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ABSTRACT

Small-scale, topographically forced wind systems often have a strong influence on flow over complex terrain.
A problem is that these systems are very difficult to measure, because of their limited spatial and temporal extent.
They can be important, however, in the atmospheric transport of hazardous materials. For example, a nocturnal
exit jet—a narrow stream of cold air— which flowed from Eldorado Canyon at the interface between the Rocky
Mountains and the Colorado plains near the Rocky Flats Plant (RFP), swept over RFP for about 3 h in the
middle of the night of 4-5 February 1991. It extended in depth from a few tens of meters to approximately 800
m above the ground. Because the jet was so narrow (2 km wide), it was poorly sampled by the meteorological
surface mesonet, but it did prove to have an effect on the dispersion of tracer material released from RFP,
producing a secondary peak in measured concentration to the southeast of RFP. The existence and behavior of
the jet was documented by Environmental Technology Laboratory’s Doppler lidar system, a scanning, active
remote-sensing system that provides fine-resolution wind measurements. The lidar was deployed as a part of a
wintertime study of flow and dispersion in the RFP vicinity during February 1993,

The MATHEW-ADPIC atmospheric dispersion model was run using the case study data from this night. It
consists of three major modules: an interpolation scheme; MATHEW, a diagnostic wind-flow algorithm that
calculates a mass-consistent interpolated flow; and ADPIC, a diffusion algorithm, The model did an adequate
job of representing the main lobe of the tracer transport, but the secondary lobe resulting from the Eldorado
Canyon exit jet was absent from the model result. Because the jet was not adequately represented in the input
data, it did not appear in the modeled wind field. Thus, the effects of the jet on the transport of tracer material

were not properly simulated by the diagnostic model.

1. Introduction

Those familiar with observations of 3D wind fields
over complex terrain are certainly aware that highly
localized, organized atmospheric features can strongly
affect the low-level flow. Because of the limited extent
of these features in time and space, however, few doc-
umented cases of their nature, structure, and behavior
exist. Such features obviously influence the transport
of atmospheric contaminants, but the nature and mag-
nitude of the effects is poorly understood. They also
affect one’s ability to model accurately this transport
over complex terrain.

Dispersion of atmospheric contaminants is computed
using models of varying complexity. It is often mod-
eled as a combination of advection of the contaminants
plus their diffusion. Advection is calculated using a
mean wind field that may be determined by a diagnostic
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model, for example, which interpolates (and extrapo-
lates) among wind observations. Diffusion is deter-
mined by a diffusion algorithm that may be as simple
as a Gaussian plume or puff, or as complex as a fully
stochastic representation, as, for example, a Markov
process.

Determining the fate of hazardous materials released
into the atmosphere is an important application for at-
mospheric modeling. It is crucial to understand how
well models perform, and especially under what con-
ditions they are apt to produce errors. In complex ter-
rain the accuracy of the dispersion calculation depends
critically on the accuracy of the modeled wind field.
As Mikkelson and Desiato (1993) and Hunt et al.
(1991) have pointed out, ‘‘over complex terrain, sim-
ulation of atmospheric diffusion is mainly limited by
the capabilities of the flow models.’” But the advecting
wind field produced by a diagnostic model is ‘‘no more
accurate than the observations used,”” and, “‘if signifi-
cant flow features, such as jets, occur between mea-
surement sites, the predicted transport could be seri-
ously in error’’ (Banta et al. 1993b). Unfortunately, in
complex terrain the advection field often is *‘seriously
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FiG. 1. Contour map of Rocky Flats Plant vicinity, showing the locations of instrumentation
sites. Vertical and horizontal axes are UTM (universal transverse Mercator) coordinates in kilo-~
meters. Star indicates the location of the Doppler lidar, EC is the tethersonde site at the mouth of
Eldorado Canyon, CC is the minisodar and surface station site at the mouth of Coal Creek Canyon,
and RF is the location of the Rocky Flats tower and rawinsonde ascents. Location PV was a
tethersonde site, FP an airsonde site, and MT and FV were alternate sites for the Eldorado Canyon
tethersonde if the winds were too strong at EC. The other two-letter designators were surface
mesonet locations. Contours (MSL) are at intervals of 50 m over the plains, and 250 m over the
mountains (above 2000 m). Regions over 2250 m are shaded medium, and over 2500 m, shaded
darkly. The heavy dashed lines in the mountains represent the ridge high points, indicating the
divides between the watersheds (airsheds) for each stream flowing out of the mountains.

in error’’ because of spatial nonrepresentativeness of
the observations used to generate the wind field and
other sampling errors in space and time.

The implication of this inaccuracy to the selection of
appropriate models for use in complex terrain is that
simple schemes perform about as well as sophisticated
diagnostic interpolation models under these conditions.
Thus, there is currenily little reason to use more so-
phisticated models for routine applications, and sim-
pler, cruder models, such as the Gaussian plume, are
retained. At the other end of the complexity spectrum,
fully prognostic, dynamic models show promise, but
they are expensive to run and use excessive run times
for operational use at present.

