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Abbreviations 

CBL Convective boundary layer 
PC Plateau correction 
MSL Mean sea level 
U.S. United States of America 
AGL Above ground level 
ASL Above sea level 
FRS Flow relaxation scheme 
MIUU Dept. of Meteorology (Meteorologiska 

Institutionen) at Uppsala University1 
MM5 Fifth Generation Penn State/NCAR 

Mesoscale Model 
NCEP National Center for Environmental

Prediction, Camp Springs, Maryland 
NCAR National Center for Atmospheric  Re-

search, Boulder, Colorado, U.S. 
RS            (only in Table 2) Radio soundings 
WP           (only in Table 2) Radar wind profiler 
RASS        Radio-acoustic sounding system 
SODAR     Sound detection and ranging system 
UTC  Universal Time Coordinated 
MST (= UTC - 7 hours) Mountain Standard Time 
LST Local Standard Time 
RMS Root mean square 
MOPP Mohave Power Project (see Fig. 2) 
COCO Cottonwood Cove, West (see Fig. 2) 
COCE Cottonwood Cove, East (see Fig. 2) 
DOS1 Dolan Springs (see Fig. 2) 
MEAD Meadview (see Fig. 2) 
TRUX Truxton (see Fig. 2) 
OVER Overton Beach (see Fig. 2) 

                               
1 From 1998, included in Department of Earth Sciences, Air & Water Science. 
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1. Introduction 

Atmospheric weather phenomena occur over a very broad range of scales of 
space and time, from global circulation systems to the smallest turbulent 
eddies. Mesoscale phenomena, such as terrain-influenced flows, gravity 
waves, diurnal wind systems, lake and sea breezes, thunderstorms, etc., have 
typical horizontal extensions of between 2 and 200 km and lifetimes that 
range from hours to days (e.g., Whiteman 2000). 

Accurate simulations of the atmospheric flow over complex terrain are 
important for a number of practical applications, such as air-pollution 
modeling, wind-energy calculations, mesoscale weather predictions, and 
general research purposes. Many mesoscale phenomena are associated with 
spatial scales too small to be accurately resolved by today's global or 
regional atmospheric climate- and weather-prediction models. The 
horizontal resolution of any atmospheric numerical model has to be 
sufficiently small such that the spatial scales of the forcing are adequately 
resolved. Consequently, the grid size of these models should be chosen 
depending on the anticipated or, if available, observed spatial scales of the 
atmospheric features of interest. For terrain-influenced flows, for instance, 
Pielke (1984) showed that most terrain irregularities having wavelengths 
greater or equal to four times the horizontal grid resolution should be 
resolved. However, this should also depend on the properties of the grid and 
the numerical methods applied. 

For atmospheric processes that have comparatively small horizontal 
scales, a number of so-called mesoscale models has been developed in the 
past (e.g., Adrian and Fiedler 1991; Kapitza and Eppel 1992; Pielke et al. 
1992; Dudhia 1993; Enger et al. 1993; Yamada 2000; Pielke 2002). These 
models are a certain type of regional weather-prediction models with very 
high spatial resolutions, having been developed exclusively for the 
atmospheric mesoscale. Pielke (2002) defined the mesoscale as the 
horizontal scale sufficiently large that the hydrostatic approximation applies, 
but sufficiently small that Coriolis effects are small (although still 
significant) relative to the advective and pressure gradient forces. This would 
result in a flow field substantially different from the gradient wind relation 
even in the absence of frictional effects. The horizontal resolution of 
mesoscale models is, usually, between several hundreds of meters up to a 
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few kilometers. At the same time, the vertical resolution is comparatively 
large   especially in the atmospheric boundary layer where most mesoscale 
phenomena have their origin. 

In Paper I, the MIUU mesoscale model has been used to simulate local 
wind and temperature profiles in an area with hilly terrain in eastern 
Norway. Simulated wind and temperature profiles (up to 250 m height above 
ground) have been used as input to an acoustical model, called OASES. In 
this way, sound propagation out to 1.4 km distance along ground has been 
determined for a site situated in a valley bottom in the center of the model 
domain.  

When using large-scale fields from global or regional atmospheric 
models as initial and boundary conditions in simulating real situations, these 
fields should be carefully investigated. It is shown in Paper II that fields 
from a global Reanalysis database were not in hydrostatic balance below 850 
hPa over the western United States; probably, owing to the application of a 
so-called plateau correction in obtaining MSL pressure fields. 

In Paper III, results from two mesoscale models for this area were 
compared and statistically evaluated. The comparison with meteorological 
measurements illustrates the deficiencies and limitations of today’s 
mesoscale models, especially over complex terrain. However, the study does 
not allow for any conclusion on which model is actually performing better. 
A comparison of measured and simulated tracer concentrations could 
perhaps give an answer to this question, since the wind fields and the 
structure of the atmospheric boundary layer are implicitly revealed in the 
tracer concentration measurements at different sites. 

In simulating real situations, properly specified lateral boundary 
conditions are needed, in order to assure the proper advection of large-scale 
conditions from outside the model domain into the model domain. 
Moreover, lateral boundary conditions are needed, in order to assure the 
stability of the numerical model, especially, when running the model over 
long time periods (= several days) and for areas with highly complex terrain. 
Properly specified lateral boundary conditions should avoid unrealistic 
trends in the prognostic variables, such as temperature and horizontal wind. 

Paper IV describes a new lateral boundary condition especially designed 
for use in mesoscale models. The condition keeps the solutions of the 
numerical model stable during several days and with comparatively complex 
terrain and/or strongly varying land-use close to the lateral boundaries. 
Furthermore, the new condition allows mesoscale phenomena to develop 
even in the vicinity of the lateral boundaries. However, also other measures 
can be applied close to the lateral boundaries, in order to keep the model 
stable, such as an upstream advection scheme with high numerical diffusion, 
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horizontal grid stretching, and a sponge or buffer zone. Based on several 
tests, an optimum lateral boundary configuration is suggested. 

The mesoscale model applied in the presented papers (the MIUU 
mesoscale model) is described in some detail in Section 2. Section 3 
describes some problems with the mean-sea-level pressure field, related to 
complex terrain. Section 4, includes a description of how large-scale/ 
synoptic fields were introduced into the MIUU mesoscale model. Moreover, 
some problems with fields from global atmospheric modeling systems over 
the western U.S. are pointed out. Section 5 discusses the subject of optimum 
lateral boundary setup. A new lateral boundary condition is described, and 
an optimum lateral boundary configuration is suggested. In Section 6, the 
observed and simulated atmospheric flow over a part of the lower Colorado 
River Valley is discussed. Section 7 summarizes the results of a statistical 
comparison of results from two mesoscale models over this area, whereas 
Section 8 describes the issue of predicting sound propagation in the 
atmospheric boundary layer. 
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2. Description of the MIUU Model 

The MIUU mesoscale model (e.g., Enger 1983, 1986; Tjernström 1987; 
Andrén 1990; Enger et al. 1993, Enger and Grisogono 1998) is a three-
dimensional, time-dependent numerical model for the atmospheric flow 
associated with horizontal scales of 2 - 200 km. It has been developed during 
the last more than 20 years at the Department of Earth Sciences, Air and 
Water Science, at Uppsala University in Sweden. The model belongs to the 
category of so-called one-and-a-half order turbulence closure models (e.g., 
Stull 1988) of level 2.5 (according to Mellor and Yamada 1974; 1982). It 
applies a terrain-following coordinate system (e.g., Pielke 2002), is 
hydrostatic and includes a turbulence closure scheme that was corrected for 
wall effects of the underlying surface (Andrén 1990). Prognostic equations 
for the horizontal wind components, potential temperature, specific 
humidity, and the turbulent kinetic energy are solved on an Arakawa-A grid 
(e.g., Pielke 2002, p. 363). All other meteorological parameters, such as 
vertical velocity, pressure, turbulent mixing length, eddy diffusivity, eddy 
viscosity and so on, are calculated diagnostically at every time-step (e.g., 
Enger et al. 1993). The vertical grid is staggered, with the horizontal wind 
components, potential temperature, humidity, and pressure defined at the 
main vertical levels. Turbulent kinetic energy, vertical velocity, turbulent 
mixing length, eddy diffusivity, eddy viscosity, and some other variables, are 
defined at the vertical levels in between. The advection scheme is of third 
order in space and time (Enger and Grisogono 1998). The model includes 
routines for clouds, radiation, surface energy-balance and nesting.  

The MIUU model has been applied to a variety of situations, including 
terrain-induced flows (e.g., Enger et al. 1993), mountain waves (e.g., Yang 
1993; Grisogono 1995), coastal flows (e.g., Cui et al. 1998), sea-breeze 
studies (e.g., Telisman-Prtenjak and Grisogono 2002), dispersion 
calculations (e.g., Enger 1986; Enger 1990; Abiodun and Enger 2002), 
clouds (e.g., Tjernström 1987), air chemistry (e.g., Svensson 1996a; 1996b), 
and wind-energy mapping (e.g., Sandström 1997).  

