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Application of an Advanced Atmospheric Mesoscale Model to
Dispersior: in the Rocky Flats, Colorado Vicinity

Gregory S. Poulos and James F. Bossert
Farth and Enviromnental Seicnees Division
Los Alamos National Laboratory, Los Alamos, New Meorico 87545

ABSTRACT

T'he Atmospheric Studies in Complex Terrain (ASCOT) program spon-
sored a field experiment in the winter of 1991 near Rocky Flats, Colorado.
Both meteorological and tracer dispersion measurements were taken, These
two data sets provided an opportunity to investigate the influence of terrain-
generated. radiatively-driven flows on the dispersion of the tracer. We use
the Regional Atmospheric Modeling System (RAMS), originally developed at
Colorado State University, to simulate meteorological conditions and tracer
dispersion on the case night of 4-5 February 1991, The simulations deseribed
herein reveal considerable information about the extent to which the Rocky
Mountains influence the flow along the Front Range . the importance of diflu-
sion when simulating drainage flows and the computing needs of simulations
in complex terrain regions,

I. Introduction

In Jannavy /February, 1991 an intensive set of measarements was taken around Rocky
Flats near Denver, CO ander the auspices of the Departiment of Energy's Atmosphioerie
Studies in Complex Tereain (ASCOT) program. This region of the comntry, known as
the Front Range, is characterized by a transition from the gently sloping terrain of the
Cireat Plains to e highly varied terrain of the Rocky Mountains, The mountains are
oriented north south and vise from 1800 m above mean sea level (MSL) 1o 3600 m MSIL af
the Continental Divide (see Figure 1), Numerous east west oriented valleys hegin in the
mountains and end at the plains interface, Flows from two of these canyons, specitically
Fldorado and Coal Creek Canvons, were suspected ol inflnencing, the Rocky IFlats region,
This highly complex terrain of varions scales makes the Front Range a challenging, vegion
in which to study windfows, One of the windllows penerated by this severe tervain hat
iv significant to the hnman population along the Front Range are the deainage winds



found during stagnant, wintertime conditions. Not only do drainage flows occur during
weather conditions conducive to pollutant acenmulation, but they are primarily a surface
flow. influencing where near-surlace pollutants are transported. Since drainage conditions
occur frequently along the Front Range, ASCO'T is investigating how these flows interact
with larger-scale mountain and synoptic winds. This, in turn, will improve our ability to
model the dispersion of pollutant: from Front Range cities and industrial sites,

The ASCOT 1991 data included surface and upper air measurements on approxi-
mately a 50 km? scale. Simultancously, an SFy tracer release study was being conducted
around Rocky IFlats, a nuclear materials production lacility, This combination of me-
teorological and tracer concentration data provided a unique data set for comparisons
of mesoscale and dispersion modeling results with observations and for evaluating our
capability to predict pollutant transport,

Our approach in utilizing this data set is to use the Regional Atmospheric Modeling
System (RAMS) mesoscale maodel to simulate atmospherie conditions and the Lagrangian
Particle Dispersion Model (LPDM). a component of the RAMS svstem, (o model the
dispersion of the SEFq. We have conesntrated on the 1-5 February 1991 overnight period
as our case stbudy, although some discussion of other case nights will be made. This night
was characterized by strong drainage flows from the Rocky Mountains to the west of
Rocky Flats, southerly winds in a layer about T kv in depth above the drainage flows
(these southerlies occasionally would reach the sarface), and northwesterly winds above
that layer extending to the tropopanse.

The authors would like to note that this paper represents an extension from work
published previonsly by the authors, specifically Poulos and Bossert (1992a) and Poulos
and Bossert (1992h). In the course of our rescarch progress, some improvements have
heen made to the particle model code and more appropriate initial model conditions have
been implemented. These improvements alter the conclusions of those studies somewhat.,
Most of the general conelusions of those papers are unallected by the modifications and
are reiterated here,

2. The Mesoscale Model

RAMS is a three dimensional. atmospherie primitive equation, mesoscale imodel that
nses terrain following voordinates as described in Tremback et al. (1986), Cotton ol
ab. (1988) and Tremback and Walko (1991). 1t wax conecived by the unilication of
non hydrostatic clond model and two hydrostatic mesoseale models at Colorado State
University in the early 1980°%. Surlace energy balance is maintained via formulations of
radiative fluxes (Chen and Cotton, TO83a.b), latent and sensible heat inxes, and sih
surface heai conduction from an UL level soil temperatuee model (Fremback and Kessler,
FOSD), RANMS wses finite difference prid techinigues where the geid spacing, and the number
of prid spaces s specilied by the user to ereate the model domain. Within (his domain,
a featuree of RAMS allows the user t6ospecily additional grids of smaller grid spacing
(called "nests™), thereby Tocusing on the repion of interest with higher resolntion, Wideiy
varving, atmospherie phenomena ave heen successiilly stadied sising, this lesible code.



ranging from turbulent edd.cs to synoptic-scale weather systems and from mid-latitude
tornadoes to subtropical thunderstorms.