In the following study we document a small-scale
flow feature, a nocturnal canyon exit jet, that became
prominent in the low-level flow field over the Rocky
Flats Plant (RFP) just east of the Front Range of the
Rocky Mountains in Colorado. The finescale structure
and behavior of this feature were revealed by a scan-
ning Doppler lidar operated on the plains near RFP by
the Environmental Technology Laboratory (ETL) of
the National Oceanic and Atmospheric Administra-
tion’s Environmental Research Laboratories (NOAA/
ERL). We address three major questions: 1) What was
the spatial structure of the jet and how did it evolve in

time? 2) What influence did the jet have on low-level
dispersion in the vicinity of RFP? 3) What are the im-
plications to the accuracy of the diagnostic modeling
of dispersion in this region? Canyon exit jets in other
regions have been described by Whiteman (1990) and
Filliger and Wanner (1986).

2. Topography, instrumentation, and synoptic/
large-scale conditions

a. Topography

A field experiment was conducted during January
and February 1991 in the vicinity of the Rocky Flats
Plant to study the effects of the complex topography
on wind flows and atmospheric transport of material
released from RFP. The experiment was a part of the
Atmospheric Studies in Complex Terrain (ASCOT)
project. Further details on the purpose and instrumen-
tation of the project are given in section 2c and by
Elderkin and Gudiksen (1993) and Doran (1993).

The Rocky Flats Plant is located approximately 25
km northwest of Denver, Colorado, and 6 km east of
the foothills of the Rocky Mountains, on 385 acres of
rolling terrain (Fig. 1). Terrain in the vicinity of RFP
ranges from hills and gullies to the north, south, and
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east, to the ascent of the north—south Front Range of
the Rocky Mountains on the west. Two canyons that
drain from the mountains to the plains, Coal Creek and
Eldorado, significantly influence the flow over Rocky
Flats, and the South Platte River valley drains north-
ward about 20 km to the east of RFP. The ridge that
forms the Continental Divide, 40 km to the west of
RFP, also affects the flow along the Front Range of
Colorado. Many communities are located within a few
kilometers of RFP, magnifying the importance of un-
derstanding the transport and diffusion of hazardous
materials in the RFP region.

b. Doppler lidar
1) CHARACTERISTICS

ETL’s Doppler lidar, an active remote sensing in-
strument that measures wind velocity and backscattered
signal intensity, has been described by Post and Cupp
(1990). It transmits pulses of eye-safe infrared (IR)
light with a wavelength of 10.59 pm. Atmospheric
aerosols, mostly in the 1-3-um-radius size range, scat-
ter a small fraction of this IR back to the lidar. Two
kinds of information are measured, the backscattered
intensity and the frequency of the return signal. The
backscatter is an indication of the concentration of
aerosols in the air, but it is a complicated function of
the size, shape, concentration, and composition of the
aerosols, and the amount of moisture in the intervening
air. From the Doppler shift of the returned frequency,
the radial velocity u,, or the velocity along the beam,
can be calculated. Table 1 lists the general character-
istics of the lidar during the RFP experiment.

Two other important characteristics, a narrow beam
and the absence of antenna sidelobes, result from the
lidar transmitting its beam through a telescope rather
than through an antenna, as, for example, a radar does.
These characteristics are a great advantage for scanning
into complex terrain because the flow can be measured
very close to the terrain surface. The ETL Doppler lidar
can complete a full 360° scan in azimuth in less than 2
min, or 180° in elevation or azimuth in less than 1 min.
A real-time color display in the lidar trailer allows for
the tailoring of measurements to meteorological con-
ditions while the experiment is in progress. Recently
the lidar has been used to study a sea breeze (Banta et
al. 1993a), a prescribed forest fire (Banta et al. 1992),
severe downslope windstorms (Clark et al. 1994; Nei-
man et al. 1988), and flow in the Grand Canyon (Banta
et al. 1991).

2) PRINCIPAL SCANS PERFORMED

One of the most useful scans for wind analysis taken
during the experiment was a high-resolution, horizontal
“‘raster’” or volume scan. The lidar obtained measure-
ments from south of Coal Creek Canyon to north of
Eldorado Canyon by scanning from 225° to 305° in
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TagLE 1. Lidar parameters for Rocky Flats.

Wavelength (um)

10.59
Maximum range (km) up to 30.00
Minimum range (km) 1.20
Range resolution (m) 300.00
Beam width (yrad) [°] 90 [0.005]
Root-mean-square velocity accuracy (cm s™') 60.00
Pulse repetition frequency (Hz) 10.00
Pulses averaged 3.00

azimuth at a rate of 2° s ~! and from 0° to 5° in elevation,
incrementing every 0.2° (corresponding to a height in-
crement of 35 m at a range of 10 km). The canyon
flows and the upslope or downslope winds along the
foothills were well documented by these scans. We at-
tempted to take these scans approximately every 45—
60 min, to capture the evolution of the canyon and
slope flows. :

Vertical slice scans, where the scanner remains at a
constant azimuth while scanning in elevation from ho-
rizon to horizon, were also useful for the analysis of
the winds in the RFP region, particularly along the axes
of the canyons. The lidar’s narrow beam allows for
high vertical resolution during this type of scan, and
the vertical structure of the wind flow and aerosol lay-
ers were well documented during the experiment. In
addition to taking measurements in the canyons, ver-
tical slice scans were performed at intervals around the
compass,_ offering information about the wind flow
over the plains and additional information about the
flow near the foothills.