Synoptic conditions in the model are included through the geostrophic 
wind components, the pressure at the model top, and initial profiles for the 
potential temperature and humidity (e.g., Enger et al. 1993). The pressure 
force has been decomposed into three parts in the model, where the large-
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scale (synoptic) pressure-gradient force is expressed through the geostrophic 
wind components as -fug and fvg, where f is the Coriolis parameter, and ug 
and vg the large-scale (synoptic) geostrophic-wind components. The thermal 
part of the mesoscale pressure-gradient force is expressed through the terms 
θ⋅∂πmeso/∂x and θ⋅∂πmeso/∂y. Here, θ is the potential temperature in the 
respective grid point, and πmeso the mesoscale pressure contribution, which is 
zero at the model top. πmeso is calculated through the hydrostatic 
approximation using model potential temperatures and downward 
integration. The third and last part, i.e., the topographically induced part of 
the mesoscale pressure-gradient force, is expressed through the terms g⋅(η/s-
1)⋅∂zg /∂x and g⋅(η/s-1)⋅∂ zg /∂y, where g is the acceleration of gravity, η the 
generalized (terrain-following) vertical coordinate, s the height of the model 
top, and zg the height of the terrain. From the above expressions for the 
topographically induced part of the mesoscale pressure gradient, it can be 
seen that this pressure gradient has the largest magnitude at the earth’s 
surface (since η=0 there), and becomes zero at the model top (since η=s at 
the model top). In contrast to several other numerical atmospheric models, 
no numerical horizontal diffusion is applied in the MIUU model. However, 
if necessary, a 2∆x-wave filter can be included. 
 Horizontal resolution can be specified equal at all grid points, telescopic 
with the highest resolution in the center of the domain, or user-defined with 
uniform resolution in the center and a constant relative increase in resolution 
at the outermost grid points. Vertical resolution is log-linearly spaced, with 
the lowest level at the height of the surface roughness plus displacement 
height, the second level usually at 2 m above, the third level at about 8 m 
above, the fourth level at about 25 m above, and so on. To reduce the 
reflections of gravity waves at the model top, a sponge layer was 
implemented into the model (Grisogono 1995). Lateral boundary conditions 
were previously specified as zero inflow, and gradient outflow (e.g., Pielke 
2002). As a part of this study, a new lateral boundary condition was 
introduced into the model (see Section 5 and Paper IV). A somewhat more 
detailed description of the MIUU model is given in Paper I. The complete 
derivation of the coordinate-transformed basic model equations is described 
in Pielke and Martin (1981) and Pielke (1984). 
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3. Problems with Mean-Sea-Level Pressure 
Fields 

In complex terrain, the determination of the pressure field at mean sea level 
(MSL) is known to be a problem (e.g., Wallace and Hobbs 1977; Hess 
1959). In general, the temperature structure of the fictitious air column 
between the height of the station barometer and MSL is not known, and has 
to be estimated somehow. For stations at elevations ≥ 500 m above sea level 
(ASL), reduced MSL pressure values become increasingly uncertain (e.g., 
Liljequist and Cehak 1984). Therefore, station pressure is normally reduced 
to MSL only for stations situated at elevations lower than 750 m ASL or so. 
At higher stations, station pressure is usually reduced to the closest standard 
pressure surface.  

In the United States of America (U.S.), however, station pressure is 
reduced to MSL for stations as high as 2000 m ASL (e.g., Ely/Yelland, 
Nevada, 1907 m ASL). In order to reduce the amplitude of the annual MSL 
pressure variation at stations situated above 305 m ASL (hereinafter referred 
to as “plateau stations”), a so-called “plateau correction” (PC) is applied to 
the reduced MSL pressure values (e.g., Saucier 1955; Harrison 1963; Pauley 
1998). This correction − Eq. (1) in Paper II − increases reduced MSL 
pressure when the actual (12-hour mean) temperature at the station is greater 
than the annual-mean temperature at the same station, and vice versa. Hence, 
the PC increases MSL pressure from plateau stations during the warmer 
season and decreases MSL pressure from these stations during the colder 
season. The correction was suggested by Ferrel in the late 19th century, in 
order to get approximately the same amplitude of the annual variation of 
MSL pressure at all stations in North America, regardless of their elevation. 
The PC should ensure that average MSL pressure differences between 
January and July should be about 5 hPa at all stations (Saucier 1955). In the 
above-described way, the correction can change both magnitude and 
direction of MSL pressure gradients. This is illustrated in Table 1 (Paper II) 
by means of the climatological MSL pressure gradients between the two 
cities of Yuma (Arizona, 63 m ASL) and Las Vegas (Nevada, 662 m ASL). 
At the former station no PC is applied, whereas at the latter the PC is 
routinely applied in the daily synoptic reports. The influence of the PC on 
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MSL pressure at Las Vegas can be as much as ± 2 hPa during the 
warmest/coldest days of the year (Table I in Paper II). At Ely/Yelland 
(Nevada, 1907 m ASL), the PC influence on MSL pressure was estimated to 
be as much as ± 5 hPa (not shown). 
 As a result of the standard pressure reduction method, which includes the 
PC, misleading MSL pressure values can be obtained at high altitude stations 
in the U.S. (e.g., Pauley 1998). For this reason, several other pressure 
reduction methods have been developed recently (e.g., Benjamin and Miller 
1990; Mesinger and Treadon 1995; Pauley 1998). To avoid the problem with 
uncertain MSL pressure values, Sangster (1960; 1987) suggested an 
alternative method to express the horizontal pressure gradients at the surface. 
Pielke (2002) proposed a “generalized geostrophic wind” that should provide 
a better estimate of near-surface horizontal pressure gradients than ordinary 
MSL pressure fields. Mesinger and Treadon (1995) suggested a “horizontal 
pressure reduction method” where the temperature of the fictitious air 
column within the mountain is estimated by horizontal interpolation of the 
temperatures from the surrounding stations. 
 A correct analysis of the location of pressure centers on MSL-pressure 
charts can be critical in daily weather forecasting. Moreover, a correct 
location of the summer thermal low is believed to be essential for a correct 
prediction of the North American monsoon (Adams and Comrie 1997). The 
North American monsoon is connected with a pronounced increase in 
rainfall from an extremely dry June to a more rainy July and August over 
large areas of the southwestern U.S. and northwestern Mexico.  

In general, a monsoonal-type MSL pressure field is expected over the 
southwestern U.S. in the average, with a thermal low over the plateau during 
summer, and a thermal high over the plateau during winter (e.g., Peixoto and 
Oort 1992; Whiteman 2000). In the long-term average, the center of the 
summer thermal MSL-pressure low over the southwestern U.S. is analyzed 
either over the northern end of the Gulf of California (e.g., Badan-Dangon 
1992, Fig. 2) or over the Colorado Plateau (e.g., Peixoto and Oort 1992; p. 
134). MSL pressure charts from the U.S. National Weather Service show 
that the thermal low frequently can be found near the northern end of the 
Gulf of California, and not, as expected from physical and climatological 
reasoning, above the plateau. The position of the thermal low is probably 
influenced by the use of MSL pressure values from plateau stations. Due to 
the application of the PC in obtaining MSL pressure from these stations, the 
thermal low is probably displaced to the south on MSL pressure charts. 

It can be concluded that the PC should be critically evaluated in the 
future. For highly elevated stations, more physically grounded pressure 
reduction methods, such as the method of Mesinger and Treadon (1995), 
should be used instead of the standard pressure reduction method including 
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the PC. The PC influences the location of MSL pressure centers over the 
western United States. Hence, without the effect of the PC, the position of 
the summer thermal low over the southwestern U.S. would probably be over 
the Northern-Arizona/New-Mexico area rather than over the northern end of 
the Gulf of California. In Section 4.3 and Paper II, this subject is discussed 
in more detail. For practical reasons, 1000-hPa geopotential fields were 
studied in Section 4.3 and Paper II, instead of investigating MSL pressure 
fields. The former fields, however, should show a similar behavior as MSL-
pressure fields, since the 1000-hPa surface is usually situated very close to 
MSL. 

It is certainly possible that similar methods to “correct” MSL pressure are 
used over other parts of the world with high terrain. However, nothing about 
this is known to the author at the present stage. 
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4. Introduction of Large-Scale Fields 

The MIUU mesoscale model was further developed, in order to include 
large-scale/synoptic data from global or regional climate and weather-
prediction models, such as the joint global atmospheric model of the 
National Center for Environmental Prediction and the National Center for 
Atmospheric Research  (NCEP/NCAR Reanalysis System), as well as the 
regional High Resolution Limited-Area Model (HIRLAM). Data from other 
models can be used as well. 

4.1 Interpolation of Large-Scale Fields 
NCEP/NCAR Reanalysis fields as well as fields from the regional weather-
prediction model HIRLAM have been used as input data to the MIUU 
mesoscale model. Global fields from the NCEP/NCAR Reanalysis System 
(e.g., Kalnay et al., 1996) are available on 17 pressure levels (i.e., on 1000, 
925, 850, 700, 600, 500 hPa, and so on), whereas fields from HIRLAM (e.g., 
Källén 1996) were available on 1000, 980, 960, 925, 850, 800, 750, 700, 
600, 500 hPa, and so on. Fields of geopotential height, longitudinal and 
latitudinal wind, temperature, and specific humidity were first interpolated 
horizontally to the grid points of the mesoscale model. This was done for all 
pressure surfaces of the respective large-scale model output, by using an 
ordinary two-dimensional spline or cubic interpolation scheme. Other 
authors used a two-dimensional bicubic spline interpolation scheme in their 
mesoscale model (Zhang et al. 1986), whereas Kållberg (1977) suggested to 
use interpolation schemes of Fourier-type or smoothed cubic splines. Grell et 
al. (1995) suggested the use of a so-called “monotone interpolation routine”, 
in order to preserve monotonicity and the shape of certain structures. In this 
study, however, no attempt was made to find the most suitable interpolation 
scheme. 

As pointed out by Kållberg (1977), horizontal interpolation should be 
performed with methods that yield continuous derivatives. Even if the 
horizontal divergence is very small at all grid points of the large-scale or 
regional model, interpolation of the u- and v-components alone can lead to 
spurious divergence in these fields. Hence, spurious divergence can also 
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arise in the lateral boundary zone of the mesoscale model, where these fields 
are used as boundary-forcing data (see Section 5.1). This spurious 
divergence can be seen as small-scale noise in the mesoscale model fields 
close to the lateral boundaries. However, as already found by Kållberg 
(1977), this noise does usually not propagate into the center of the model 
domain, but stay very close to the lateral boundaries. It can be concluded that 
the derivatives of the externally prescribed large-scale horizontal wind 
components, u and v, should be continuous even after the horizontal 
interpolation is carried out. 