In this study we report on simulations completed using RAMS over the Rocky Flats
region for the ASCOT 1991 measurement program. Results from the model are compared
to observations of wind and temperature structure. We attempt to capture the drainage
flow characteristics as well as the upper air wind development on very small scales because
drainage llows are often shallow, local features and the terrain in which it is generated
is highly-variable. We use two basie approaches to simulating our case days. The first
is to use zero initial winds with the temperature and moisture profiles of the case day.
This approach allows us to simulate the thermally driven drainage flows thai develop
without the complicating influence of ambient flow. In the second approach we include
the observed ambient windspeed and direction. In this case, drainage llows that develop
overnight are subject to additional interactions with upper level flow. Because we are
using the RAMS code in the Tully prognostic mode this second approach provides a
forecast, of meteorological conditions and dispersion.

Our basic grid configuration is depicted in Figure 1. 'The outermost grid, Girid 1, has
6 km grid spacing. ‘T'he first nested grid, Grid 2, and the second nested grid, Grid 3, have
1.5 km and 500 m grid spacing respectively, Grids 1, 2 and 3 have 23x30 (168x 180 km).
30x26 (45x39 km) and 32x38 (16x19 km) gridpoints in the cast-west and north-south
directions (IFigure 1) horizontally, respectively. The finest grid (Grid 3) is centered over
the canyons to the west of Rocky Flats to accurately resolve the mountain-vatley-plains
transition, Of 30 gridpoints vertically, there are five (5) 20 meter levels in the first 100
meters of model atmosphere to represent the vertical structure of low - level drainage flows
with high resolution. Above 100 m the grid-spacing gradually stretehes to 1000 m and
then remains constant until reaching the model top at 13.8 km.

3. The Dispersion Model

The meteorological variables ontput from RAMS are used as input to the LPDM which
has been deseribed by Pielke (1981) and MeNider et all (1988). 1o the LPDM, a point
sonrce can be placed at any location within the RAMS model domain with any specilied
release rate, Particles released into the model domain are then advected from windlields
prognosed by RAMS. A parameterized subgrid scale turbulent velocity component is also
applied to cach particle as it is adveeted, In this study, a point sonree s initiated at 2000
LST at Rocky Flats to mateh the release of the tracer exactly during the experimental
period. One particle is released every 10 seconds at 2 above gronnd level (AGL) until
0700 LST the following morning. Both particle locations and concentrations from the
LPDN were analyzed at hourly intervals for cach of the RAMS simmlations. A diagnostic
particle simulation of point sonrees within Eldorado and Coal Creek Canvons sinnilar to
the above mentioned Rocky Flats release in time and rate was also completed,

In working with the LPDM code, the authors noted that ander the very stable no
turnal conditions simulated, hoth horizontal and vertical dispersion were very limited
compared to vbservations, We liest investipated the use of the second order elosure work




of Blackadar(1979) in calculating a,, (see McNider et al., 1988).  Blackadar's (1979)
formulation appears as

. |V
o= 120[(R - Ri)/ 1] ((/_ ' v
~

where o), is the standard deviation of the subgrid scale vertical velocity, 1is the mixing
length, dV/dz is the wind shear, Ri is the gradient Richardson number and R. is the
critical Richardson number. This equation is only invoked during stable conditions and
is limited to values greater than or equal to zero. One can see, however, that when
Ri exceeds . the result will be negative, In this instance, however, model code sets
a.. 1o zevo, implying laminar conditions.  This coding, though following Blackadar's
theory, eliminates the vertical turbulent component gnite frequently in stable atmospheric
conditions, creating unrealistically small vertical dispersion. In fact. in our simulation of
drainage flows, the Richardson number most always exceeded R, which is typically 0.25.
Given observations of considerable vertical transport of the Rocky FFlats plume during
the experiment, we suspected this limitation imposed by the Blackadar formulation to be
too severe for reality. Further investigation of this problem led us to the hysteresis effect
for turbulence in the atmor phere when its® existence is based upon Richardson number
(Stall,1991):

“Theoretical and laboratory rescarch suggest that laminar flow becomes
unstable to Kelvin-Helmholtz wave formation when Ri s smaller than the
erilical Richardson number, 1., Another value 12y indicates the termination
of tarbulence. The dynamic stability eriteria can be stated as follows:

Laminar llow becomes turbulent when Bi < I,
Turbulent flow becomes laminar when Ri > .