To assess the large-scale wind flow near the ground
and aloft, conical scans, in which the scanner rotates a
full 360° in azimuth at a fixed elevation angle, were
performed at elevation angles ranging from 0° to 60°.
This type of scan indicates the horizontal variability of
the winds. Using the VAD (velocity —azimuth display )
technique (Browning and Wexler 1968), vertical pro-
files of the horizontal wind were calculated.

c. Other instrumentation

Instruments from a number of laboratories partici-
pated in the RFP experiment (Elderkin and Gudiksen
1993; Banta et al. 1995). The Lawrence Livermore Na-
tional Laboratory (LLNL) had eight instrumented tow-
ers located in the RFP region and a tethersonde
launched from the Coal Creek Canyon opening. All
LLNL towers measured winds and temperatures, and
four of them had net radiometers. Los Alamos National
Laboratory (LANL) launched two-hourly rawinsondes
from RFP. The Pacific Northwest Laboratory (PNL)
provided a minisodar and airsondes. Argonne National
Laboratory (ANL) deployed one minisodar near the
entrance of Coal Creek Canyon and another at other
sites near RFP, as one of the ANL minisodars was mo-
bile and took measurements where needed. NOAA’s
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Atmospheric Turbulence and Diffusion Division
(ATDD) launched a tethersonde from a position near
the foothills, but between Coal Creek and Eldorado
Canyons. Instrument locations are indicated in Fig. 1.

At the RFP site a 61-m instrumented tower operates
continuously, obtaining data at three levels; 10, 25, and
60 m. All levels measure wind speed and direction,
temperature, and vertical velocity. The 10-m level also
measures dewpoint and precipitation. Measurements
were recorded in 15-min averages.

In addition to the lidar, ETL placed five 915-MHz
wind profilers on the plains and one near the Continen-
tal Divide, and operated hourly tethersondes near the
mouth of Eldorado Canyon when the wind speeds were
less than 10 m s~'. Discussions of the profilers and
their use in complex terrain have been given by Eck-
lund et al. (1988, 1990), Neff et al. (1991), and Wolfe
et al. (1991, 1993). Two of the ETL profilers were
equipped with a radio acoustic sounding system
(RASS), which obtained vertical profiles of virtual
temperature (May et al. 1989).

Measurements from instrumentation not connected
with the ASCOT experiment include the NOAA /Fore-
cast Systems Laboratory’s (FSL) mesonet, a network
of 22 surface stations ranging from the foothills to the
plains, and three wind profilers at two sites, a 915 MHz
at Stapleton Airport, and a 404 MHz equipped with
RASS along with a 50 MHz at Platteville. Investigators
in the 1991 Winter Icing and Storms Project (WISP)
also obtained data during this time period, mostly dur-
ing cloudy conditions (Rasmussen et al. 1992).

The tracer employed in this experiment was sulfur
hexafluoride (SFg). It was released continuously at a
constant rate for 11 h from a surface site to the east of
the RFP meteorological tower starting at 2000 MST
and ending at 0700 MST, as described by Shearer
(1992) and Elderkin and Gudiksen (1993). The release
rate was determined in two ways, which differed
slightly: the mass flow controller indicated 13.05
kg h™' and a technique using the weight loss of the gas
cylinder during the release period indicated 12.16
kg h™! (Shearer 1992). Sampling began 2 h after the
start of the release and continued for 9 h, in 9 consec-
utive 1-h samples. Samplers were mounted approxi-
mately 1 m above the ground and arranged in two con-
centric rings around the release site, at radii of 8 and
16 km (Fig. 2). Spacing was every 5° around each ring
to the extent possible. Including supplementary and re-
dundant samplers, a total of 172 samplers was de-
ployed. Two mobile samplers, on a van and a helicop-
ter, chased the plume to provide a real-time estimate of
its location.

d. Synoptic conditions

The main synoptic feature on the night of 4—5 Feb-
ruary 1991 was a surface high pressure system centered
over the Colorado—Utah border. This high pressure
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FiG. 2. Map showing the location of the surface tracer sampling
network around RFP. Samplers are indicated by the small crosses,
open circles represent surface mesonet sites, closed circles are FSL
mesonet sites, and the solid square and triangle are the locations of
upper-air balloon ascents. Vertical and horizontal coordinates are in
kilometers; ‘‘C,,,’” indicates the location of the sampler in each ring
where the maximum concentration was measured for the time period
of this study, as described in the text.

system remained nearly stationary throughout the
night, and the weak synoptic forcing over Colorado
allowed thermally forced drainage flows to form. The
50-kPa analysis at 0000 UTC 5 February indicated that
the ridge aloft was continuing to build, and slight warm
advection occurred at 70 and 50 kPa. Denver NWS
soundings indicated westerly winds at 70 kPa and
northwesterly winds at 50 kPa. Surface winds were rel-
atively light and variable throughout the night, except
where dominated by canyon drainage. Lidar measure-
ments of surface wind flow showed that early in the
evening (1900 MST, 0200 UTC) the surface winds
were southwesterly to southerly. The surface winds
backed with time to easterly by 0000 MST, and then
shallow northerly winds appeared by 0200 MST. By
0500 MST the surface winds were southerly again.

e. Diffusion and transport model description

The dispersion model used in this study consisted of
three parts, a 3D interpolation algorithm, the MA-
THEW diagnostic mass-conservation scheme, and the
ADPIC turbulent diffusion model, which uses the MA-
THEW output as the mean wind input about which the
turbulence fluctuates. Input for the 3D interpolation
scheme consists of surface mesonet data, one or more
vertical wind profiles, and digitized topography data.
The wind at each grid point is interpolated from the
three nearest measurement stations for each level using
a 1/r? weighting factor as described by Sherman
(1978), where r is the distance from the grid point to
the measurement point. The MATHEW model (Sher-
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man 1978) employs a variational method to assure that
the three-dimensional gridded mean wind field is mass
conservative. Wind fields are generated for each hour
and assumed to persist until the next hour.