The horizontally interpolated large-scale wind components and 
temperature and humidity values were then linearly interpolated in height to 
the terrain-following η-levels of the mesoscale model. As regards pressure, 
the logarithm of pressure was interpolated linearly in the vertical direction, 
since pressure varies exponentially with height. To obtain the horizontal 
large-scale pressure gradients in each grid point of the mesoscale model, 
large-scale pressure pls was interpolated to each grid point of the mesoscale 
model (pls(i,j) in Fig. 1), as well as to the 4 surrounding horizontal grid 
points (see Fig. 1). On the 4 surrounding horizontal grid points, large-scale 
pressure was calculated at the same height ASL as at the grid point in the 
middle (grid point (i,j) in Fig. 1). From these pressure values, the (truly 
horizontal) large-scale pressure gradient was calculated in each grid point of 
the mesoscale model. The large-scale pressure gradient was then converted 
into geostrophic winds by dividing with the Coriolis parameter f multiplied 
by air density ρ as:  
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where pls is the large-scale/synoptic pressure value at the respective grid 
point, ∆x the horizontal resolution in x-direction, and ∆y the horizontal 
resolution in y-direction. It has to be pointed out that the above values of pls 
were calculated at the same height ASL as the value at the grid point (i,j) in 
the middle. In this way, the large-scale horizontal pressure-gradients were 
obtained in each grid point of the terrain-following mesoscale coordinate 
system. It should be noted, however, that, when using this method, a kind of 
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synoptic-analysis/large-scale-pressure-field “nudging” is applied in the 
mesoscale model. 
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Figure 1. Estimation of large-scale/synoptic pressure gradients on the numerical 
grid of the MIUU mesoscale model. pls is computed from input large-scale/synoptic 
pressure or geopotential fields through horizontal and vertical interpolation at each 
grid point of the mesoscale model, as well as at the 4 surrounding grid points. Then, 
the horizontal large-scale pressure gradient is calculated and expressed as geo-
strophic winds, as described in Eq. (1) and (2). For more information see text. 

 
Since Reanalysis data is usually available only every six hours, the large-

scale synoptic pressure-gradients, temperatures, specific humidities, and 
horizontal velocities had to be interpolated linearly in time. The above 
described method, in combination with the new lateral boundary condition 
described below, allowed to run the MIUU mesoscale model for several 
days, without experiencing any instabilities. 

4.2 Model Initialization 
The MIUU mesoscale model was initialized with the horizontally and 

vertically interpolated large-scale fields. For this purpose, the interpolated 
large-scale fields were simply distributed to the mesoscale model grid points 
at the start time of the model. When using such fields for initialization, the 
fields should be already in geostrophic balance since they are results from 
the model equations of the respective large-scale or regional model. 
However, when interpolating the larger-scale fields to the grid points of the 
mesoscale model as described above (before distributing them to the model 
grid points) imbalances can arise from the interpolation procedure itself. 
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As pointed out by, for instance, Du Vachat (1992), a time of at least 12 h 
is needed to filter out gravity waves that can arise from such unbalanced 
model fields. Some of the initial perturbations will lead to gravity waves 
which are dispersed through the process of geostrophic adjustment (Errico 
and Baumhefner 1987). These waves propagate eventually out of the 
mesoscale model domain. As pointed out by the latter authors, some of the 
waves can also be dissipated by numerical filters or diabatic processes. 
During the adjustment process, fast propagating gravity waves are produced 
which typically disappear at time scales faster than the inertial time scale. 
The growth of error, however, will be limited, if usually balanced data is 
advected through the lateral boundaries. 

In cases that include precipitation the spin-up time was found to be even 
larger. Especially for dynamic initialization, as used in the MIUU model, Du 
Vachat (1992) found comparatively large oscillations in the beginning of the 
simulation. In order to reduce the spin-up time, several other initialization 
techniques have been developed in the past (e.g., Du Vachat 1992; Sashegyi 
and Madala 1993; Yap 1995). Another technique to avoid gravity waves 
from developing in the first hours of the dynamical initialization process, is 
that the ground surface is initially assumed to be flat, and reaches gradually 
the final height after some hours (e.g., Yamada 1981; Pielke 2002). Usually, 
data assimilation will largely increase the amplitude of initial disturbances, 
since any point-wise assimilation of measured data can induce high-
amplitude geostrophic imbalances in the model fields. Zhang et al. (1986), 
for instance, described an objective analysis technique for use in mesoscale 
models. Sea-level pressure, surface temperature, and mandatory-level 
horizontal winds, temperature and relative humidities were used as first 
guess. These fields were then refined with data from radio soundings using a 
successive-correction type technique. Due to the uncertainties in MSL 
pressure fields over complex terrain (see Section 3, Section 4.3, and Paper 
II), however, MSL pressure fields are not well suited for model initialization. 
Grell et al. (1995) introduced the concept of “nudging” or “Newtonian 
relaxation” to observations as a four-dimensional data-assimilation tool for 
mesoscale models. The authors defined the nudging coefficient based on 
scaling arguments as between 10-4 and 10-3 s-1. Data assimilation, however, is 
not yet included in the MIUU mesoscale model even though a nudging 
option exists. 

As found in Paper II, fields from global modeling systems have to be 
critically examined. Fields that are situated below the model orography of 
the large-scale atmospheric model are a result of a post-processing 
procedure, and not a result of the prognostic equations for the mean 
variables. Hence, the latter fields can be out of hydrostatic balance (Section 
4.3 and Paper II). 
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4.3 Problems with Large-Scale Fields 
 
In the U.S., Reduced MSL-pressure values from plateau stations (stations 
situated at elevations higher than 305 m ASL) are used operationally in 
producing MSL pressure charts. These fields are then used in the post-
processing procedure of (some) global or regional atmospheric models, in 
order to obtain pressure and geopotential fields below the lowest level of that 
model. Temperature and humidity, however, are normally extrapolated from 
the lowest levels of the global or regional model, in order to obtain values 
below the lowest level of that model. For this reason, fields below the lowest 
model level of any global or regional atmospheric model can be out of 
hydrostatic balance. This was found to be the case for the elevated regions of 
the western U.S., where the lowest levels of any global or regional model are 
usually situated around 1500 m height ASL or around 850 hPa. 

In Paper II, 9 days of measurements from a part of the lower Colorado 
River Valley, that is situated approximately 100 km to the south-southeast of 
Las Vegas (Fig. 2), were used to evaluate fields from the NCEP/NCAR 
global Reanalysis system over the southwestern U.S. during summer. This 
was done by means of mesoscale model simulations that were “driven” by 
large-scale pressure fields in the way described above (see Section 4.1). 
Hence, model-predicted winds were influenced by large-scale geostrophic 
winds that, in turn, were obtained from the input large-scale geopotential 
fields.  

Since NCEP/NCAR Reanalysis fields below 850 hPa were not in 
hydrostatic balance over the mesoscale-model area (Fig. 2), two different 
numerical experiments were carried out, in order to investigate which input 
geopotential fields were more consistent with the observed flow within this 
area, namely: 

 
•  MIUU1: A run with the original NCEP/NCAR geopotential fields, and  
 
•  MIUU2: A run with the hydrostatically recalculated geopotential fields. 
 
For the second run, NCEP/NCAR geopotential fields were hydrostatically 
recalculated below 850 hPa using the hypsometric equation (e.g., Holton 
1992, p. 20) together with NCEP/NCAR virtual temperatures at 850, 925, 
and 1000 hPa. Another recalculation, using NCEP/NCAR virtual 
temperatures at 850 hPa together with a standard-atmosphere temperature 
lapse rate to calculate virtual temperatures below that level, gave 
approximately the same results as the previous recalculation (not shown). It 
should be noted, however, that NCEP/NCAR temperatures below 850 hPa 
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are extrapolated temperatures over the model area, since all NCEP/NCAR 
grid points that are situated within the mesoscale model domain are located 
above the 925 hPa surface. Hence, these temperatures could be subject to 
errors as well.  
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Figure 2. Topography of the atmospheric model domain (centered at 35.7°N and 
114.0°W) in meters ASL. MOPP indicates the location of Mohave Power Project 
where the tracer was released. Additionally shown are the locations of tracer 
measurement sites (squares), surface measurement sites (circles), and upper-air 
measurement sites (triangles). Thick lines are borders between California, Nevada, 
and Arizona. The location of the Grand Canyon is indicated in the figure. 

 
Model-predicted winds from run MIUU1 and run MIUU2 were then 

compared to measured winds within the valley. The results showed that, in 
the lowest 600 m AGL or so, model-predicted winds within the valley 
agreed far better with observed winds, when input geopotential fields were 
hydrostatically recalculated below 850 hPa (Paper II). It was found that, 
within the investigated part of the valley (central part of Fig. 2), the original 
NCEP/NCAR geopotential fields below 850 hPa were less consistent with 
the observed atmospheric flow than the hydrostatically recalculated fields. 
RMS differences between modeled and measured surface wind directions at 
MOPP were reduced from 106° in run MIUU1 to 72° in run MIUU2. At 
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COCO, the same RMS differences were reduced from 84° in MIUU1 to 59° 
MIUU2. Height-averaged RMS differences between modeled and measured 
upper-air wind directions at MOPP (between 150 and 5000 m height AGL) 
were reduced from 74° in MIUU1 to 68° MIUU2. The same differences 
between 0 and 5500 m height AGL at COCE were reduced from 74° in 
MIUU1 to 52° in MIUU2. As regards RMS differences in upper-air wind 
directions, improvements were restricted to the lowest 1000 m AGL (Fig. 4 
in Paper II). This is not surprising, since input large-scale geopotential fields 
above 850 hPa were the same in both experiments. In the same way as for 
wind direction, RMS differences for the v-component of the horizontal wind 
speed and RMS differences for the horizontal vector wind were reduced 
significantly from run MIUU1 to run MIUU2 (Table 2 in Paper II). 