Although there is still some debate on the correet value 1y = 1.0 works

lairly well”

Since our simmlations are based on a transition from the tarbulent conditions of
the daytime to the progressively more stable conditions overnight, 18 seemed o more
appropriate candidate in (1) than 2. Our modification to (1) then, is:

» ] I ’
an L2E(Wy Ry 1y fd—‘__— . (2)

where Ity 1O and indicates the teemination of turbulence (How hecomes taminar).
Additionally, a lower Timit on a2 of 0.05 was used based on measnrements (Haugen ot
Al 197, Businger et al 1971 and ealealations (Andree ot al 1978) o, (friction veloeity)
and el fu, (Conghey ot al 1979) in stable conditions. Based on these measnvenments hoth
o, i therefore o)l Cappear (o minimize close to 005, We therefore chose to limit bhotly
e and ol 10 0.00 in the LIPDM formulation,



We next investigated the calculation of the standard deviations of the horizontal
subgrid scale velocity components o and ¢” in the LPDM. From MceNider ef al. (14988)
and Panofsky et al. (1977),

o = all =23u,. (:3)

"

" found a minimum of 0.05 lor u., we also used this as a

lower bound in the LPDM calculation of o) and a7, The use of these formulations
improved the vertical and lateral dispersion within the LPDM, providing a closer match
to observations.

4. Zero Initial Wind Simulations

In the zero initial wind simulations the model is iniegrated for 19 hours (1500 to 1000
LST) from initial horizontally homogeneous conditions. based upon observed temperature
and moisture soundings. By using the zero tuitial wind configuration, only radiatively-

Since our investigation of o

driven (drainage) flows were generated, Simulation | ouses topography derived from a
30-second terrain data set, smoothed with a silhouette averaging scheme that preserves
realistic topography heights. Simulation 2 eliminates the gentle slope of the Great Plains
by replacing the slope with a 2000 m MSL plain with the purpose of investigating the
Rocky Mountain drainage influence alone. Simulation 3 oliminates the Rocky Moun-
tains, but retains realistic Great Plains topography to obviate the Great Plains drainage
contribution. The model domain in cach simulation. except for Simulation 3 which only
requires one grid of 1.5 km grid spacing due to its” simple topography, was deseribed in
Seetion 2.
a. Simulation [; Realistic Topography

After initial start-up at 1500 LS, approximately two hours of simulated radiative
weak wintertime heating occeur hefore sundown, producing a generval upslope flow over the
region (not shown). This flow appears to be strongly terrain inflnenced with the highest
magnitudes in steeper topography regions. Also, small seale terrain variations to the cast
of Rocky Flats create a convergenee area on the beneh apon which Rocky Flats sits, The
simulated transition from up: to downslope drainage llow ocenrs atapproximately 1730
LST (Figure 2). Observations showed this transition to occur closer to 1630 LST. The
trausition to drainage llow (complete reversal) occurs over approximately 5 minntes,

By 2000 LST a consistent, terrain induced, drainage flow has established itsell throngh
oul the domain which continnes through the morning hours (Figure 3, 0100 LST). The
magnitude of the simulated drainage llows are 3.0 (o 7.0 ms ! consistent with observa
tions (Figure 1) at this time, and they remain approsimately so thronghont the drainage
period. The stmulated wind veetors all have a dominant westerly compovent, matehing
favorably 1o the observed winds, Canyons with larger drainage arcas (e Ralston Creek
and Fldorado Canvons) contain stronger deainage Hows than smaller eanyons (1.e. Coal
Creek Canvon). These Hlows appear to *spill” out onto the nlains,

Figure 5 shows the wind veetors on Geid 3 at 50 m AGL at 0100 LST. Note how
an inerease inresolution atfects terrain depiction (compare Fipure 5 to Figure 3)0 Asin
Figire 3 the winds from the canyons inlluenee llows on the plains. This influence afleets



the general downslope on the plains to an extent relative to the canyon size. Eldorado
(‘anyon’s drainage appears (o extend its” influence as much as 15 kv onto the plains,
whereas Coal Creek’s influence ends at less than 2 km. At the surface the canyon flows
do not affect the plaing flows as extensively as at the 50 m AGL level. Surface [riction
appears to reduce the effect of surlace level canyon drainage. Upper level model profiles
of wind also indicate a reduced influence of the canvon drainage with height.