ADPIC (Lange 1978, 1985, 1989, 1992) is a three-
dimensional, numerical diffusion and transport model
capable of sirnulating the time- and space-varying dis-
persal of atmospheric contaminants under complex-ter-
rain conditions Sullivan et al. (1993). It is a particle-
in-cell model in which Lagrangian ‘‘mass’’ particles
are transported inside a fixed grid. ADPIC provides a
fiexible framework for the diffusion calculation, capa-
ble of using many different diffusion schemes. For ex-
ample, Lange (1993) compared results from a gradient-
transport method with the same run using a stochastic
Markov chain (Monte Carlo) method employing the
Langevin equation. Elderkin and Gudiksen (1993)
compared diffusion model results from several differ-
ent models for the present case.

The present study employs the Langevin model in-
troduced by Lange (1993). It consists of a pair of sto-
chastic differential equations that describe the trajec-
tories of ‘‘marked’’ particles. In the vertical dimension,
these are

Coe 1 w2\ 8ol
dw=|- (=5 {1+
w [ <2crﬁ)w+2<l Ui) az]dt

+ (Coe)'"2dW (1)

(1a)
and
dz = wdkt. (1b)

Here w is the vertical Lagrangian velocity, o2 is the
variance of w, € is the mean rate of dissipation of tur-
bulence kinetic energy, C, is a universal constant,
‘dW (t) is a Gaussian distributed random number with
mean of zero and variance (dt)'’?, and dz is the dis-
tance a particle will travel in the time increment df. The
dt term in Eq. (la) is deterministic and the d W (¢) term
is stochastic. The deterministic term has two compo-
nents. The first is a ‘‘fading memory’’ component
whose meaning becomes more clear if we introduce the
relation

202
C0€ )

Here T, is the Lagrangian integral timescale. The
value of C, was chosen as 5.7. The second component
of the deterministic term is a ‘‘drift correction’’ that
accounts for the vertical inhomogeneity of turbulence.
Equations similar to Eq. (1) provide the horizontal
components of particle motion with (x, y), (o,, 0,),
and (u, v) replacing z, o,,, and w, respectively.

The turbulence input parameters chosen for this

study are

o = u [1.6(1 - }z—z)m + F(i—)] (3a)

T, = (2)
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(3b)

3
Uy Z Z Z
= — 1+37= — .85 2|32 z
€ kz[( L)(l 085h) +G(L>]’

(4)

where F(z/L) and G(z/L) are atmospheric stability
functions.

Boundary layer input parameters chosen for the MA-
THEW - ADPIC simulations of the experiment were as
follows: The wind-direction fluctuation oy, based on
measurements from towers and vertical soundings, was
18°at z = 0 and 12° at z = h. The boundary layer height
h was 300 m as determined from temperature profiles,
a Monin-Obukhov length L of 10 m was based on bulk
Richardson number measurements, and a constant sur-
face roughness height z, of 0.5 m was used over the
domain. The ADPIC grid consisted of 80 X 80 X 40
cells of 500 m X 500 m X 20 m each in the x, y, and
z directions, respectively. Wind fields were updated
hourly. Where measurements were taken at intervals of
less than an hour—for example, 15-min measurements
at the RFP tower—each data point in the interpolation
run represented an hourly average and, when measure-
ments were missing, the average was over those mea-
surements that were present. For missing hourly mea-
surements or for measurements taken at interval of
greater than 1 h, data were temporally interpolated to
the appropriate hour.

ol=o0l=(Usy)?

3. Observational results
a. Evolution of flow structure

Full lidar volume scans were taken nine times during
the night of 4—5 February as shown in Table 2. Figure
3 shows analyses from six of these scans taken between
midnight and 0400 MST for a level surface 2084 m

TABLE 2. Lidar volume scans (HRFR1).

Stop
Start time time
(MST) (MST) Comments
1948:14 1954:49 Partial scan, through 1.6° elevation,
due to lost lock
1954:49 2005:27 Partial scan
1. 2128:11 2147:18 Noisy data
2. 2212:55 2246:55 Good volume
3. 2310:21 2331:07 Lower angles are bad
2331:07 2339:50 Partial scans—lower angles only
4, 0021:22 0042:23 Bad shots at 1.6° elevation
0109:09 0118:55 Partial; some bad beams at 1
elevation
0118:55 0123:41 Partial scan, noisy data
5. 0127:55 0146:10 Good volume
6. 0205:33 0224:56 Good volume
7. 0249:24 0304:23 Good volume
8. 0340:07 0403:03 Good volume
9. 0447:18 0507:35 Signal is low
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FiG. 3. Doppler lidar flow field for the 2084-m MSL level, representing a level surface 300 m above the lidar. Positive values
indicate flow away from the lidar, which was at the location marked with a star. Shown are six time periods for the night 5 February
1991: (a) 0021 MST, (b) 0127 MST, (c) 0205 MST, (d) 0249 MST, (e) 0304 MST, and (f) 0447 MST. Contours are at 1 m s~
intervals. Light shading indicates negative velocities (flow toward the lidar), and dark shading, flow toward the lidar of over 3 ms™".

North is up and west to the left.

