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Abstract 

 
Our DOE project is one of the efforts comprising the Vertical Transport and Mixing 
Program of the Environmental Sciences Division of the Office of Biological and 
Environmental Research in Department of Energy. We used ARPS to simulate flow in 
the Salt Lake Valley. We simulated the physical processes more accurately so that we can 
better understand the physics of flow in complex terrain and its effects at larger scales. 
The simulations provided evidence that atmospheric forcing interacts with the Jordan 
Narrows, the Traverse Range and other complex mountain terrain at the south end of the 
Salt Lake Valley to produce lee rotors, hydraulic jumps and other effects. While we have 
successfully used ARPS to simulate VTMX 2000 flows, we have also used observed data 
to test the model and identify some of its weaknesses. Those are being addressed in a 
continuation project supported by DOE.     

 
Focus of the Work 
 
Our DOE project is one of the efforts comprising the Vertical Transport and Mixing 
Program of the Environmental Sciences Division of the Office of Biological and 
Environmental Research in Department of Energy.  That DOE work uses observations 
from the 2000 Vertical Transport and Mixing Experiment (VTMX) and numerical 
simulations to define observable patterns of atmospheric motion related to occurrences of 
vertical mixing in stable, urban atmospheres, especially in regions of complex 
topography.   

 
We simulated the physical processes more accurately so that we can better understand the 
physics of flow in complex terrain and its effects at larger scales. We have been addressing the 
following important scientific issues: 

1. Identifying and quantifying fundamental processes that control vertical transport for 
stable and transition boundary layers with measurements and simulations.   
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2. Improving numerical simulation and prediction of momentum, heat, and moisture 
fluxes, and of vertical transport and mixing in a stratified atmosphere with multiple 
layers during stable and transition periods.   

3. Quantifying the sensitivity of dispersion model predictions to vertical diffusivity, 
turbulence, and the thermal and roughness properties of urban areas to improve 
understanding of how pollutants move through residual layers above stable or 
convective boundary layers.   

4. Determining, and quantifying, the interaction of synoptic and terrain-induced flows 
with cold air pools in basins, and how they affect the evolution of those pools and 
pollutant dispersion in them.  

Considerable progress has been made in the above areas. 
 

Method 
 
Accurate weather prediction is critical to public safety, successful military operations, 
and protection of the environment from air-borne pollution. Limited area models [LAM] 
are used for weather research and operational prediction. They are nested in a larger 
domain and are forced at their lateral boundaries by simulations on the larger domain.  
LAM simulations can be done over domains from about 10 km on a side to domains as 
large as the Salt Lake Valley. We have used this approach here. 
 
The Advanced Regional Prediction System [ARPS] is an unsteady, three-dimensional, 
non-hydrostatic, compressible, large-eddy simulation [LES] code and can be run in 
parallel mode using the message-passing interface [MPI]. It has generalized terrain-
following coordinates, comprehensive physical parameterizations (radiation, surface 
layer behavior, heat transfer in the soil, and cloud microphysics).  We have applied ARPS 
to the Salt Lake Valley wind system. Our results have given us a better understanding of 
relevant atmospheric physics.  These accomplishments required state-of-the-art grid 
resolutions (~100 m horizontal, 200 vertical levels) and a highly parallel code.  ARPS has 
modular structure, clean and understandable codes, good scalability, comprehensive 
documentation and other attractive features that make it ideal for incorporating and 
testing our models.  This new-generation, well-documented code is appropriate for LES 
resolutions (Xue, et al. 1995, 2000, 2001, 2003; Rao, et al., 1999; Doyle, et al., 2000; 
Chow and Street, 2002), and its state-of-the-art parameterizations (e.g., Chow and Street, 
2002 & 2004, and Ren and Xue, 2004) are frequently updated and augmented.  New 
modules can be added to treat processes not originally included (e.g., Colette, et al., 
2003).  We have created and validated advanced subfilter closures for ARPS (Chow and 
Street, 2002 & 2004).  Version 5.1, to which we have contributed, was released in early 
2004. 
 
Our coarsest ARPS grid is initialized and forced by external conditions from a large-scale 
code, (e.g., NCEP’s Eta code) so we can simulate specific cases to be compared with 
observations.  The ARPS one-way self-nesting sets boundary values for the finer grids, 
using a relaxation boundary condition with an extra forcing term in the RHS of the 
governing equations.  Small-scale computational noise is suppressed with additional 
fourth-order computational mixing on the RHS of the conservation equations, excepting 
pressure.  In the context set by Warner, et al. (1997), ARPS lateral boundary conditions 
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do not add numerical artifacts, because they are well-posed mathematically in this 
nonhydrostatic and compressible code. 
 
ARPS is a FORTRAN 90 code that solves a finite difference model for the compressible, 
nonhydrostatic, partial differential equations of fluid dynamics, as well as the appropriate 
transport equations for heat, water vapor, etc. The solution algorithms are a mode-split 
set, with the fast motions solved on a small time step. When the domain is decomposed 
for MPI or when the grids are nested or receive input from surrounding domains 
boundary values are exchanged at every small time step. The equations are discretized on 
an Arakawa C-grid and advanced in time with a leapfrog scheme for the large time step, 
except for scalars where a flux-corrected transport scheme is used. The advection terms 
are fourth-order accurate; other spatial difference terms are second-order accurate. The 
vertical velocity and pressure equations are handled implicitly with a Crank-Nicolson 
scheme. 
 
