencies (Hejstrup, 1981).

Forced airflow over rough terrain, however, in contrast to mountain-valley flows is
predominantly a wave phenomena. If the system is presumed hydrostatic, stratified
airflow over irregular terrain results in a forced standing wave over, and upstream from
the topographic obstacle with the energy created by the wave drag propagating up into
the atmosphere. When the vertical wavelength of the upward propagating wave is
optimal, extreme lee-side wind storms can develop as this energy partially reflects back
down to the ground (e.g., as discussed by Klemp and Lilly, 1975), although at most other
times this energy does not significantly reflect back downward (Anthes and Warner,
1978). A review of current theoretical understanding of forced airflow over rough terrain
is given in Smith (1979).

Three-dimensional mesoscale simulations of airflow over actual topographic features
are limited in number. Figure 6 presents one example, reported in Seaman (1982), where
the perturbation wind field under strong synoptic flow in a portion of southern Wyoming
is simulated. In that experiment, significantly stronger winds were predicted (and were
observed) north of Arlington (AR), Wyoming during this commonly occuring synoptic
situation. Clark and Gall (1982) performed a model simulation and intercomparison
with observations in the same area. Mahrer and Pielke (1976) reported on a three-
dimensional model simulation of the hilly island of Barbados in the West Indies. Segal
et al. (1982) used characteristic synoptic flow in order to estimate the three-d~ensional
flow field over Israel due to both forced airflow and a land-sea breeze circulation. Using
a two-dimensional model, Segal et al. (1981) demonstrated the inappropriateness in
complex terrain of using a p-power law [i.e., V(z) = V(10 m)(zjl0 mY] to estimate

winds aloft.
Three-dimensional simulations of sea-and-land breezes particularly in flat terrain have

been performed more extensively than for any other type of mesoscale system. Such
studies have been reported in McPherson (1970), Pielke (1974), Warner et al. (1978),
Hsu (1979), Pielke and Mahrer (1978), Carpenter (1979), and Kikuchi et al. (1981). The
dynamics of these systems appear to be well understood and only non -scientific reasons
seem to be preventing their application to weather forecasting and environmental
assessments as discussed in Pielke (1984b).

Sea-and-land breezes develop only when the synoptic flow is light or moderate.
Under strong large-scale flow, the mesoscale perturbation is generally weaker although
significant weather such as lake effect storms (e.g., see Lavoie, 1972) can occur when
cold, polar air advects over warm water which is adjacent to a colder land surface.
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Fig. 6. The predicted horizontal winds in m s -I at 2.5 km for December 22, 1976 at 0900 MST obtained

using a three-dimensional mesoscale model (from Seaman, 1982).

Figure 7 presents a model simulation, reproduced from Garstang et al. (1980) and Snow
(1981) of daily mean wind power averaged between the surface and 100 m over the
Chesapeake Bay region of the United States during a climatologically representative
polar outbreak. This model simulation was used to design an observational program to
assess wind energy in this region. The experimental study area, outlined by the dashed
line in Figure 7, was intended to explore the region of large horizontal gradients in
average wind power which were suggested to be present by the model.

Figure 8a presents an example of the actual measured wind energy at 170 m over a
short period of time during a specific arctic outbreak (on January 30, 1980). The
corresponding model prediction at the same level and time are presented in Figure 8b.
The model overestimated the wind in the interior of the peninsula; however, the gradient

RWL
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Fig. 8. Areal distribution of measured wind power (in units ofl02watts per meter squared) at 170 m above
the surface for the 0742-0859 EST, January 30, 1980 aircraft cross-section (top); and the simulated wind

power at the same level and date at 0828 EST (bottom) (reproduced from Garstang et al., 1980).
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Fig. 9. A comparison between observed (solid line) and predicted (dashed line) wind speed at 170 m above
the surface for the aircraft cross-section illustrated in Figure 8. The observed winds are 2 min averaged flight

winds (reproduced from Garstang etaZ., 1980).

5. 

Interactions between Types of Mesoscale Flows

With only a few exceptions (e.g. Segal et al., 1983), sea-and-land breezes, mountain-
valley flows and forced airflow over rough terrain have been investigated in isolation
from one another. Figures 11 and 12 present schematically two possible interactions
which may play an important role in real-world atmospheric systems. In the first case,
a cold pool of air forms in a mountain valley under a situation of weak synoptic flow.
Subsequently the synoptic flow increases in speed and develops internal gravity waves
with a horizontal wavelength which is close to the characteristic horizontal wavelength
of the terrain. When the internal gravity wave achieves sufficient amplitude, the cold air
in the valley is flushed out. Theoretical numerical modelling and observational studies
of this interaction are required in order to determine its development and evolution as
a function of such factors as the overlying thermodynamic stability. In Figure 12, a
similar situation is represented except little or no internal gravity wave motion is excited
in the overlying air as the synoptic wind flow increases. In that case, the cold air can
be scoured out only as a result of shear-induced turbulence at the top of the cold pool.
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Fig. 10. A comparison of the predicted and all available observed winds obtained during the aircraft flights
on January 30, 1980 (reproduced from Garstang et ai., 1980).

87

Fig. 11. Schematic illustration of the flushing of cold air in a valley as a forced internal gravity wave
develops over an upwind terrain barrier in response to strengthening synoptic flow.
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Fig. 12. Schematic illustration of the erosion of cold air in a valley due to shear-induced turbulence at the
top of the cold pool as the synoptic wind speed increases.

In the real world, both effects illustrated in Figures 11 and 12 are often likely to occur
.'

simultaneously.
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