MSL, which represents the level 300 m above lidar
level (ALL). The analyses are of the lidar radial wind
field; negative values indicate flow toward the lidar,
which in this case implies a westerly component. The
sequence shows the formation, evolution, and demise
of a major exit jet from Eldorado Canyon, and what
seemed to be appearances and disappearances of an exit
jet from Coal Creek Canyon. Differences in behavior

and structure of the efflux from the two canyons can
be attributed to the fact that the airshed flowing into
Eldorado Canyon is considerably larger and more com-
plex than the airshed of Coal Creek.

Figure 3a shows that shortly after midnight, shallow
exit jets (flow toward the lidar) were spilling out of
both Eldorado Canyon (EC) and Coal Creek Canyon
(CC). This was the last of four analyses (others were
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FiG. 4. Time series of wind direction and speed (m s~') and tem-
perature (°C) from three levels on the 61-m Rocky Flats tower for
the night of 4—5 February 1991. Banta et al. (1993b) suggested that
the increase in wind speed at 60 m and the accompanying decrease
in temperature indicated around 0100 MST (despite the unfortunate
lack of two observation reports) was a signature of the Eldorado jet
bending southward over RFP. Each observation point represents a
15-min average.

taken at 2128, 2212, and 2317 MST) that all showed
essentially the same pattern of flow from both canyons,
indicating that conditions had not changed significantly
during the time period between 2100 and 0020 MST.
An hour later at 0127 MST (Fig. 3b), however, the
Eldorado jet strengthened and extended southeasterly
over the plains toward RFP, whereas the Coal Creek
jet disappeared at this level. Another half hour later (at
0205 MST, Fig. 3c) the Eldorado Canyon jet seemed
to completely dominate the flow over RFP. It was a
narrow, strong jet less than 4 km wide even several
kilometers from the mouth of the canyon, and data to
the east of the lidar from vertical cross sections pre-
sented later in this section show that it remained a nar-
row jet well to the east of the lidar. After this time the
jet began to decay, and by 0249 MST, 44 min after Fig.
3c, the Eldorado jet had tured to flow due east and
had considerably diminished in intensity (Fig. 3d). By
0340 MST—about an hour later—the Eldorado
Canyon exit jet completely vanished at this level (Fig.
3e). Interestingly, another hour after that, both the El-
dorado and the Coal Creek jets reappeared (Fig. 3f),
much as they had been before midnight. The growth
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and decay of the Eldorado Canyon exit jet as a domi-
nant entity over the RFP region thus took place in a 3-
h period, and during that time significant structural
changes were observed to occur over intervals of 30—
45 min.

A few comments about Fig. 3 are necessary: 1)
Mini-sodar and tower data at the mouth of Coal Creek
Canyon showed a strong and persistent but very shal-
low jet with a maximum of 6-8 m s ™' at approximately
50 m above ground level (AGL) at all times between
2000 and 0500 MST (Coulter 1993, personal com-
munication). Thus, the appearance and disappearance
of the Coal Creek exit jet in Fig. 3 was at a level above
this shallow, persistent westerly jet seen by the other
instruments, and the transience actually represented a
deepening and shallowing of the Coal Creek jet, rather
than a complete formation and disappearance. 2)
Tower data, for example, at the top and bottom of the
RFP tower, often showed flow near the earth’s surface
decoupled (from a different direction— generally west-
erly or southwesterly at RFP) from the flow just above.
This indicates katabatic surface flow occurring in a
very shallow layer only a few tens of meters deep. At
the RFP tower, Fig. 4 shows that the wind direction at
10 m AGL was at least 40° different from the 60-m
direction from 2230 to 0145 MST. The flow at 10 m
was also stronger and colder than at either level above.
Levinson and Banta (1995) and Banta et al. (1995)
similarly found a shallow katabatic layer on 7—8 Feb-
ruary, another night with light ambient flow. 3) The
similarity between this sequence at 300 m ALL and the
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FI1G. 5. Vertical cross sections of (nearly) westerly wind component
from the Doppler lidar. (a) In the upper figure, left points toward 280°
and the Eldorado Canyon mouth is to the left at a range of about 10
km. Lidar scan began at 0152 MST. (b) Lower figure, left.is toward
260°, and scan began at 0151 MST. The cross indicates location of
maximum flow speed of 7.1 m s™’. In both panels lidar was located
at (0, 0), and contour interval is 2 m s~'. Light shading indicates
where westerly flow is greater than 4 m s™'; dark shading indicates

greater than 8 m s™'.
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Fi1G. 6. Horizontal analysis of Doppler lidar data for the level sur-
face 600 m ALL (2384 m MSL), constructed from vertical cross
sections (as in Fig. 5) every 20° around the compass. North is up,
west to the left, and lidar is in the middle at (0, 0). Contours are at 1
m s~! intervals, with positive values indicating flow away from the
lidar.

sequence presented by Banta et al. (1993b) at 200 m
ALL indicates that the Eldorado jet was not a shallow
layer only a few tens of meters deep, but that it had to
be significantly deeper than 100 m. This conclusion is
reinforced by Elderkin and Gudiksen’s (1993) analysis
of lidar data of the 150-m ALL surface for 0205 MST,
which showed a strong jet from Eldorado Canyon as in
Fig. 3c. The jet flow at both 200 m and 150 m ALL
exceeded 4 m s ', somewhat stronger than the 3m s ™!
at 300 m ALL shown in Fig. 3.