Ten years of NCEP/NCAR summer geopotential fields were 
hydrostatically recalculated below 850 hPa in the same way as described 
above (see Paper II for details). All fields were averaged over the 3 months 
of June, July, and August 1991 through 2000. Recalculated 1000-hPa 
summer geopotential fields (Fig. 3d) show an average position of the 
summer thermal low that is about 450 km to the north and somewhat to the 
east, compared to the position in the original 1000-hPa NCEP/NCAR 
geopotential fields (Fig. 3b). In addition, the thermal low was about 40 gpm 
(≈5 hPa) deeper in the hydrostatically recalculated 1000-hPa geopotential 
fields. Another recalculation using a standard-atmosphere temperature lapse-
rate of 6.5°C km-1, together with a constant specific humidity, to extrapolate 
virtual air temperatures below 850 hPa (not shown), did not reveal any 
significant differences in the recalculated fields as compared to the fields in 
Fig. 3d. 

The recalculated 10-year summer average 1000-hPa geopotential field 
(Fig. 3d) is indeed similar to the field of Peixoto and Oort (1992, p. 134). In 
their 1000-hPa geopotential field, the summer thermal low is centered at 
36°N and 110°W, which is in agreement with the hydrostatically 
recalculated summer geopotential fields (Fig. 3d). Other authors give slightly 
different positions of the thermal low for the month of July only (e.g., 
Liljequist and Cehak 1984; Barry and Chorley 1992; Ahrens 1999; 
Whiteman 2000). In contrast to these authors, Badan-Dangon et al. (1991), 
however, reported the center of the thermal low to be located at 32°N and 
111°W during the month of July (Fig. 2 in their article). Similar to this, 
summer MSL pressure charts from the U.S. National Weather Service reveal 
mostly a low pressure system that is centered somewhere between the 
northern end of the Gulf of California and the city of Yuma (Arizona). 

An accurate description of the pressure field is essential for simulating the 
correct flow direction in mountain valleys. Regional atmospheric models 
could be influenced by uncertainties in input pressure and geopotential 
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fields. For slightly different initial pressure or geopotential fields, these 
models could initially predict a 180°-offset direction of the flow within such 
valleys. Within some hours, however, the models will usually adjust toward 
a dynamically balanced flow, if no synoptic-analysis/large-scale-pressure-
field “nudging” is applied as was done in this study. Adams and Comrie 
(1997) mentioned that several weather-prediction models provided only poor 
predictions of summer convection in Arizona, and that model initialization 
seemed to be essential. Among other things, the advection of low-level 
moisture from the Gulf of California, which is supposed to be critical for 
local vigorous convection over Arizona, was not resolved by these models. 
As discussed in the previous text, however, MSL pressure fields over this 
area could be influenced by the PC. Inconsistent MSL-pressure fields could, 
in this way, contribute to poor model performance over this area. 
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Figure 3. 10-year summer average geopotential heights (850 and 1000 hPa) and 
temperatures (925 hPa) from NCEP/NCAR Reanalyses (a, b, and c), as well as 
hydrostatically recalculated 1000-hPa geopotential heights (d). Data has been 
averaged for June, July, and August 1991 through 2000. Recalculation was done for 
each dataset separately. The mesoscale model domain is indicated by a rectangle. 
Terrain with elevations above 1500 m ASL is shaded. For more information see text. 
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5. Lateral Boundary Setup 

Limited-area atmospheric models are greatly complicated by the necessity of 
specifying a computational domain, which includes only a portion of the 
physically unbounded flow. Any limited computational domain gives rise to 
the problem of imposing boundary conditions which, ideally, should make 
the flow behave as if the boundaries were not there at all. Computational 
domains of mesoscale models represent usually only a small and somewhat 
arbitrary portion of the total global atmosphere. The only domain boundary 
with a truly physical meaning is the bottom boundary, i.e., the earth’s 
surface. At this boundary, the surface energy balance provides the modeler 
with the skin temperature of the surface and the vegetation. In addition, the 
Monin-Obukhov similarity theory (e.g., Stull 1988) determines the surface 
fluxes of heat, momentum, and humidity. At the other boundaries of the 
domain, i.e., the lateral boundaries and the top boundary, no truly physical 
boundary conditions can be formulated. Any mathematical and numerical 
constructions that are imposed at these boundaries should try to mimic the 
presence of the surrounding fluid as largely as possible.  

In Paper IV, the most common existing lateral boundary conditions for 
use in mesoscale and regional atmospheric models were reviewed. 
Moreover, a new lateral boundary condition was proposed, based on a 
number of general requirements. In addition to these lateral boundary 
conditions, increased horizontal diffusion is commonly used in the vicinity 
of the lateral boundaries. Since the optimum lateral boundary configuration 
is not known a priori, a number of tests were carried out in Paper IV and a 
solution for this problem was suggested. 

5.1 A New Lateral Boundary Condition 
The lateral boundaries of any limited-area model can influence the results in 
the entire model domain through advection from the lateral boundaries. A 
correct specification of lateral boundaries is even more critical in mesoscale 
models, as disturbances are normally advected across the whole model 
domain within the simulated time period. For situations when the lateral 
boundaries were specified according to observed fields, Errico and 
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Baumhefner (1987) found that there was little or no error growth with time 
in a limited-area model. This finding is in contrast to global atmospheric 
weather- and climate-prediction models where the error increases 
approximately exponentially with time.  

Over complex terrain, lateral boundary conditions have to act in such a 
way that the modeled atmosphere is not heated or cooled unrealistically 
through any terrain-induced vertical motions (for instance, if the model 
domain is slightly inclined from one side to another). Such vertical motions 
could arise due to the limited extension of the model domain. In nature, 
however, the inertia of the air outside the computational domain would 
provide a natural limit to such unrealistic heating.  

Optimum lateral boundary conditions for regional and mesoscale 
atmospheric models should fulfill the following requirements (Paper IV): 

 
1. Introduce advective changes of the prognostic variables from outside the 

model domain into the model domain (i.e., the scheme must be time-
dependent). 

2. Absorb, transmit or radiate any internally generated (wave) disturbances 
without artificial reflection. 

3. Assure long-time model stability over all kinds of terrain. 
4. Work satisfactory in an operational environment. 
5. Treat the atmospheric boundary layer in a specific way. 
 
One condition that fulfills the above requirements no. 1 − 4 is the flow 
relaxation scheme (FRS) of Davies (1976; 1983). In Paper IV, the original 
scheme was modified in order to allow for a special treatment of the 
atmospheric boundary layer, i.e., to fulfill even the last requirement. 

Any lateral boundary condition that could be generally applied by 
regional limited-area models should be simple and computationally 
attractive. The tendency modification method of Perkey and Kreitzberg 
(1976) and the FRS of Davies (1976; 1983) are two types of sponge 
conditions, which are commonly used in today's regional atmospheric 
models. These two existing methods are combined in this study to form a 
new lateral boundary condition, which should be suitable for all atmospheric 
limited-area models as well as for limited-area ocean models. The 
philosophy was to construct a lateral boundary condition with as little 
“forcing” as possible at the lateral boundaries, but as much “forcing” as 
needed in order to keep the model stable, to prevent any waves from being 
reflected at the lateral boundaries, and to introduce changes from outside the 
limited domain properly.  

In a large number of cases, regional atmospheric processes determine the 
atmospheric structure close to the earth's surface, whereas at higher levels in 
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the atmosphere large-scale forces should play an increasingly important role. 
Following the suggestions of Giorgi et al. (1993) and Kurihara et al. (1989), 
the flow relaxation parameter was varied with height in such a way that it is 
very small in the atmospheric boundary layer close to the earth's surface. 
With increasing height above the surface, the parameter reaches gradually its 
maximum value at levels some kilometers AGL or so. Hence, the flow-
relaxation parameter exhibits a terrain-following structure. Small values for 
the flow-relaxation parameter close to the surface, however, imply large 
relaxation times, which is clearly unphysical, since any temperature changes 
at the lateral boundaries should be introduced with the same time scale at all 
vertical levels.  

Consequently, a new lateral boundary condition for use in mesoscale and 
regional atmospheric models was proposed in Paper IV as: 
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where ∂φi/∂t denotes the tendency of the internally determined (limited-area) 
model solution, ∂φe/∂t the externally specified (larger-scale) model solution, 
Kmax(z) the height-dependent maximum value of the flow-relaxation 
coefficient, and f(x) a function which determines the horizontal variation of 
the flow-relaxation parameter in the lateral boundary zone. The maximum 
flow relaxation parameter Kmax(z) was chosen to be terrain-following. Hence, 
it should increase from a value of zero at the lowest model level to a 
maximum value of ≈0.001 s-1 at 4000 m height AGL. In between these 
heights, a linear interpolation with respect to height was used to determine 
the magnitude of Kmax(z). With this profile of Kmax(z), exponential adjustment 
times at, say, 100 m height AGL are in the range of ≈11 hours. Through the 
inclusion of the second (larger-scale tendency) term in the new lateral 
boundary condition, however, any changes are introduced instantaneously 
and with the same time scale at all model levels. 