Vertical cross sections parallel to the canyon axes (Figure 6. Coal Creek (‘anyon,
Figure 7, Eldorado Canyon) and parallel to the mountains (Figure 8) show detailed
vertical structure. The core of radiatively driven drainage ont of (foal Creek (fanyon is
approximately 100-200 m deep once it has developed (Figure 6a). Note in Figure Gb how
the potential temperature structure corresponds to the downslope tlow structure. The
highest drainage windspeeds are found in the lowest 50 m AGL, the most stable portion
of the vertical profile. The wind structure varies considerably from 2300 to 0700 LS'T
reaching a maximum speed of 1.0 ms™" by 0100 LST. This maximum is less than the

observed maximum of 7.0 ms™! measured by lidar at the mouth of C'oal Creek (Coulter
and Martin, 1991).

The vertical structure of Eldorado Canyon drainage is deeper (2200-300 m, see Figure
T) and of greater breadth (Figure 8) than Coal Creek Canyon. Apparently the greater
drainage basin area of Fldorado Canvon compared to Coal (‘reek Canyon also contributes
to a greater maximum simulated drainage velocity of 8.0 ms™'. In Figure Th we can see
the deeper and more consistent stable layer in Eldorado Canyon. At the location of Gross
Reservois (approximately -21.0 to -22 km), where the terrain aspeet changes relative to
the canyon drainage direetion, a considerable cold pool develops. This cold pool regularly
builds up and *spills™ over this terrain feature overnight.

Figures 8a and b, display north-south cross sections of drainage core structure at
2000 and 0200 LST, respectively, just bevond the canyvon mouths, Figure 8 reveals the
development. and strengthening of a drainage core in Eldorado Canyon over time. The
Ralston C'reek Canyon drainage also shows similar characteristies, Coal Creek Canyon,
however, shows considerably weaker drainage inlluenee and strueture at this location easl
of the canyon mouths, Elevated cores of flow develop in each of the three canvons to
varying degrees. Although its’ influence was not of specilic interest to the dispersion from
Rocky Flats as were Eldorado and Coal Creck Canyons, Ralston Creek Canyon appears
to develop significant. elevation to its drainage core. By 0200 LST Eldorado, Coal (‘reck
and Ralston Creek Canyons have elevated cores at approximately 30 m, 20 m and 90
m, respeetively, The Coal Creek Canyon minisodar indicated that the drainage core
varied from A0 m to 60 m. In ecach canyon, the maximmm drainage speed alternates from
an clevated to surlace loeation at various times over the sinmlated period, Apparently,
apstream undulations in canyon shape ereate an envirconment where drainage flows can
develop complex vertical steneture, Despite ita shorteomings, this sequence of sinmlated
overnight drainage development reveals that observed elevated drainape cores can he
depicted when modeled with sullicient tesolution.



Interestingly, the simulated drainage flows appear to excite transient vertically prop-
agaling gravily waves in this zero-ambient flow (initially) environment. We suspeet that
gravity waves occur in most complex terrain drainage conditions but their effect is sel-
dom measured due to damping layers aloft or the dominance of ambient flows. In an
excellent review of internal gravity waves and turbulence Moran (1992) explains that
stratified flows in complex terrain are a frequent initiation mechanism for gravity waves:
on a smaller scale, Lthen, stably stratified drainage llows could excite gravity waves when
flowing over local terrain fratures. Davis and Peltier (1976) suggest local shear in stable
flow conditions could also excite gravity waves. It appears that more investigation into
drainage flow-induced gravity wave mechanisms is certainly warranted.