In addition to the volume scans, the lidar also per-
formed vertical scans at constant azimuth (RHI
scans), including a sequence of vertical slices around
the compass every 20° that began at 0147 MST. Two
such scans were at 260° and 280° azimuth (Fig. 5).
The upper scan (280°), which points toward Eldorado
Canyon (to the left in the figure), shows that the exit
jet actually reached maximum speeds at approxi-
mately 700 m ALL, or 400 m above the level of the
analyses in Fig. 3. Thus, the strongest part of the jet
flowed aloft out of the mouth of the canyon, suggest-
ing that the source of the cold air was farther back in
the airshed, and thus farther back in the mountains
[special analyses of these scans presented by Ruffieux
et al. (1992) and Banta et al. (1995) support this
view]. The jet seemed to die rather suddenly 5 km
east of the lidar in the upper figure, but the lower fig-
ure shows that it persisted, although it actually bent
somewhat to the north. This geometry is illustrated in
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Fig. 6, which shows a level surface 600 m ALL. The
figure was constructed from all the around-the-com-
pass vertical scans, which included the two in Fig. 5.
It shows that just before 0200 MST the Eldorado
Canyon exit jet streamed eastward as a narrow, intense
channel out onto the plains to the edge of the lidar’s
range, which was more than 20 km from the mouth of
the canyon. Thus, at 500-700 m ALL, the jet did not
diverge significantly in the horizontal after it flowed
out of the canyon mouth. Analyses below 400 m ALL
showed a more diffuse wind speed pattern, indicating
that the jet at lower levels did diverge more than at
upper levels. Maximum speeds at the lower levels ap-
peared more to the east and southeast of the lidar than
at 600 m ALL (Fig. 6).

Clarification of this complicated and somewhat con-
fusing picture comes from further analysis of the 0205
MST volume scan (the one from which Fig. 3¢ was
analyzed) by Banta et al. (1995), who made vertical
cross sections running north—south across the mouth
of Eldorado Canyon, between the canyon and RFP.
These cross sections reveal a multiple-jet structure with
two major jets: an upper jet at about 600 m ALL and
a lower jet below 300 m. The jets do not stack verti-
cally, but the upper jet lies to the north of the lower.
We are continuing to analyze this jet structure in greater
detail.
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FiG. 7. Sulfur hexaflouride (SF,) tracer concentration data in the
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0200-0300 MST (solid). Plume outline is indicated by the 1 g m™
contour (after Elderkin and Gudiksen 1993). Centerline represents
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for all three time periods as indicated in the text and in Fig. 2.
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FIG. 8. (a) Wind data from ASCOT instrument array at 0130 MST for the 300-m ALL surface. Solid wind barbs indicate upper-air data
on this surface, and dotted wind barbs indicate tower data that are above or below the surface. Each barb represents 1 m s™'. Shading indicates
region of the lidar scans in Fig. 3. The following sites are indicated: Eldorado Canyon (EC), Coal Creek Canyon (CC), Rocky Flats tower/
rawinsonde (RF), Doppler lidar (L), and Filtration Plant (FP). The three dots to the north of RF (and east of EC) show the three potential
locations from which the tethered balloon, normally operated at the EC location, could be launched, depending on wind speed. At 0100 and
0200 MST on this night, however, the winds were too strong at all three sites, and no balloon could be launched. (b) Streamline analysis of

wind data in (a).

b. Tracer movement

Because the jet is strongest aloft, it would have been
most revealing to see the effects of an elevated release,
but during this study all tracer releases were from the
surface. Results from the evening of 45 February dur-
ing the time of influence of the Eldorado jet are shown
in Fig. 7, which shows the plume outline as indicated
by the 1 ug m™* contour (from Shearer 1992). During
the period 00000100 MST the tracer was all advected
to the east and east-northeast, with no evidence of
southeasterly transport. This behavior (i.e., without in-
fluence from the Eldorado Canyon jet) is consistent
with the flow field as analyzed by the diagnostic models
from the conventional meteorological data and UHF
profilers. Between 0100 and 0200 MST, Fig. 7 still
shows a peak to the east and east-northeast, but another
lobe of the tracer plume is indicated to the southeast at
the 8-km ring. By 0200—-0300 MST, the southeasterly
lobe showed up at both the inner and outer sampler
rings. Thus, tracer data did show evidence of transport
to the southeast, indicating the effects of the Eldorado
exit jet, even for surface sampling and a surface release.

An interesting observation regarding this dataset is
that the maximum tracer concentration at the 16-km
ring was always at the same sampler on this night, and
at the 8-km ring, the maximum concentration was noted
at the same sampler until 0400, when the peak shifted
one sampler to the north (Shearer 1992). The maxi-

mum at 8 km occurred almost due east of the release
site, and at 16 km it was more east-northeasterly, in-
dicating a bend in the plume. This behavior provides
insight into the nature of the flow that carried the main
plume—this flow was strongly guided by topography.
Thus, under the light synoptic flow conditions on this
night, the flow transporting the main plume was most
likely a shallow katabatic layer that followed a shallow

gully.
4. Modeling results

a. Wind field

Data available during the night of 4-5 February
1991 from instrumented towers, rawinsonde, tether-
sonde, Doppler minisodars,, and UHF profilers are
shown in Fig. 8a for 0130 MST. Upper-air data are

_interpolated to a level surface 2084 m MSL to corre-

spond to the lidar analyses at 300 m ALL (Fig. 3).
Tower data (dashed flags), which are not at the level,
are given for the tower-instrumentation height nearest
the level. For stations near the foothills, the data were
0-200 m below this surface, and one tower, the BR
(Bartlett’s Ranch) site, was about 400 m below it. This
represents a rather dense array of instruments, with ob-
servations every 3—5 km over the limited area, at least
compared with what is normally available for disper-
sion modeling applications. The figure is very similar
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to data 100 m lower at the 1984-m surface presented
by Banta et al. (1993b).