The new lateral boundary condition (Eq. (3)) was successfully used to 
introduce fields from the global NCEP/NCAR Reanalysis system (e.g., 
Kalnay et al. 1996) into the MIUU mesoscale model (Paper II and III). 
Moreover, results from the regional weather-prediction model HIRLAM 
(e.g., Källén 1996) were successfully used as large-scale-initial and lateral-
boundary-update fields in the MIUU mesoscale model (not shown). 
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5.2 Optimum Lateral-Boundary Configuration 
Some additional methods are used in the MIUU mesoscale model in order to 
improve the behavior of the lateral and top boundaries. For this purpose, an 
upstream advection scheme, which has large numerical diffusion, is used at 
the outermost 4 lateral grid points of the model domain, as well as at the 
uppermost 4 grid points. This procedure has shown to be very effective in 
terms of preventing gravity-wave reflection. Another precaution, which was 
introduced already very early in the model (e.g. Enger and Grisogono 1998), 
is a non-uniform stretched horizontal grid, usually called telescopic grid.  

In Paper IV, it was found through a number of two-dimensional model 
experiments that the best lateral boundary configuration might be obtained 
with moderate to strong flow relaxation, upstream advection at some grid 
points within the lateral boundary zone, and 6% horizontal grid stretching 
starting at a substantial distance from the lateral boundaries. Horizontal grid 
stretching rates should not be too small, in order to gradually damp out any 
wave-type disturbances. Too large horizontal grid stretching rates, however, 
act like internal interfaces and lead to a reflection of waves instead. 
Moreover, it was concluded from reviewing previous studies on this subject 
(Davies 1983; Lehmann 1993), that, in order to minimize the reflection of all 
kinds of gravity, gravity-inertia, and computational waves, the flow 
relaxation parameter should be specified in a certain range (Fig. 2 in Paper 
IV). Hence, this parameter should depend on the horizontal grid size at the 
lateral boundaries and the expected phase speeds of all kinds of model-
resolved waves (Paper IV). It should be specified as: 
 

50 m s-1 150max ≤∆⋅≤ xK  m s-1,  (4) 
 
where Kmax is the maximum value of the flow-relaxation parameter, and ∆x 
the horizontal grid resolution at the lateral boundaries. This recommendation 
is valid for expected phase speeds in the range of 1 to 100 m s-1. If the 
expected phase speeds are one order of magnitude lower, the magnitude of 
Kmax can be chosen one order of magnitude lower as well. 

In an alternative formulation of the FRS (Eq. (2) in Paper IV) , the 
regionally determined values at the outermost grid points at the lateral 
boundaries are simply replaced with their externally specified (larger-scale) 
values. This case corresponds to a flow relaxation coefficient Kmax that 
approaches infinity directly at the lateral boundaries. Consequently, in this 
formulation, no differences are allowed between the regionally determined 
model solution and the larger-scale (externally prescribed) model solution 
directly at the lateral boundaries. Moreover, waves with comparatively slow 
phase speeds (≈ 1 m s-1) are probably largely reflected when this formulation 
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is used. Furthermore, when this alternative formulation of the FRS is used, 
the flow relaxation coefficient becomes a function of the time step, leading 
to stronger forcing for smaller time steps, which is clearly unphysical (Paper 
IV). The latter dependency was originally shown by Lehmann (1993). 
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6. Flow over Complex Terrain 

Any mountain range effects the atmospheric flow depending on its size, 
shape, orientation, and height (e.g., Whiteman 2000). The air will either 
prefer to flow over the mountains, along the mountains, or through mountain 
valleys and gaps, depending on the static stability and speed of the air that 
approaches the mountains, together with the topographic characteristics of 
the terrain. In general, the low-level flow downstream of any mountain or 
ridge is frequently ageostrophic. Pielke (2002) stated that air which becomes 
ageostrophic after passing over one ridge does not adjust again to 
geostrophic equilibrium for a long distance downstream. For the Los 
Angeles Basin and the surrounding mountain passes and valleys, Green et al. 
(1992) found from long-term climatological measurements that the air close 
to the surface generally flows from higher to lower pressure. Geostrophic 
balance was found to be absent. The speed of the flow was approximately 
proportional to the pressure gradient.  

Whiteman and Doran (1993) investigated the relationship between winds 
within comparatively long and straight valleys and the overlying synoptic-
scale flow. The authors identified four possible mechanisms that could 
determine valley wind directions, depending on the direction of the 
geostrophic wind within the valley, namely pressure-driven channeling, 
forced channeling, thermal forcing, and downward momentum transport. For 
a valley that is assumed to run from north to south, resembling the direction 
of the investigated part of the Colorado River Valley (central part in Fig. 2), 
these relationships are shown in Fig. 4. Near-surface winds within the valley 
are, thus, normally blowing parallel to the valley's axis (Fig. 4a, b and c), 
except for downward momentum transport (Fig. 4d). For the effect of forced 
channeling (Fig. 4b), the flow within the valley is directed in the geostrophic 
wind direction projected towards the valley's axis, whereas for the effect of 
pressure-driven channeling (Fig. 4a) the air within the valley is flowing 
from higher pressure toward lower pressure, irrespective of the Coriolis 
force (Whiteman and Doran 1993; Whiteman 2000). In situations with 
downward momentum transport (Fig. 4d), the flow within the valley is 
coupled with the flow above the valley by means of strong turbulent mixing. 
Only the effect of thermal forcing shows a clear daily cycle, with up-valley 
winds during daytime and down-valley winds during night (Fig. 4c). The 
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latter thermally driven winds are frequently also called mountain- or valley-
winds. It can be concluded that, in a large number of situations, the flow 
within the valley should be determined by the large-scale synoptic pressure-
field with only two dominating directions parallel to the valley's axis. 

For situations with channeling, valley winds can change direction very 
quickly from blowing down-valley to blowing up-valley, when the large-
scale geostrophic wind changes its direction (Fig. 4a and b). In addition to 
the valleys dealt with in Paper I and II, strong channeling was also observed 
in other valleys, such as the Tennessee Valley in the U.S. (Whiteman and 
Doran 1993), the Rhine Valley in Germany  (Gross and Wippermann 1987), 
and several mountain valleys in northern Sweden (e.g., Smedman et al. 
1996; Bergström 1997; Juuso 2002). In the latter valleys, a combination of 
pressure-driven and forced channeling could, possibly, explain the very 
strong observed near-surface winds. Some idealized mountain valleys have 
been investigated by Juuso (2002) by means of numerical simulations with 
the MIUU mesoscale model. 
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Figure 4. Four mechanisms that produce distinct relationships between the 
geostrophic wind direction and the valley wind direction (= the direction of the flow 
within the valley). The four mechanisms are named at the top of each figure. The 
valley is assumed to run from north to south resembling the direction of the 
investigated part of the Colorado River Valley (central part in Fig. 2). The figure is 
redrawn according to Whiteman and Doran (1993). 
 

In Paper I, the local flow within a river valley (Fig. 1 in Paper I) was 
investigated, in order to study meteorological impacts on sound propagation 
from a military training site. The experimental area was located nearby the 
village Flisa, in a mountain valley approximately 200 km northeast of Oslo 
(not shown). During 20–23 February 1995, meteorological measurements 
were carried out on the military site Haslemoen, using several 
meteorological towers and a tethered balloon (Hole et al. 1996). The area is 
characterized by a river valley running from about north-west to south-east, 
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with altitudes of about 130 m ASL in the bottom of the valley, and up to 680 
m ASL on the ridges on both sides of the valley (not shown). 

In Paper II and III, the atmospheric flow was studied and simulated in a 
part of the lower Colorado River Valley, situated approximately 100 km to 
the south-southeast of the city of Las Vegas (Fig. 2). Model simulations of 
the atmospheric flow over this area were needed, in order to calculate the 
dispersion of pollutants from Mohave Power Project (MOPP), a large coal-
fired power plant situated in the valley bottom of the Colorado River Valley 
at 35.1453°N and 114.5906°W (Fig. 2). Surface and upper-air measurements 
were available from Project MOHAVE (“Measurements Of Haze And 
Visibility Experiment”). One of the goals of Project MOHAVE was to assess 
the effects of MOPP emittants upon visibility in Grand Canyon National 
Park. 

6.1 Observed Flow in Mountain Valleys 
Within project MOHAVE, hourly wind profiles were measured at MOPP 

(Fig. 2) during a period of 9 months (from 5 January through 21 September 
1992). For this period, measured hourly near-surface wind directions at 
MOPP were plotted against above-valley wind directions at MOPP in Fig. 
5a, whereas Fig. 5b shows the joint probability distribution of the same wind 
directions. Wind directions measured by the radar wind profiler at 300 m 
height AGL (= valley wind directions in Fig. 5) were used as near-surface 
wind directions. As upper-air wind directions, on the other hand, wind 
directions measured by the same wind profiler at 3000 m height ASL (= 
above-valley wind directions in Fig. 5) were used. Only cases with wind 
speeds larger than 3 m s-1 at both levels were chosen, since wind directions 
could vary considerably at low wind speeds. In the figure, both 90° and 450° 
represent easterly winds. Probabilities were calculated for wind direction 
intervals of 22.5°, centered at 0°, 22.5°, 45°, 67.5°, 90°, and so on. The thick 
lines in Fig. 5 represent the locus of maximum probabilities. In contrast to 
Whiteman and Doran (1993, Fig. 8), however, no attempt was made to 
calculate geostrophic winds at this location, since geostrophic winds within 
this area could be influenced by the application of the plateau correction (see 
Section 3 and Paper II). For this reason, observed upper-air wind directions 
have been used instead in Fig. 5. 
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Figure 5. Measured hourly valley-wind and above-valley-wind directions at 
MOPP (a), and joint probability distribution of the same wind directions at 
MOPP (b). The solid line shows the locus of maximum probabilities. The 
shaded area is for probabilities larger than 0.005, and contours are drawn 
at 0.005, 0.01, 0.02, 0.03, 0.04, and 0.05. Peak probabilities are indicated by 
labels. All probabilities on the 16 x 16 grid add to one. For more 
information see text. 