These model results and comparisons to ohservations suggest strongly that for the
overnight period of 4-5 February 1991 low-level flow within 2 km of the mountains was, in
part, controlled by katabatic winds created by the general slope of the Rocky Mountains.,
but the small-scale variations in drainage induced by the canyons did not aflfeet the
plains drainage significantly. ‘That is. the details of drainage flow direction and speed
from small-scale terrain features (such as canvons) are mostly undetectable at Rocky
Flats which is approximately 6 km [rom the mountain-plains interface. In the case of
larger canyons (i.e. Elderado and Ralston Creek Canyons) drainage influence can. at
times, reach as far as 15 ki onta the plains. If a drainage from Eldorado Canvon were
to be diverted somewhat towards the south, it could impact Rocky IFlats based on our
sinmilations.  In general, however, the flows at Rocky Flats appear to be locally driven
on this case night, with occasional influence from Fldorado Canyon, ‘T'he latter portion
ol this statement agrees with the observations of Banta (1992), We investigate inese
conclusions further by sinml: “ng the dispersion of the Rocky Flats SI° tracer release Tor
1-5 Ieb 1991,

b. Simulation 1: Rocky Flats Dispersion

The LPDM was integrated for the entire SEq release period, 2000-0700 LST. The
actual tracer release rate of 1216 kg he™! was matehed exactly in the model. Figure 9
provides an example of how the tracer release observations (dotted line, from Shearer,
1992) compared to the simutated dispersion (solid contours) of SE; at two different times.
The inner and onter ares on Figure 9 are composed of sampling sites at 8 ki and 16
ki radins from the release point, respeetively, Tn the 2300 0000 average (Fignre 9a) the
plume dispersion comparison is close with respect to concentration, hut the direetion of

transport is rotated approximately 15

degrees. The two most obvious other inaccuracies
are that 1) the actoal plume at this time has moved farther than the model plome, and
2) the model plume does not bend to the noeth,

The 02000300 LST concentration average (Figure 9h) observed plume shows a surface
stracture that spreads pradually castward and northeastward with a southerly lobe, The
pritnary differenee in the actual phune compared to the model simulation is the extent
of this sontherly lobe, There is some indication of a lobe forming (o the sonth of the
centerlinein the model plame, but it is far less extensive than in the observations. For the



most part simulated plume transport follows drainage routes towar ' the South Platte
River Valley to the northeast of Rocky Flats as did the observed Jlume. We suspect
that the reason our model plume differs from the observed plume is the zero ambient
flow initial condition used in the model, which eliminates the potential influence of non-
radiatively driven fiows on plume structure and transport. That the modeled plume is
quite comparable in shape and length to observations throughout the simulation, despite
this being a purely radiatively driven simulation. is strong evidence that larger-scale flows
were not the primary mechanism of plume transport for this case study. This further
implies that in the Rocky Flats vicinity multi-scale meteorological interactions were not
strongly occurring on this night.
c. Simulation 1: Canyon hispcrsion

To shed further light on the influence of drainage flows on dispersion in the Rocky
Flats area a LPDM simulation was completed with a point source in Fldorado and Coal
Creek Canvons, Simtlar to the tracer simulation particles were released every 10 seconds
and for the same 11 hour period (2000-0700 LST, 1-5 I'ebruary 1991). Fignre 10 shows
the x-y particle positions for this case at 0300 LST. While it s diflicult for the reader to
nnderstand the time sequence of transport from this Figure, one can see the two distinet
plumes rather well. The Fldorado Canyvon plume begins with little lateral dispersion deep
within the canvon drainage. In time there is a tendeney for particles to be transported to
the west-sonthwest toward Rocky Flats in a coherent fashion. This could be a clue that
Eldorado Canyon’s drainage is penetrating the plains drainage at least km. Oncein the
vieinity of Rocky Ilats, particles from Eldorado Canyvon move ofl to the northeast canght
in the general South Platte River drainage. In contrast, the particles released from (foal
('reck Canyon take a distinet transport route toward Denver. In this sense then, the
flows from cach canyon tend to take routes aronnd the Rocky Flats beneh (topographical
feature). Given this tendeney, it would appear from this simulation that particles released
from Rocky Flats could follow either the South Platte River to the north and cast or
travel toward Denver to the south and cast depending on slight influences to the north
or south from regional or upper level winds.
d. Simvulation 2: Realistic mountains, flat plains

Observations overnight on 15 Feb 1991 with a horizontal scanning lidar (Banta, 1992)
indicated that the Eldorado Canyon drainage would often shift to the north or south
from a generally casterly direction, oceasionally passing over the Rocky Flats plant. This
could have either been due to periodic influence from ambient winds aloft, a regular
regional plains drainage interaction or some form of momentum pulsation from tributary
drainage or other terrain influence in Eldorado Canyvon, Obviously, only the second and
third mechanisms conld be simmlated in this zevo wind initialization investigation.

