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Abstract 

Computational wind engineering has progressed considerably in recent years. Along with 
the improved capability to simulate the small-scale flows around architectural structures there 
is a need to more realistically simulate the larger-scale atmospheric flows in which they are 
embedded. This would greatly expand the application of numerical models in areas of overlap 
between the disciplines of atmospheric science and wind engineering. This paper reviews the 
basic equations used by meteorological models, modifications required to incorporate build- 
ings and how nested grids can be used to span the gap between large separations in scale. Areas 
requiring future research and model development are discussed and potential applications of 
a model which can simulate both large-scale meteorological flows as well as small-scale flows 
around buildings are suggested. 
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1. Overview of meteorological models used in computational wind engineering 

1.1. Basic equations 

The development  of  equations used in meteorological  models is discussed in 
a variety of references beginning with the seminal study of Richardson [1]. Recent 
summary  texts include those of Pielke [2] and Krishnamurt i  and Bounoua  [3]. 

The physical equat ions used in atmospheric  simulation codes are: 
1. A prognost ic  vector of mot ion  equat ion defined for a rotat ing sphere (i.e., the 

earth). External forces include the pressure gradient force and gravity. The appar-  
ent force that results from the coordinate  t ransformation to a rotat ing system is 
called the Coriolis force. 

2. The ideal gas equat ion (a diagnostic relation). 

* Corresponding author. E-mail: dallas@hercules.atmos.colostate.edu. 

0167-6105/97/$17.00 ~ 1997 Published by Elsevier Science B.V. All rights reserved. 
Pll S01 67-6 105 (97 )00086-X  



364 R.A. Pielke Sr., M.E. Nicholls/J. Wind Eng. Ind. Aerodyn. 67&68 (J997) 363-372 

3. A prognostic equation for heat defined in terms of potential temperature. Potential 
temperature is the temperature that would occur if an air parcel were compressed 
or expanded to a reference pressure level; usually 10 5 Pa. Potential temperature is 
directly related to entropy. 
Sources and sinks of heat include those related to phase changes of water, radiative 
flux divergence, and exchanges from the land, ocean, and ice surfaces. 

4. A prognostic equation for water in its three phases: solid, liquid, and vapor. Water 
is converted among the phases by sublimation, deposition, evaporation, condensa- 
tion, and transpiration, and is exchanged with the surface. During the conversion 
heat is released or absorbed. 

5. A prognostic equation for other atmospheric trace gases which includes chemical 
conversions and phase changes. Examples of these trace gases include sulphur 
dioxide, carbon monoxide, radon, etc. 

6. A prognostic equation for mass of air. 
Various approximations are made when these equations are applied to specific 

atmospheric features. For operational weather forecast models, for example, vertical 
accelerations are neglecied and the vertical equation of motion reduces to a diagnostic 
hydrostatic pressure equation. Moreover, the conservation of mass equation is also 
often reduced to a diagnostic equation in which either the total or local time tendency 
of density is neglected. A comprehensive review of the equations and assumptions 
frequently used in atmospheric models is given in Ref. I-4]. 

For computational wind engineering, the complete three-dimensional equation of 
motion must be retained since dynamic pressures are essential for the accurate 
simulation of small-scale flow. Density fluctuations in the conservation of mass 
equation are ignored, however, for flow that is substantially subsonic. 

1.2. Examples 

There have been only a limited number of applications of meteorological models to 
wind engineering problems. Much of this neglect is undoubtedly related to different 
educational tracks of atmospheric scientists (generally, in a physical science frame- 
work) and of engineers. However, since wind engineers and atmospheric scientists 
work with the same media (i.e., the atmosphere) this void is ripe for substantial 
scientific achievement. 

In the context of physical wind tunnel modeling and numerical modeling, Avissar 
et al. [5] provided a framework where the capabilities of those two tools overlap. 
Nicholls et al. [6,7] provided specific examples of improved understanding when 
a meteorological model is used to simulate airflow over buildings (results from those 
studies are discussed further in Section 2). 

1.3. Procedure of application 

Atmospheric numerical models can include large-scale effects such as propagating 
weather features, rotational effects of the earth, cloud processes, etc. which can be 
nested down to very small scales of direct relevance to wind engineers. Grasso [8], for 
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example, used six successively finer-scale nests to scale down from regional-scale 
atmospheric flow to the tornado scale. Ziegler et al. [9] applied four nests to scale 
down to deep cumulonimbus clouds in which details of the low-level flow were 
represented. Eastman El0] used two nests to scale down to the eyewall region of 
Hurricane Andrew in 1992 in which the rapid intensification of the system was 
realistically modeled. Poulos [11] is using two nests to "telescope down" over the 
front range of Colorado in order to simulate adequately the local terrain that very 
substantially influences pollution dispersion from Rocky Flats. 