 
Fig. 5 shows that the effect of pressure-driven channeling should 

dominate the near-surface flow at MOPP during most of the time. Indeed, 
the “measured” joint probability distribution of Fig. 5 is very similar to the 
idealized distribution for pressure-driven channeling (Fig. 4a). Wind 
directions which are oriented parallel to the local valley axis at MOPP (i.e., 
directions around south and directions around north) are by far dominating 
the flow within the valley. Some of the valley winds in Fig. 5, however, 
could be of thermal origin, representing warm air transport or cold air 
drainage up/down the valley. Such thermal flows are probably independent 
of the upper-air wind direction, and appear therefore as several spots/crosses 
in the figure. Furthermore, some of the scatter in Fig. 5 can be attributed to 
measurement errors (see Section 7.2). 

Also in an area with hilly terrain in eastern Norway, strong channeling 
was found in the measurements for a winter case study (Paper I). During the 
entire studied four-day period, the air was very stably stratified in the lowest 
levels, with average potential temperature gradients of around 7 K km-1 
between 0 and 750 m height AGL (Mohr and Hole 1998). Within the valley, 
the flow was strongly channeled within the lowest 100 to 200 m AGL, or so, 
during most of the investigated four-day period. 
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6.2 Simulated Flow in Mountain Valleys 
In Paper II and III, local air flow was simulated in a part of the lower 

Colorado River Valley, centered around 100 km to the south-southeast of 
Las Vegas (Fig. 2). Nine days from the summer intensive study of Project 
MOHAVE were used to evaluate two mesoscale models, the MIUU model 
(see Section 2 for a description) and MM5 (e.g., Dudhia 1993; Grell et al. 
1995). Both models performed comparatively equal during the 9-day period 
studied here.  

Results from both models showed that the flow within the investigated 
part of the valley should be channeled most of the time during the simulated 
9-day period. This would lead to either southerly or northerly winds within 
the valley at the location of the plant (MOPP in Fig. 2), up to approximately 
100 km north of the plant. Near-surface winds with directions other than 
these two dominating wind directions were rarely found within this part of 
the valley. During most of the simulated time, the flow within the valley was 
to the north at MOPP, up to approximately 100 km north of MOPP. The 
flow above the valley was usually more or less geostrophic.  

In agreement with Enger et al. (1993), it was found that the wind veering 
over the range of the topographic elevations was very large (often larger than 
100°) in both measurements and simulations. The direction of the flow was 
usually from higher toward lower (large-scale) pressure, as well as parallel 
to the local axis of the valley. The flow above the valley was mostly to the 
northeast during the entire simulated 9-day period. The simulated flow 
patterns were compared qualitatively to the typical flow patterns found by 
Farber at al. (1997) for the project MOHAVE 50-day summer intensive 
study. 

During every night of the simulated 9-day period, a low-level jet 
developed within the investigated part of the valley, in a layer between the 
valley bottom and approximately 1000 m above. In contrast to the ordinary 
nocturnal jet, however, the direction of this jet is usually aligned with the 
local axis of the valley. Following the concept of pressure-driven 
channeling, the direction of the jet is solely determined by the horizontal 
pressure gradient at these heights. The valley jet arises shortly after local 
sunset, becomes stronger during night, and reaches highly supergeostrophic 
wind speeds at around 800 m height AGL after some hours. When a 
sufficiently deep CBL is built up within the valley (usually at around 0900 
LST), the jet is destroyed by turbulent mixing. 
 In connection with the low-level atmospheric flow, a correct prediction of 
the CBL height and structure is essential for a correct prediction of the 
dispersion of MOPP emittants. Shallow CBL’s will tend to keep MOPP 
emittants coherent and confined within the valley, whereas deep CBL’s will 
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tend to spread MOPP emittants over a larger horizontal and vertical area. 
Model-predicted convective boundary layers were found to show a terrain-
following structure, with depths of around 2500 m AGL in the afternoon. 
For the 50-day summer Project-MOHAVE intensive study, CBL heights 
were estimated to 3500 m AGL at a nearby site (Farber et al. 1997). Average 
daily  maximum CBL heights over central Nevada were estimated to 3600 m 
AGL in June and August, and to 4000 m AGL in July (Holzworth 1964). 
The reason for the comparatively large difference (≈1000 m) between 
simulated and estimated CBL heights for project MOHAVE is not known to 
the author. Part of the difference could maybe be explained by the 
application of different methods to determine the height of the CBL (e.g., 
Stull 1988). 

In Paper I, the atmospheric flow was simulated in a mountain valley in 
eastern Norway, approximately 200 km northeast of Oslo (not shown). For a 
winter case study, it was found that the flow within the valley  (i.e., in the 
lowest 100 to 200 m AGL or so) should be dominated by blocking and 
channeling (Mohr and Hole 1998). The stratification of the flow in the 
lowest levels was very stable (≈ 7 K km-1 in the lowest 1000 m ASL) during 
the entire 4-day period. In a modeling study (Mohr and Hole 1998), two 
dominating wind directions were found to be present in the valley, namely,  
around 125° and around 305°. In general, simulated winds within the valley 
were much weaker than geostrophic winds at the same heights. During 
situations with strong blocking, the predicted wind speed was around 10 – 
15% of the geostrophic one at about 100 m height AGL, whereas it was 
around 40 % of the geostrophic one at the same height for situations with 
channeling (Mohr and Hole 1998). For the case studied in Paper I, the 
measured surface wind speed at 10 m height AGL in the valley was 5.0 m s-1 

at 1230 UTC on 23 February 1995, whereas the estimated geostrophic wind 
speed at the same height was 22.3 m s-1, yielding a value of around 20% of 
the geostrophic wind speed.  A critical Froude number dividing the airflow 
into blocked and non-blocked cases could not be found in this study. 
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7. Performance of Mesoscale Models 

In this section, the performance of mesoscale models over complex terrain is 
discussed. In Paper III, results from two mesoscale models were evaluated 
against surface and upper-air measurements for a part of the lower Colorado 
River Valley (Fig. 2). It should be kept in mind, however, that there are 
major differences between in-situ (point-wise) observations and spatially-
averaged model-predicted values. Both quantities are usually also averaged 
over different times. Moreover, there could be general or systematic errors in 
the measurements. In particular, temperature observations from a Radar 
Acoustic Sounding System (RASS) at MOPP were found to very poor and 
had to be visually checked for quality. Only the time period, where results 
from both models were available, was chosen for the comparison. 

There were also differences in the model setup: The MIUU model was 
run from 0500 MST 5 August 1992 through 0500 MST 14 August 1992 in 
one single run. NCEP/NCAR Reanalysis data (e.g., Kalnay et al. 1996) have 
been used to prescribe large-scale synoptic conditions (through the 
geostrophic wind components) and to update the lateral boundaries of the 
model. Reanalysis fields were available every 6 hours at 0000, 0600, 1200, 
and 1800 UTC. However, since the large-scale synoptic fields from the 
NCEP/NCAR Reanalysis system were not in hydrostatic balance over this 
area below 850 hPa during summer, NCEP/NCAR geopotential fields were 
hydrostatically recalculated below 850 hPa before using them as input to the 
model (for details see Section 4.3 and Paper II). 

MM5 was run from 1700 MST on 5 August 1992 through 1600 MST on 
14 August 1992 in several runs, each run covering a period between one and 
two days. MM5 was initialized with fields from operational analyses of the 
U.S. National Meteorological Center, and an advanced objective analysis of 
the synoptic data from the global network was included in the preprocessing. 
All simulations with MM5 were performed by Isakov (1998). A brief 
description of the simulations can be found in Paper III and in Koracin et al. 
(2000a and b).  

For the MIUU model simulations, surface elevations and land-use have 
been obtained from the “International Geosphere-Biosphere Programme 
Data and Information System” IGBP-DIS (Belward 1996). No smoothing 
was applied to the terrain. For MM5, surface elevation was obtained from a 
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30’’ Defence Mapping Agency Database and then considerable smoothed. In 
the MIUU model, 30 levels were applied in the vertical with the lowest 
levels at 0, 2, 8, and 25 m AGL, whereas, in MM5, 35 vertical levels were 
applied with the lowest “half sigma level” at about 23 m AGL, and the 
lowest “full sigma level” at about 47 m AGL. 

7.1 Comparison with Surface Measurements 
In general, the agreement between measured and model-predicted surface 

wind speed was quite poor in both models (Fig. 6 in Paper III). This is 
probably due to the fact that surface wind speed and direction are strongly 
influenced by local factors that were not accounted for by the 3-km 
horizontal grid used in both models. Measured and simulated wind directions 
at MOPP clearly revealed the channeling exerted on the flow by the valley. 
During most of the simulated time, measured and simulated surface wind 
directions were from around 180° at MOPP. During shorter time periods, 
however, either measured and/or simulated surface wind directions were 
from the north. Surface wind directions in between these two dominating 
wind directions were rarely found in both measurements and simulations. 
Surface temperature at MOPP was predicted slightly better by the MIUU 
model, whereas surface humidity at the same site was predicted slightly 
better by MM5.  

 
Table 1. Root mean square differences of MM5 and MIUU-model results compared 
to hourly surface observations at MOPP, COCO, and LASN (see Fig. 2 for 
locations). Bias is given in parentheses. Data was compared for the same period in 
both models (from 00 UTC on 06 Aug. 1992 through 12 UTC on 14 Aug. 1992). 
 