Fignre T shows the o component of the wind on Grid 2 from the flat plains simulation,
By this thne, 0100 LST, drainage How ont ol every miajor canyon encompassed by Grid 2
is obvious, Note however that comparatively smaller Coal Creek Canyon does not appear
to show significant deainage. O conrse, we know that on Grid 3 {see Fignre 6) wiieh had



500 m grid-spacing, Cloal Creek did drain significantly. This illustrates the importance
of resolution when simulating complex terrain regions, and the effect of averaging 500
m grid spacing (Grid 3) information up to a 1500 m grid spacing (Grid 2) plot. Still,
insufficient resolution may explain why the simulated Coal C'reck drainage is less than
the observations (Coulter and Martin, 1991) of drainage winds up to 7.0 ms™!
C'reek Canyon.

in Coal

Figure 11 does show significant influence from Eldorado (fanyon onto the plains how-
ever. Irom the canvon mouth. (approximately X point 17.5 k) flow from EFldorado
Canyon extends about I8 km to the cast. The extent is less near the surface than at 50
m and also iessens above this level. A time sequence ol jet behavior reveals only small
perturbations to the north and south [rom the easterly direction. Since our simulation
here contains the influence of 500 m terrain features. we must assume that the north-to-
south variation of the drainage flow out of Eldorado (‘anyon was caused by, 1) terrain
features not resolved by H00 m grid-spacing, 2) multi-scale meteorological interactions
(i.e. flow aloft) or 3) inaccuracies in the model formulation. The second cause appears
to be most probable because the influence of large-scale terrain features resolved by the
500 m grid-spacing (i.e. the northwest-southeast tributary to Eldorado Canyon) do not
appear to have a large inlluence on drainage direction once it exits the canyon. One
would expect that even smaller features have even less influence. One can see in Figure
11, however, that terrain features on the plains which interact with the drainage after
exiting the main canyon do influence its direction. This is obvious in the case of Ralston
Creek Canyon where just bevond the canyon mouth lies the Ralstea Butte, which deflects
the Ralston drainage to the south,

We conclude from Simulation 2 that. although drainage flows dominated the windflow
regime overnight on -1-5 Feb 1991, interactions with upper air flows were quite likely to
be present, This multi-scale interaction could explain the north-to-south variation in the
observed Eldorado Canyon drainage. Specifically, the possibility exists that interactions
with flow aloft imparted southward momentum to the Eldorado flow forcing it to impact
the Rocky Flats plant as observed. This effect could not be modeled in the zero initial
wind simulations however.

e. Simulation :; Realistic plains, no mountains

If the Rocky Mountain or canyon drainage How had little influence on the Rocky IFlats
tracer dispersion on this night then the drainage generated locally (around Rocky Flats)
should be suflicient 1o reproduce the majority of the plume dispersion features found i
Simulation 1. Simulation 3 will also provide information as to how significant, even in
stagnant conditions, the Rocky Mountains are to flow structure aloft.

Figure 12 shows the drainage flow that has developed by 0000 5 Fely 1991 in this
simulation. This transect crosses through Rocky Flats at aporoximately 1800 m MSL.,

Note that significant drainage llows up to L0 ms !

have developed, “This compares
favorably to Simualation | which ineluded the Rocky Monntains to the west. This resnlt

supgests that sullicient local drainage can develop locally to Rocky IFlats to transport



pollutants to the cast. Other plots of wind vectors and potential temperatures indicate
support for this view as well.

A dispersion simulation was also completed to support this conclusion.  Compare
Figure 13 to Figure 9b. which are from Simulation 3 and Simulation 1. respectively.
at 0200-0300 LST 5 Feb 1991, Despite not having the Rocky Mountains to effect its
dispersion, Simulation 3 does a similar job to Simulation | in both plume width, direction
and length. This indicates that although the Rocky Mountains are likely to have some
effect on the dispersion of pollutants from Rocky Flats in stable conditions, on -1-5 Feb
1991 locally generated drainage flows, not Rocky Mountain drainage flows, were the major
influence on dispersion of SI%.