Figure 8b, a streamline analysis of the data in Fig.
8a, shows generally northwesterly flow to the north of
RFP converging with west-southwesterly flow to the
south. The combined flows then continued to the east,
where they met the larger-mesoscale, southerly drain-
age from the South Platte River valley. This overall
picture of converging northwesterly and west-south-
westerly flow over RFP agrees with diagnostic model
output based on the same dataset for the same time
period augmented with FSL mesonet data. For exam-
ple, Fig. 9 shows MATHEW wind fields for 0100 MST,
with northwesterly flow coming out of Eldorado
Canyon and west-southwesterly flow to the south
of RFP.

b. Tracer concentration

MATHEW-ADPIC was run based on the available
data excluding the lidar data. Results are shown in Fig.
10 for the 8-km and the 16-km rings, with actual tracer
data also plotted. Both model and tracer data show a
peak in tracer concentration to the east. The data also
indicate a peak to the southeast as in Fig. 7, but this
peak was not picked up by the model output. Thus, the
diagnostic models seemed to do a good job of picking
up the easterly peak in tracer concentration produced
by the predominantly westerly katabatic flow layer at
the surface, but they did not show the secondary south-
easterly peak at all.
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FiG. 9. MATHEW wind field analysis at 0100 MST for a portion
of the simulation domain. Wind arrows indicate the flow at 40 m
AGL. Blank regions to the left of the figure are where the topography
(mountains) protrude above the top of the domain. Square indicates
RFP boundary, and the cross (+) marked ‘““TWR’’ indicates RFP
tower location.
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c. Discussion

Tracer measurements show two peaks in concentra-
tion, one to the east and east-northeast and another to
the southeast. The first corresponds to transport by a
thin katabatic layer of surface flow that followed the
topography. The second resulted from transport by the
northeasterly Eldorado exit jet sweeping southward
over RFP for 2-3 h during the early morning. Banta et
al. (1995) hypothesized that the mechanism carrying
the tracer material upward into the jet was periodic sur-
facing of the strong, northwesterly flow from the El-
dorado jet by intermittent turbulence in the stable sur-
face layer. This mechanism also later carried tracer
downward to the surface samplers.

The diagnostic model represented the primary max-
imum in concentration rather well, although the direc-
tion was off by approximately 25° at the 8-km arc. This
agreement was most likely because the experiment was
dominated by surface events: tracer was released at the



340

surface, carried by shallow surface flows, and sampled
at the surface. Thus, the network of wind observations,
which was also densest at the surface, sampled the sur-
face flow adequately. If the tracer had been released
above the surface and above the katabatic flow layer,
and if the sampling had been higher above the ground,
the agreement would have probably been poorer.

Results of this study suggest ways in which disper-
sion modeling in complex terrain can be improved.
MATHEW -~ ADPIC was run for many of the other ex-
perimental days in February 1991 in addition to the
present case study. Results consistently indicated that
the direction of the modeled and observed tracer plume
centerlines relative to the source disagreed by angles
that were large compared with the plume width. This
implies that the errors in the dispersion estimates were
due primarily to errors in the advecting wind field
rather than to errors in the turbulent diffusion calcula-
tions, in agreement with statements made in the intro-
duction. In turn, this implies that optimizing and fine-
tuning the diffusion scheme is less critical than accu-
rately modeling the wind field.

Thus, major improvements in complex-terrain dis-
persion modeling will depend primarily on improving
the modeled wind field. Obviously, the model must
have fine enough resolution in space and time, but also
either the observations must be at sufficiently fine res-

olution, or the instruments must be strategically placed -

to sample flow features that have a significant effect on
transport. Because mesonet stations and other instru-
ments are expensive to deploy, it seems more likely in
applications dealing with a fixed site that the judicious
siting of instruments is the more viable option. Banta
et al. (1993b) suggest ways in which this could be
done, including a careful study of the finescale topog-
raphy, and a short-term field program. The aim of this
program would be to obtain a fine-resolution dataset of
the local flow, either by a high-density mesonet, which
would include some vertical sounding information
from tethered balloons, profilers, or rawinsondes, or by
active remote-sensing instrumentation such as the
Doppler lidar. Our experience at Rocky Flats shows
that such a field program is much more effective when
coupled with a tracer experiment.

This study has emphasized the role of a diagnostic
wind field model in determining dispersion, but diag-
nostic schemes in complex terrain have little value in
predicting future wind and concentration fields, be-
cause of their reliance on observed data, and because
the winds are constantly changing. Three-dimensional
dynamic mesoscale models and the computers they run
on are becoming faster, and they may become useful
for real-time forecasting of dispersion over complex
topography. Currently Bossert and Poulos (1993),
Poulos and Bossert (1995), and Fast (1995) have used
the RAMS model rather successfully in research mode
with nesting in three dimensions to simulate the Rocky
Flats case described in this study.
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The question of whether these models could be used
as real-time tools depends to a large extent on what
range of scales they need to simulate—that is, on one
hand how fine the resolution must be, and on the other,
how large a domain they must cover. From this study
it is apparent that small-scale features of less than 2-
km width and the topography that produces them must
be adequately represented. On the larger-scale end, this
and other studies have shown that some larger topo-
graphically forced systems can form, change, or dissi-
pate over time periods of an hour or so. These include,
for example, the flows from the South Boulder Creek
basin that drains through Eldorado Canyon as discussed
in this study and in Banta et al. (1993b) and so-called
Denver cyclones and other terrain-forced mesoscale
vortices (Levinson and Banta 1995). Because these
systems (which occur on a scale somewhat larger than
the dispersion domain of interest) change so rapidly,
treating their measurements as boundary conditions or
assimilation data for a smaller-scale dispersion model
would limit the capability of the model to forecast be-
yond available data. However, since they are organized
and deterministic rather than random turbulence, in
principle their evolution should be predictable. Thus,
in the horizontal, a model must have a resolution of