Station Model Vector 

[m s-1] 
U 
[m s-1] 

V 
[m s-1] 

Wind 
dir. [°] 

T 
[K] 

Q 
[g kg-1] 

MM5 2.3 (0.6) 2.1 (0.6) 2.7 (0.8) 72 (10) 4.5(-4.1) 1.3 (0.4) MOPP 
MIUU 2.2 (0.3) 1.9 (0.2) 2.8 (0.7) 73 (5) 3.2(-2.5) 1.2(-0.5) 
MM5 3.5 (1.4) 3.9(-1.3) 3.3 (1.9) 74 (-30) 3.6(-3.2) - (-) COCO 
MIUU 2.4 (0.0) 2.2(-0.2) 2.6 (0.5) 59 (1) 2.6(-1.7) - (-) 
MM5 2.0(-0.4) 3.3(-0.1) 3.2(-0.7) 87 (34) 3.1(-1.8) 1.8(-0.4) LASN 
MIUU 2.4(-0.5) 3.2 (1.2) 2.8 (0.4) 73 (37) 2.6(-1.3) 2.3(-1.2) 

 
A statistical evaluation of MM5 and MIUU-model results compared to 

surface observations at MOPP, Cottonwood Cove (COCO), and Las Vegas 
(LASN) revealed root-mean-square RMS differences for vector winds of 
mostly between 2 and 3 m s-1 (Table 1). Vector-wind bias was mostly in the 
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range from -1.1 to +1.4 m s-1. For the u- and v-wind components, MM5 
results showed the largest RMS differences of 3.9 and 3.3 m s-1, respectively, 
at COCO. For wind direction, RMS differences ranged from 59° at COCO in 
the MIUU-model results to 87° at LASN in MM5. Bias for wind direction 
was usually between around -35° and +35°. For temperature, RMS 
differences were mostly between 2.4 and 3.2°C, with the exception of 4.5°C 
at MOPP in MM5 (Table 1). Bias was negative for all stations in both model 
runs, mainly due to underestimated nighttime temperatures. The values 
ranged from -1.2 to -3.2°C. Again, there was a maximum value of -4.1°C at 
MOPP in the MM5 results. Humidity was simulated fairly well by both 
models, with typical RMS differences of 1.1 to 2.3 g kg-1, and a typical bias 
of -1.2 to +0.4 g kg-1. The average measured surface wind speed and specific 
humidity for the whole 9-day period at MOPP was 2.6 m s-1 and 9.2 g kg-1, 
respectively. 

The values obtained in this study are very similar to those estimated by 
other authors for MM5 and other mesoscale models over different areas 
(e.g., Hanna and Yang 2001). In their study, RMS differences were typically 
about 2 - 3 m s-1 for near-surface vector winds, and about 50 - 80° for near-
surface wind directions, whereas bias was typically less than 1 m s-1 for near-
surface vector winds. Hanna and Yang suggested that uncertainties in 
modeled wind speeds and directions should primarily be caused by 
unresolved random turbulent processes and/or subgrid variations in terrain 
and land use. Complex terrain and limited input data was found to 
deteriorate model results. 

 

7.2 Comparison with Upper-Air Measurements 
When comparing model results with upper-air measurements, the accuracy 
of these measurements should be investigated critically (Section 2b in Paper 
III). Pitchford et al. (1999) found, for instance, when comparing radar wind-
profiler data from MOPP with rawinsonde data from a nearby site (2 km east 
of MOPP), that 52% of the measurements agreed within 2 m s-1 and 20° for 
wind speed and direction, respectively, whereas 83 % agreed within 4 m s-1 
and 30°. Farber et al. (1997) found that wind speeds from the lowest level of 
the wind profiler at MOPP had a correlation of r2 = 0.77 with a standard 
anemometer at a nearby site. The SODAR system at Overton (OVER in Fig. 
2) was estimated to have an accuracy of 3 m s-1 and 50° in wind speed and 
direction, respectively (Farber et al. 1997). 
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Table 2. Root mean square differences / bias of MM5 and MIUU-model results 
compared to upper-air observations. Stations are indicated in Fig. 2. Observations 
are radar wind-profiler data (WP), radio-acoustic-sounding-system measurements 
(RASS), radio soundings (RS), and sound-detection-and-ranging-system data 
(Sodar). All differences were calculated as the mean for the entire height interval of 
the profiles, indicated in the table. The comparison was made for the same period in 
both models (i.e., from 00 UTC on 06 Aug. 1992 through 12 UTC on 14 Aug. 1992). 
 
Station Nprof. Meas. Height 

[m] 
Vector 
[m s-1] 

U 
[m s-1] 

V 
[m s-1] 

Wind 
dir. [°] 

T 
[K] 

Q 
[g kg-1] 

Root Mean Square Differences: MM5 
MOPP 205 

122 
WP 
RASS 

150-5000 
175-950 

3.3/-0.1 
- 

3.6/-0.7 
- 

4.1/1.5 
- 

70/0 
- 

- 
3.4/-0.6 

- 
- 

COCE 25 RS 0-5500 3.2/0.4 2.7/-0.2 3.4/0.6 50/-2 2.6/0.0 3.0/-2.4 

DOS1 17 RS 0-5500 2.8/0.0 2.8/0.2 3.0/0.6 60/0 2.9/2.0 1.6/-0.2 

MEAD 205 WP 150-5000 3.2/0.2 3.2/0.7 4.4/2.1 72/-3 - - 

OVER 177 Sodar 75-600 3.4/1.9 2.5/-0.7 4.8/2.3 93/8 - - 

TRUX 205 WP 150-4500 3.2/0.3 3.4/1.0 4.6/2.4 79/-3 - - 

Root Mean Square Differences: MIUU 

MOPP 
 

205 
122 

WP 
RASS 

150-5000 
175-950 

3.0/0.2 
. 

3.9/-0.4 
- 

3.8/1.3 
- 

68/7 
- 

- 
4.1/-1.0 

- 
- 

COCE 25 RS 0-5500 3.2/0.4 2.5/0.1 3.2/0.5 52/3 2.8/-2.0 3.8/-3.0 

DOS1 17 RS 0-5500 2.7/0.3 2.7/-0.5 3.1/1.0 64/3 2.2/0.4 1.8/-0.6 

MEAD 205 WP 150-5000 3.4/-0.2 3.6/0.0 4.0/1.3 72/-1 - - 

OVER 177 Sodar 75-600 4.7/3.2 3.1/1.7 6.1/4.3 97/3 - - 

TRUX 205 WP 150-4500 3.3/-0.2 3.9/0.3 3.9/1.3 77/-3 - - 

 
RMS differences were calculated using all available data at each height 

interval. Average RMS differences for the whole time period and the entire 
height interval were then calculated for each station (Table 2). For the 
comparison with radar wind-profiler data, only data retrieved in the high-
resolution mode was used. The number of measured profiles from each 
station that were included in the comparison is indicated in Table 2. It varies 
between 17 and 25 for the radio-sounding sites Dolan Springs (DOS1) and 
Cottonwood Cove – East (COCE), and amounts to 205 for the wind-profiler 
measurement sites MOPP, Meadview (MEAD), and Truxton (TRUX). The 
values presented in Table 2 show that both models performed comparatively 
equal, with the exception of Overton Beach (OVER), where MM5 
performed significantly better in predicting low-level winds. At MOPP, 
RMS differences for vector wind speed were mostly around 3 m s-1 in both 
models, with a tendency toward higher values above 2000 m height AGL for 
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MM5 (not shown). For wind direction, RMS differences at MOPP were 
mostly between 60° and 80° in both models (not shown), with height-
averaged values of around 70° (Table 2). Bias of total horizontal wind speed 
at MOPP was mostly in the range of ±1 m s-1 (not shown), with height-
averaged values of –0.1 and 0.2 m s-1 in the MM5 and MIUU-model results, 
respectively (Table 2). For temperature within the lowest 1000 m AGL, 
height-averaged RMS differences were around 9°C at MOPP for MM5 
results and around 10°C at MOPP for MIUU-model results when all 205 
available RASS temperature profiles were used (not shown). The RASS 
temperatures, however, were of poor quality during larger time periods. 
Hence, the large RMS differences are an indicator for errors in RASS-
retrieved temperature values rather than for wrong model results. After a 
subjective visual quality control of all RASS temperature profiles, only 122 
profiles were left for comparison. Using only these profiles, instead of all 
profiles, height-averaged RMS differences were reduced to values between 
3.4° and 4.1°C at MOPP (Table 2). 

RMS differences of vector winds at COCE were mostly around 2 m s-1 in 
both models, with the exception of the lowest 600 m AGL where RMS 
differences were as high as 5 m s-1 (not shown). These high differences 
within the lowest levels are believed to be a consequence of the location, 
direction and/or existence of the nocturnal jet within the valley. During 
nighttime, this jet is sometimes seen in the measurements and/or model 
results at COCE, and sometimes not. The location of the jet can shift within 
the valley either to the west or to the east, depending on the actual structure 
of the flow. This could, in combination with other local factors, cause the 
large RMS differences at these heights. Bias of total wind speed at COCE 
was mostly in the range of ±1.5 m s-1 in the results from both models (not 
shown), with height-averaged values of 0.4 m s-1 (Table 2). For wind 
direction at COCE, height-averaged RMS differences were around 50° in 
both models (Table 2).  

Surprisingly high RMS differences and bias in vector wind speed were 
found at the station OVER in the results from both models. Here, MM5 
produced height-averaged RMS differences of 3.4 m s-1 in vector wind 
speed, whereas an even higher value of 4.7 m s-1 was found in the MIUU-
model results (Table 2). Height-averaged bias in total horizontal wind speed 
was 1.9 and 3.2 m s-1, respectively. Moreover, height-averaged RMS 
differences in wind direction were 93 and 97°, respectively. Possible reasons 
for this poor agreement could be systematic errors in the SODAR 
measurement system, the close vicinity of Lake Mead, which was not 
properly resolved in both models (only 1 – 3 grid points wide), or the 
relatively close vicinity (ca. 50 km) to the lateral boundaries. At all other 
stations, height-averaged RMS differences in vector wind speed were around 
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3 m s-1, whereas height-averaged bias of total horizontal wind speed was in 
the range of ±0.3 m s-1. Height-averaged RMS differences in wind direction 
were between 60 and 80° (Table 2). 