5. Simulation 4: Realistic topography and winds

After completing our theoretical investigation with zero winds initially we proceeded
to compare these simulations to one that included the actual winds for the case night.
Unfortunately, no rawinsondes were flown prior to the tracer release in the early evening of
4 Feb 1991. This limited us to initializing the model with a sounding taken at 2000, 1 I'eh
1991, within the Rocky Ilats compound. Thus we are not able to compare information
about the transition period or carly evening. Another drawback to initializing with this
single sounding (horizontally homogeneous) is that the lowest 100 m of the sounding did
not. represent the general conditions over the domain based on surrounding observations
by tethersondes, towers and surface stations. We chose not to subjectively alter this
aata and instead allowed the model to prognose changes in the flow. Because the model
generally needs a few hours to “spin-up’, comparisons are not likely to he good early in
the simulated pertod, particularly in the lower levels.

a. Simulation J: Meteorological vesulls

Figure 11 indicates the surface wind vectors at 0100 LST 5 Feb 1991, In comparison
to Igure 3, which is the same plot but for the zero-wind initialization, some obvions
differences appear. First one notes that the maximum windspeed veetor is considerably
~! versus 7.8 ms™! for Simu-
lation 1. This difference can be explained by our initialization which had northwesterly
winds of 23 ms~! just above the peaks of the Rocky Mountains. Given the high frequency
of downslope winds at the surface just to the lee of the peaks, it is likely that some mo-
mentum aloft has been transferred 1o the higher elevations in Figure 11, Secondly, the

larger for the real wind simulation (Simulation 1) at 12 ms

direction of the vectors just to the east of Rocky Flats are considerably more northerly
in the Simulation 4 (Figure 1) versus Simulation | (Figure 3). This difference is not as
casily explained. It is possible that an interaction with flow aloft has ercated this change
in direciion. More surprising than the dilferences hewever, are the similarities between
the two figures. The model, similar 1o the case night -5 Feb 1991, has formed stable
air near the surface while changeable ambient winds are ocenrring aloft. A comparison
of the 0100 LST actual rawinsonde from Rocky Flats with a nearest-gridpoint model
extracued sounding (not shown) indicates that the model has done quite well,

The drainage flow that develops in Simuiation || can be examined by looking at the

10



u-component. winds near the surface (Figure 15). In this case. contours are from 2.0
ms~' to 10 ms™! in 2.0 ms™" increments, This was done to emphasize the drainage Hows
from the canyons. C‘anyon influence shows up quite well from north to south, Boulder,
Eldorado, Ralston C'reek, and ('lear Creek (Canyons. Missing is a contribution from (‘oal
Creek (fanyon, as was measured by Coulter and Martin (1992).  Figure 15. however,
compares very well to lidar plots of the Eldorado/(‘oal (‘reck (‘fanyon drainage onto the
plains in Banta (1992), and tb~ evolution of that drainage in time. Banta’s(1992) lidar
was not able to measure a significant C'oal C'reek Canyon drainage on the plains, similar
to results shown in Figure 15.
b. Simulation {: Rocky Flals dispersion

The dispersion simulation for Simulation 1 is performed exactly the same as Simu-
lation 1, except for one change; the input meteorological variables. In this dispersion
simulation we use the Simulation 1 prognosed fields as input.

The dispersion results from Simulation 4 (I'igure 16) can be compared with Figure
9 as an indication of how well the real wind initialization perforimed. The modeled
plume centerline scems (subjectively) to be toward the southeast near the release point
whereas Iligure 9a indicates a first castward then northward plume advection. Although
the simulated plume for Simulation 1 does contain a westerly component, it appears to
have been dominated by the initialized low-level southerly component flow carly in the
simulation which moves a large concentration of tracer to the north hefore later advecting
it castward. This difference can.in part, be explained by the Rocky Flats sounding. which
indicated predominantly southerly flow in the lower 150 m AGL hetweer: 2000 and 2200
LST. However. both plume observations and surrounding measurcments indicate winds
becoming southwesterly by 2100 LST and westerly by 2200 LST. In this instance, the
measurement of southerlies near the surface at Rocky Flats appears to be an outlier
from the rest of the data. Consequently. it can be concluded that model initialization
under stagnant conditions should include the influence of surrounding stations, either
direetly or indireetly as an average. Direct inclusion of additional data into the RAMS
initialization will he attempted in the near future.

The tendeney of the simulated plume to have a northwesterly component near the
release point (creating a plume which goes sontheast) continues throughont the night
as indicated in Figure 16D for the 0200-0300 LST concentration average. The plume
width however, appears reasonable compared with observations as does the distance
the plume has traveled at cach time, Apparently, transport time and diffusiveness are
adequately included by the calealated meteorological variables and modified dispersion
parameterization above.