Detailed representations of the atmospheric boundary layer are also a capability of 
these tools. Such models on that scale are referred to as large eddy simulation (LES) 
models. Examples include Refs. [12 16]. 

The procedures to apply atmospheric models to wind engineering studies can be 
summarized as follows. 
• Use grid nesting in a prognostic meteorological model to telescope down in 

a specific site of interest. 
• Use a fine enough spatial scale to represent buildings including roofs and walls. 
• Use the wind and turbulence fields provided by the finest model grid as input to 

physical models of more detailed building structure features. 

2. Application to airflow and dispersion around buildings 

Models which can simulate both meteorological processes as well as the small-scale 
flow around buildings have many potential applications. The LES models developed 
by the wind engineering community to study the flow around buildings and mesoscale 
meteorological models have many aspects in common. For instance, the numerical 
techniques used to solve the governing equations and the physical parameterization of 
subgrid-scale fluxes are very similar. Therefore, it is not necessary to couple a building 
model and a meteorological model together in some fashion, since to a large extent, 
the difference between them is the scale of fluid motion to which they are typically 
applied. A way of bridging the gap between these scales is through the use of multiple 
nested grids El7]. This enables large-scale meteorological flow patterns to be 
simulated and by using multiple nested grids to telescope down in scale, the resultant 
airflow around architectural structures can also be investigated. 

The Colorado State University Regional Atmospheric Modeling System (RAMS) is 
a meteorological model with nested grid capability [-6,18]. It employs parameteriz- 
ations of meteorologically important physical processes, such as surface fluxes, 
radiation, and microphysics, as well as initialization procedures for incorporating 
standard weather observations, representation of orography and appropriate bound- 
ary conditions. The method for representing buildings in the model is similar to that 
discussed in Ref. [19]. The normal component of velocity is set to zero on the roofs 
and walls of the building. A logarithmic function is used to give the relation between 
the velocity at the grid point adjacent to the surface and the surface shear stress. At the 
corners of the building, the momentum fluxes are determined by the scheme described 
in Ref. [-6]. When applied to simulate the flow around buildings, this model is an LES 
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model similar to those developed by the wind engineering community. Several 
investigators have used the LES method to simulate flow around buildings [6,19-22] 
and it has been found to produce greater accuracy than statistical turbulence models 
[23]. Most of the testing of LES models has been for the situation of an incident flow 
perpendicular to a face of the building. However, wind tunnel and field experiments 
have shown that the maximum wind loads on a roof occur for an oblique incident flow 
and are associated with the formation of corner conical vortices [-24-29]. Therefore, it 
is important that LES models are tested to see if they are capable of realistically 
simulating these features. As a test of the RAMS building model, Nicholls et al. [-6] 
attempted to simulate corner conical vortices and had some limited success, although 
computational limitations precluded the simulation from being run long enough to 
obtain results which could be statistically analyzed and compared with wind tunnel 
and field data. Several corner conical vortices formed during the simulation which 
appear to have some realistic features. Since they are small in scale relative to the 
height of the building, a large number of grid points were required to resolve them. 
The fine grid had 80 x 80 × 72 grid points and was embedded in the center of a coarse 
grid with a similar number of grid points. The grid increment was 1 m for the fine grid 
and 3 m for the coarse grid. The building was centered within the fine grid and was 
a cube with 60 × 60 x 60 grid points. Cyclic boundary conditions were prescribed on 
the coarse grid. As body-induced eddies shed from the building advected through the 
downstream boundary, they re-emerge at the upstream boundary, eventually produ- 
cing a turbulent flow field. Fig. 1 shows the pressure perturbation on the roof at 
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Fig. 1. Pressure perturbations at roof  level on a cubic building defined by the thick solid line. The contour  
interval is 40 Pa. 
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Fig. 2. Streamlines for a vertical cross section through the center of the building showing the roof corner 
conical vortex. 

t = 80 s for the fine grid. The wind direction is 225 ° towards the lower left corner in 
this figure. At an angle of about  20 ° to the left edge of the roof is the centerline of 
a corner conical vortex identifiable in this figure by a relative minima of pressure. The 
lowest pressure perturbation occurs about a fifth of the way along the left edge of the 
roof. The corner conical vortices were transient features in this highly turbulent flow 
field, often being well defined on one side of the roof while virtually disappearing on 
the other side. Fig. 2 shows an x/z cross section of streamlines through the center of 
the building which illustrates the well-defined corner conical vortex at t = 80 s. 