For upper-air temperatures at COCE and DOS1, RMS differences for the 
entire height interval from 0 to 5500 m height AGL were between 2.2° and 
2.9°C in both models, whereas bias was in the range from –2.0° to 2.0°C 
(Table 2). An inter-comparison of measured upper-air temperatures from 
COCE with measured upper-air temperatures from the nearby site DOS1 
yielded average RMS differences of 0.8°C when temperatures were 
compared with respect to height ASL (not shown). This value could be 
regarded as an indicator of the accuracy of the temperatures measured by the 
radiosondes at COCE and DOS1, since both stations are relatively close to 
each other (Fig. 2). RMS differences of specific humidity at COCE were 
relatively large in both models, with average values between 3 and 4 g kg-1, 
and comparatively large negative values for bias (Table 2). The relatively 
high observed low-level humidities at COCE were probably caused by the 
vicinity of Lake Mohave, which is only ca. 500 m away from the site. Lake 
Mohave, however, was only insufficiently resolved by the mesoscale models 
(usually only 1 – 3 grid points wide). For this reason, the relatively large 
observed specific humidities in the lowest levels at COCE were not 
reproduced by the models. Hence, RMS differences and bias of specific 
humidity at COCE were largest (around 5 g kg-1) at the ground, and 
decreased approximately linearly to around 1 g kg-1 above 3000 m AGL (not 
shown). At DOS1, however, no local influences of nearby water surfaces 
were present, and the height-averaged RMS differences for specific humidity 
were much smaller, i.e., between 1.6 and 1.8 g kg-1 in the results of both 
models (Table 2).  
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8. Modeling of Sound Propagation in the 
Atmosphere 

In Paper I, an attempt was made to predict the propagation of sound waves in 
the atmosphere. The intention was to develop a (forecast) tool for studying 
and predicting sound propagation in the atmosphere. The tool should be used 
by military agencies for selecting locations and times for military training 
activities where the effects of the produced noise on the population were 
minimized. As generally known, the phase speed of sound waves in the 
atmosphere depends on (i) the temperature, and (ii) the wind speed along the 
investigated path of the sound waves (e.g., Holton 1992; Eq. (1) in Paper I). 
A difference in air temperature of 1 K causes a change in sound velocity of 
0.6 m s-1 (at 0°C), whereas a difference of 1 m s-1 in wind speed in the 
direction of the propagating sound causes a change in sound velocity of 1 m 
s-1. In general, higher sound levels are found in the direction along the wind 
from the source (downstream), whereas lower sound levels are observed in 
the direction opposite to the wind (upstream). Furthermore, observed sound 
levels in some distance from the source depend on the temperature 
stratification of the atmosphere. Both processes can lead to a refraction of 
sound waves in the atmosphere. For sound-wave emitting sources situated 
comparatively close to the ground, unstable stratification leads to 
comparatively low sound levels in the surroundings, whereas stable 
stratification leads to comparatively high sound levels in the surroundings 
(e.g., Larsson 1994). 

The MIUU mesoscale model has been used to simulate local wind and 
temperature profiles in an area with hilly terrain in eastern Norway (Fig. 1 in 
Paper I). Simulated meteorological profiles (up to 250 m height AGL) have 
then been used as input to a two-dimensional poroelastic acoustical model, 
called OASES (e.g., Schmidt and Jensen 1985). In this way, sound 
propagation has been determined for a site situated in a valley bottom in the 
center of the meteorological model domain. The sound propagation model 
was originally developed for the ocean, but modified for use in the 
atmosphere by Hole (1997). Predicted meteorological profiles from one 
atmospheric model grid point in the valley were given as input data to the 
sound propagation model.  In addition, some (measured) ground parameters 
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have to be included in the acoustical model. Using the same meteorological 
conditions throughout the entire two-dimensional sound-propagation model 
domain, sound propagation was calculated out to ±1.4 km distance along the 
valley’s axis.  

During the investigated period, meteorological measurements were 
carried out in conjunction with measurements of low-frequency (≤ 100 Hz) 
impulse sound propagation out to a range of 1400 m along a flat, uniform, 
and snow-covered ground. For a case with geostrophic winds of the order of 
25 m s-1, predicted meteorological profiles were compared with data from 
meteorological towers and a tethered balloon launched at the site. Acoustic 
predictions based on both measured and simulated atmospheric profiles were 
found to agree well with measured single-frequency sound levels. For the 
investigated case with comparatively strong geostrophic winds, differences 
in up- and downwind transmission loss relative to 1 m distance from the 
source were found to be of the order of 12 dB at 1.4 km distance up-
/downwind from the source (Fig. 10 in Paper I). Hence, for the investigated 
case, sound pressure levels at 1.4 km distance from the source should be 4 
times higher in the direction along the wind as compared to the direction 
against the wind.  

The presented study (Paper I) suggests that forecasts of sound 
propagation should be possible in the future, using a high-resolution 
mesoscale atmospheric model together with a suitable acoustical model that 
includes meteorological influences on sound propagation. 
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9. Summary and Conclusions 

The MIUU mesoscale model was further developed, in order to include 
large-scale/synoptic data from global or regional weather- and climate-
prediction models. The mesoscale model was initialized with horizontally 
and vertically interpolated fields from such models, and a new lateral 
boundary condition was implemented into the mesoscale model. 

The new lateral boundary condition combines the flow relaxation scheme 
of Davies (1976; 1983) and the tendency modification scheme of Perkey and 
Kreitzberg (1976), and allows for a specific treatment of the atmospheric 
boundary layer. Hence, the condition allows regionally determined 
atmospheric phenomena to arise even in the vicinity of the lateral 
boundaries. A number of two-dimensional model experiments were carried 
out, in order to find an optimum lateral boundary configuration with respect 
to model stability and gravity-wave reflectance. The flow-relaxation 
coefficient should be specified in a certain range, based on the horizontal 
grid resolution and the expected phase speeds, in order to minimize the 
reflection of all kinds of waves and wave-type disturbances at the lateral 
boundaries. The best lateral boundary setup was obtained with moderate to 
strong flow relaxation, upstream advection at the outermost 4 lateral grid 
points, and a relative increase in horizontal resolution of 6%, starting at a 
substantial distance from the lateral boundary. 

Fields from large-scale synoptic models should be carefully investigated 
before using them as input to a mesoscale model. Fields that are located 
below the orography of a global or regional atmospheric model are a result 
of a post-processing procedure and can be out of hydrostatic balance. This 
was found to be the case for fields from the NCEP/NCAR Reanalysis 
System over the western United States. Geopotential fields below the model 
orography of that global model are a result of an interpolation between the 
surface pressure of the model and routinely analyzed MSL-pressure fields. 

MSL-pressure fields over the western U.S. are constructed by using 
observed barometric pressure from highly elevated stations. Moreover, a so-
called plateau correction (PC) is applied to MSL-pressure values obtained 
from these stations. The maximum change in MSL pressure that can be 
attributed to this correction can be as much as ±5 hPa over the highly 
elevated terrain of the western United States. In this way, the PC can change 
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the location of pressure centers on MSL pressure charts, MSL pressure 
gradients, and so on. 

NCEP/NCAR Reanalysis Fields over the southwestern U.S. were 
hydrostatically recalculated below 850 hPa. The original fields and the 
hydrostatically recalculated fields were used as input to the MIUU 
mesoscale model, and the mesoscale model results were compared to 
measurements. It was found, that the hydrostatically recalculated 
geopotential fields were more consistent with the observed atmospheric flow 
in a mountain valley within this area as compared to the original 
NCEP/NCAR geopotential fields. Nine months of wind-profiler data from 
this valley indicate that pressure-driven channeling should be the most 
important mechanism in determining near-surface winds within this valley. 

Ten-year summer-average hydrostatically recalculated 1000-hPa geo-
potential fields suggest that the summer thermal low over the southwestern 
U.S. should be situated 450 km to the north and somewhat to the east of the 
position in the original 1000-hPa NCEP/NCAR geopotential fields.  

A statistical comparison of results from two mesoscale models, the 
MIUU model and MM5, with upper-air measurements from several sites 
showed that height-averaged root mean square (RMS) differences are 
slightly over 3 m s-1 for vector winds, around 3 m s-1 for the u-wind 
component, and around 4 m s-1 for the v-wind component. For wind 
direction, height-averaged RMS differences were between 50° and 100°. 
Height-averaged bias for horizontal wind speed was in the range of  ±0.5 m 
s-1 in both models, with the exception of one station. A similar comparison 
against surface measurements showed slightly lower RMS differences. Bias 
for total horizontal surface wind speed was in the range of ±0.5 m s-1 in the 
MIUU model, and between roughly –0.5 and +1.5 m s-1 in MM5. It can be 
concluded that statistical methods give an insufficient answer to the question 
which model actually is performing better. Tracer measurements from 
different experiments could be used in connection with predicted tracer 
concentrations from dispersion models in order to better evaluate wind fields 
from different models. 

An attempt was made to predict sound propagation in the atmosphere, 
using a mesoscale model together with a sound propagation model. The 
intention was to develop a (forecast) tool for studying and predicting sound 
propagation in the atmosphere. For a situation with comparatively strong 
geostrophic winds, low-frequency sound pressure levels at 1.4 km distance 
from the source were 4 times higher in the downwind direction as compared 
to the upwind direction. The study suggests that forecasts of sound 
propagation should be possible in the future. 
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