7. CONCLUDING REMARKS

In this study. we have focused upon simulating the complex drainage flows that can
develop at the mountain-plains interface of the Rocky Mountains, Using the case study
day 1) Febrnary 1991 as an example, it was found that RAMS is capable of simulating
realistic drainage flows in complex terrain regions. The results showed that drainage from



nearby canyous and the larger-scale Rocky Mountain slope drainage can be a factor in the
dispersion of the pollutants released from Rocky Flats. While the primary low-level (<100
m) influence on plume transport around Rocky Flats was the locally developed drainage
from the rather gentle siope and terrain variations in the near vicinity of Rocky Flats,
the real wind simulations revealed that significant drainage momentum can periodically
influence conditions at Recky Flats. In our simulations. this influence was limited to the
large outflow from Eldorado (‘anyon.

Also, for this case study, multi-scale meteorological interactions were shown to be
less significant than drainage near Rocky Flats. This was shown, in part, because the
SFg dispersion was well depicted by flows produced by a simulation forced exclusively
by radiative cooling of the terrain., The coupling of the mesoscale model to an accurate
dispersion model appears to be a promising methodology for predicting plume transport,
In this case, an actual tracer release was well simulated by our modeling combination.
The potential for application of this combination to emergencey response problems in
other complex terrain regions is obvious,

This experiment also allowed considerable testing to find an optimum model config-
uration for the mountain-canvon-plains structure of the Rocky Flats region. Gradually
increasing the model’s resolution from 6 km to 1.3k m to 3500 m allowed greater and
greater terrain depiction. We found better results when terrain resolution was maxi-
mized, in this case at 500 m. Additional experiments at even higher resolution, perhaps
200 m horizontally and 10 m vertically, should be considered to further refine these
conclusions.
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Figure 1. The RAMS model domain used
over the Rocky Flats, Colorado region on
Grid 1. Contour intervals of terrain and
lat-lon lines are 100m and 0.2°, respectively.
The two nested grids are also depicted by
rectangles to scale.
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Figure 2. Simulation 1, Grid 2 surface
wind vectors at 1730 LST 4 Fcb 1991, dur-
ing the transition from modeled daytime
upslope to nighttime drainage winds. The
maximum vector is 2.36 ms=!. The interval
of terrain contours is 200 m.
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Figure 3. Simulation 1, Grid 2 surface Figure 4. Observed Wi"fl“ for 0400 " Feb
wind vectors at 0400 LS'T 5 Feb 1991, The 1991 near Rocky Flatu, Grid 2 is depicted
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Figure 5. Simulation 1, Grid 3 wind vec-
tors for 50m AGL at 0400 LST, 5 Feb 1991.
‘The maximum vector is 8.96 ms™! and to-
pography contours are every 200m.
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Figure 6. Simulation 1, Grid 3 west-cast
vertical cross section of (a) U wind compo-
nent and (b) potential temperature, along
the axis of Coal Creck Canyon at 0200 5
Feb 1991. ‘The contour interval is 1.0 my!
in (a) and 0.5 K in (b).
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Figure 7. Simulation 1, Grid 3 west-east
vertical cross section of (a) U wind compo-
nent and (b) potential temperature, along
the axis of Eldorado Canyon at 0200 5 Feb

1991, The contour interval is 1.0 ms~! i
() and 0.7 K in (b).
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Figure 12. Simulation 3, Grid 1 west-east
crossection of U-component winds for 0200
The contour interval is 1.0

5 Feb 1991.
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Figure 13. Simulation 3 surface SF¢ con-

centration for averaging perio¢ 0206-0300
LST 5 Feb 1991. The solid contour inter-
vals from the outermost are 1,9, 17, 25 and
33 pgm=3, respectively.
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Figure 14. Simulation 4, Grid 2 surface
wind vectors at 0400 LST 5 Feb 1991, T'he
maximum vector i 12.06 ms” ', The inter
val of terrain contours in 200 m.
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Figure 15. Simulation 4, Grid 2 plan view
of U.component winds at 50 m AGI, for
0000 5 Feb 1991, The contour interval is
2.0 my ! from a minimum of 2.0 ms ! to a
maxitmum of 10.0 ms . Note the drainage
flows from the canyons.
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Figure 16. Simulation 4 surface SFy con-
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