As an example of the application of multiple nested grids to span a wide range of 
spatial scales, Nicholls et al. [7] conducted a two-dimensional simulation of a micro- 
burst-producing thunderstorm and the resultant airflow around a building. Five grids 
were used with grid increments of 202.5, 67.5, 22.5, 7.5, and 2.5 m. Each successively 
finer grid was centered within the next coarsest grid with the building centered within 
the finest grid. The model was initialized using the 2300 UTC 2 August 1985, 
Dallas-Ft. Worth, Texas microburst  sounding used by Proctor  [30]. Only the coarsest 
grid was activated while the thunderstorm developed. When the thunderstorm gener- 
ated a microburst, the four finer-scale grids were activated. The microburst 
propagated into the finer grids enabling the small-scale flow around the building to be 
investigated. Fig. 3 shows the temperature perturbation field at t = 5400 s for grid 2. 
A cold outflow from the thunderstorm can be seen near the surface. The building is 
just discernible in this figure, centered at x = 0.3 km. Fig. 4 shows the streamlines at 
t = 5400 s for grid 3. This shows the microburst  vortex centered at a height of 0.8 km 
and a smaller clockwise rotating vortex which has been shed from the building. There 
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Fig. 3. The temperature perturbation field at t = 5400s for grid 2. The contour interval is 0.4 K. 
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Fig. 4. Streamlines for grid 3 at t = 5400s. 
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Fig. 5. Streamlines tbr grid 5 at t = 5400 s. 

are two finer grids which further "telescope down" in scale. Fig. 5 shows the stream- 
lines at t = 5400s for the finest grid. Separation has occurred at the windward corner 
of the building. The clockwise rotating eddy which formed behind the building, seen in 
grid 3, has already advected out of the fine grid. For the simulated microburst, there 
are actually two wind maxima which occur near the surface. The first strong wind gust 
is at the leading edge of the outflow, while the second wind maxima is directly beneath 
the low-pressure center aloft. It is well known that pressure gradients can affect where 
separation occurs for flow over a flat plate and on the rate at which the boundary 
layer thickness grows• There was some indication that the large-scale pressure gradi- 
ent associated with the microburst vortex may have had an effect on the angle the 
separated flow made with the roof. 

Mesoscale meteorological models sometimes utilize dispersion models in order to 
study how pollutants are transported and their sources and receptors. The Lagran- 
gian particle dispersion model (LPDM) developed in Refs. [31,32] is one such model. 
It can simulate the release and dispersion of a number of non-buoyant,  passive 
pollutants from multiple sources of various geometries. The L P D M  utilizes frequently 
written out data files created during the mesoscale model simulation. It runs very 
quickly and can be used to investigate many different release scenarios. Examples of 
the use of the L P D M  can be found in the studies in Refs. [33 35]. Murakami et al. 
[36] presented results of a LES of the turbulent diffusion of buoyant  and heavy gases 
near a building. In this investigation, equations for the gaseous constituents were 
added to the LES model and solved during the model run. This approach is inherently 
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more accurate than using a LPDM, but is more computationally intensive and does 
not have the flexibility for simply investigating many different release scenarios. Lee 
and Naslund [37] employed a LPDM to investigate dispersion around buildings 
using the mean flow field simulated by a • e model. In future, it is to be expected that 
LPDMs will be employed to investigate dispersion around buildings using the 
time-dependent flow field simulated by an LES model. 

3. Future opportunities 

Some important areas of research and model development need to be addressed in 
order to acquire confidence in the validity of a meteorological model designed for use 
in wind engineering and to make it a useful tool for investigating a wide range of 
problems: 
1. It needs to be tested at building scales by detailed comparison with CWE models 

and observations for a variety of flow scenarios. 
2. A procedure for incorporating architectural structures of arbitrary shape, number, 

and alignments, which is compatible with the meteorological grid configuration 
needs to be developed and tested. 

3. The turbulence structure of the flow field obtained in nested grid simulations needs 
to be compared with the observations for various flow scenarios. This knowledge 
would aid in choosing appropriate nested grid configurations so that realistic 
turbulence spectra are obtained for a particular problem. 

4. The LPDM needs to be tested at building scale. 
A model such as this would have applications to a large number of problems where 

knowledge of wind loading, turbulence, or dispersion of particles are required. It 
would be particularly useful for situations where accurate prediction of mesoscale 
flow fields is required. As an example, it could be used to investigate the dispersion of 
particles around a group of buildings situated in complex terrain for both convectively 
stable and unstable conditions. 

In conclusion, the use of a meteorological model for application in wind engineer- 
ing studies has been established. Increased computer capabilities in future years will 
permit additional detail in the representation of building structures in these models 
and continued research and development could well lead to a powerful tool for 
investigating a wide range of problems. The main obstacle at present is the continua- 
tion of financial research and development support for this marriage of atmospheric 
science and wind engineering technologies. 
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