Our runs on Seaborg [Power3] and NCAR’s bluesky [Power4] were significantly faster 
than those previously achieved with ARPS. The paper by Oliker, et al. (2004) was 
insightful for our work. In the past, we have achieved 14% efficiency on 16 processors 
and 11% efficiency on 64 processors at NERSC. According to our tests, the code has an 
efficiency of 11% on 512 processors (323x323x160 grid points) and 13% on 128 
processors (195x195x80 grid points). These estimates are from the poe+ utility. Our 
results are consistent with [and indeed better than] the Oliker, et al., results for codes like 
ARPS. On reviewing our code description, Dr. Oliker’s opinion [August 2004] was “if 
your code is achieving between 10-15% on NERSC, I would say that is relatively high 
performance, we generally see less than 10% for codes (other than BLAS3 based 
calculations) - additionally if your code is performing boundary communication after 
each time step, then it would not be surprising if you incurred a high communication 
overhead.” 

 
Results 
 
During the course of this project, we have assembled a comprehensive data base 
including most of the data collected during the VTMX 2000 campaign (Doran et al, 
2002); we have modified objective analysis computer codes to make effective use of the 
variety of data collected (Ludwig et al. 2002a), and we developed new classification 
approaches (Ludwig et al. 2002b & 2003) based on empirical orthogonal functions 
(EOF).  We have also distributed CD-ROMs containing routine meteorological and 
special field project data.  The special VTMX 2000 data have proven exceedingly 
valuable in our studies.  
 
Our DOE VTMX project used ARPS to simulate flow in the Salt Lake Valley.  The 
simulations provided evidence that atmospheric forcing interacts with the Jordan 
Narrows, the Traverse Range and other complex mountain terrain at the south end of the 
Salt Lake Valley to produce lee rotors, hydraulic jumps and other effects (Chen, et al., 
2004a).  We used six one-way, nested grids from 20-km spacing (initialized by Eta 40-
km operational analyses) down to 250-m.  The finest vertical resolution had 200 stretched 
vertical levels (up to 20 km) beginning with a 10-m cell at the surface.  Simulations of 
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two stably stratified days with weak synoptic winds, and pronounced nighttime drainage 
reproduced recorded wind and temperature structures (including inversion strength and 
depth) at four observation sites.  Agreement was always good qualitatively, and usually 
quantitatively as well.  As noted, simulated flow near the Jordan Narrows is quite 
complex with rotors, hydraulic jumps, and internal waves induced by flow over the 
Traverse Range (see http://www.stanford. edu/~yingchen/ and Chen, et al., 2002 & 2004a 
& b). 
 
We simulated weakly forced up-valley and down-valley daytime and nighttime flows in 
the Salt Lake Valley to see if they were similar to flows in other mountain regions.  
Zhong and Fast (2003) examined model performance for similar conditions in the same 
area, testing MM5, the Regional Atmospheric Modeling System (RAMS, Pielke, et al. 
1992) and the Meso Eta model (Black, 1994 and Mesinger, et al. 1990).  They used five 
MM5 and RAMS nested grids (down to 560 m), and one (about 850 m) Meso Eta grid (it 
has no nesting provision), and found that nested models captured slope, canyon and 
valley flows better than Meso Eta, but none did well with weak nocturnal inversions.  All 
models had a cold temperature bias at all levels and erred significantly in jet structure.  
Benoit, et al. (2002) state that 1-km horizontal resolution is needed to resolve intense 
gravity waves in a mountainous area, but Zhong and Fast (2003) failed to find all 
observed flow features even at their finer resolutions (> 560 m), suggesting a need for 
still finer resolution.  
 
Jiang and Doyle (2003) comment that, “Mountain-wave breaking has an important 
influence on the atmosphere for several reasons.  The vertical momentum flux associated 
with wave breaking and orographic drag has a profound impact on the atmospheric 
general circulation.  Downslope windstorms and drag enhancement may occur as a result 
of resonant mountain-wave amplification . . . Large vertical diffusivity associated with 
the turbulent breakdown of orographically generated gravity waves results in efficient 
mixing of water vapor, aerosols, various chemical species, and trace gases. . .”  It is clear 
that these events also have effects at scales larger than the sizes of the features 
themselves.  Doyle, et al. (2000) and our own work have shown that ARPS reproduces 
the effects that we study when the resolution is fine enough and appropriate turbulence 
and surface layer models are used. Chen, et al. (2004a) showed that rotors form in the lee 
of both the east and west sections of the Traverse Range in the Salt Lake Valley. Doyle 
and Durran (2003) and Grubišić and Kuettner (2004) attest to the need for better 
understanding of these potentially dangerous features. 
 
Continuation 
 
We have successfully used ARPS to simulate VTMX 2000 flows, and used observed data 
to test the model and identify some of its weaknesses (Chen et al, 2004a).  We have 
identified and corrected several problems related to spatial resolution, but still need to 
make further modifications. This work has been continued under an extension grant: DE-
FG02-04ER63705 with a cost of $ 130,384 and period from 11/01/03 through 10/31/05. 
 
Other factors required for successful simulations are the proper grid aspect ratio and a 
good representation of near ground effects.  We have obtained realistic results with 
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horizontal resolutions of 250 m and vertical resolutions of 10 m near the surface.  The 
finer resolution in the model will require more detailed characterization of surface 
properties.  The U. S. Geological Survey (USGS) provides terrain elevation data files 
with horizontal resolution of 100 m, which we already use.  The 1992 USGS National 
Land Cover Data (NLCD) has 30-m resolution, and categorizes land cover over the 
United States into one of 21 categories (e. g., Open Water, Low and High density 
Residential, Mixed Forest, Pasture, Fallow and so forth), thus allowing us to derive the 
30-m resolution vegetation types, vegetation fractions and surface roughness lengths that 
are required by ARPS.  However, the data sets do not include sufficient soil type 
information so we may have to rely on 1-km soil data. We will merge the information 
from the above data sets and others that provide, e.g., leaf area index, to create a 
comprehensive Salt Lake Valley data set that will allow us to complete our simulations.   
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