" less than 1 km, but the domain must reach 100 to a few

hundred kilometers. This is within the range of current
nested models as research tools, but to be useful for 2—
12 h forecasts as an emergency-response tool, models
will probably need to be able to make such a run in an
hour or less.

5. Conclusions

The most surprising finding from the 4-5 February
nighttime study was the dominance of the Eldorado
Canyon exit jet over the RFP region for a 3-h period
in the middle of the night. We expected Coal Creek
Canyon flow to have the major influence on the RFP
region because of its proximity and because Coal Creek
itself flows past RFP, whereas South Boulder Creek,
which flows out of Eldorado Canyon, turns north to-
ward Boulder. Although Coal Creek does often affect
flow over RFP during the night (Hubbe 1993), it is
apparent that for the period between 0000 and 0300
MST 5 February the powerful exit jet from Eldorado
Canyon flowed strongly eastward and southeastward
across the essentially north—south gullies and took con-
trol of the flow over RFP. The present study addressed
three questions concerning: 1) the structure and evo-
lution of this small-scale feature, 2) its effect on dis-
persion of material released at RFP, and 3) the impli-
cations of these effects on modeling this dispersion.

First, ETL’s Doppler lidar found a narrow, 3—4
m s’ stream approximately 2 km wide between the
Eldorado Canyon mouth and RFP. This exit flow was
one of two major local flow systems forced by cooling
at the earth’s surface, the other being a thin katabatic-



MARCH 1996

fiow layer next to the surface, which was strongly
guided by topography. During the strongest stage of
the jet, lidar analyses showed a multiple-jet structure
emerging from the Eldorado Canyon mouth. The upper
branch remained strong and narrow (<4 km wide) for
as far as the lidar could see—that is, more than 20 km
from the canyon mouth. The emergence aloft from a
canycn of already-strong flow implies a source farther
back in the mountain valleys that feed into the canyon.
The jet changed rapidly in time, as major structural
changes took place over time periods of 30—45 min or
less.

Second, the jet did have an effect on the advection
of tracer material released at RFP. Although the pri-
mary tracer plume was carried to the east through east-
northeast by the katabatic layer next to the surface, sec-
ondary plumes appeared to the southeast. Tracer ma-
terial released at the surface leaked upward through the
stable katabatic-flow layer into the lower pottion of the
northwesterly Eldorado jet, which carried it to samplers
in the 8- and 16-km sampling rings. The jet was thus
responsible for secondary plumes, which appeared to
the southeast of RFP.

Third, the main effect of the Eldorado canyon jet on
modeling dispersion from REFP was its absence from
the observations and thus from the modeled advecting
wind field. The true nature of the Eldorado Canyon
jet—narrow, meandering, and strong relative to other
flow in the area—was not captured by the measure-
ment network, even though the network was rather
dense compared with what is often available for dif-
fusion applications (Banta et al. 1993b). As a result,
dispersion model runs based on these data did not re-
flect the peak in tracer concentrations to the southeast
of RFP. Hourly sampling was insufficient to capture
the 30—45-min changes in the structure of the flow.
Although the absence of the jet feature might have a
relatively minor effect for hazardous contaminants that
require fong exposure times to produce ill effects, it
could be important for toxic substances released by ac-
cident or in wartime.

The results in this study highlighted two other issues.
The first is that, because of the strong vertical layering
and horizontal variability, contaminants released at dif-
ferent heights or at slightly different locations in the
horizontal could easily be advected along widely di-
vergent trajectories (Banta et al. 1993b). The second
is that some of the variability in hourly averaged winds
at a fixed station was produced by organized flow struc-
tures. For example, the increase in wind speed at the
upper anemometer of the RFP tower (Fig. 4), which
was attributed to the Eldorado jet, would contribute sig-
nificanily to the variance in the mean hourly wind. Be-
cause this variability was produced by an organized,
potentially predictable feature, and not from random
turbulence, its effect should be reflected in the modeled
advecting wind field rather than in the turbulent diffu-
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sion calculation. This could be done by averaging over
time periods of less than 1 h.

Achieving the goal of improving dispersion calcu-
lations in complex terrain thus depends in many cases
on improving the representation of small-scale features
in the modeled wind field. Certainly one of the major
obstacles is the lack of adequate documentation of flow
features that need to be modeled, based on fine-reso-
lution measurements. Even if the models did reproduce
these features faithfully, the lack of observations con-
firming the model results would still leave the reality
of the simulated features in doubt. These shortcomings
could be overcome by the availability of finescale ob-
servational datasets, which are becoming available
through scanning, active remote sensing systems such
as the Doppler lidar described in this paper.
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