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ABSTRACT

During January 1989, five nighttime SFy tracer experiments were conducted in Roanoke, Virginia. The
experiments were designed to help identify and understand the dispersion characteristics of a basin atmosphere
during winter stagnation conditions. The basin studied was the Roanoke basin located on the eastern slopes of
the Appalachian Mountains. This paper documents this tracer study and gives results from the experiment
conducted on the night of 16-17 January 1989. A cold-air pool formed in the basin beginning after the evening
transition period and filled to near the elevation of the lowest mountain barrier. A simple model of the ascent
rate of the top of this cold-air pool is proposed. A sharp potential temperature jump was present at the top of
this fully developed cold-air pool. Vertical measurements of tracer showed the initial ground-level plume to
become elevated and ride over the top of the cold-air pool. Horizontal plume spread was enhanced over that
expected from turbulent diffusion alone, by shear in wind-direction vertical profiles. The tracer concentrations
within the cold-air pool increased slowly with time, even after the release was terminated. After sunrise, the

elevated plume appeared to fumigate to the ground.

1. Introduction

During January 1989, five nighttime sulfur hexaflu-
oride (SFg) tracer experiments were conducted in
Roanoke, Virginia, in conjunction with the U.S. En-
vironmental Protection Agency’s Integrated Air Cancer
Project (IACP). One of the primary goals of the IACP
is to improve the capability of estimating human ex-
posure to airborne carcinogens (Cupitt 1988). The
Roanoke study was intended to look at airborne pol-
lutants in an area with high heating-oil usage. The tracer
experiments were designed to identify the transport and
diffusion characteristics of the Roanoke basin atmo-
sphere during wintertime stagnation conditions (when
the ground-level concentrations from ground-level
sources are expected to be the highest and most per-
sistent). The five experiments were performed during
the nights of 10/11, 13/14, 15/16, 16/17, and 19/20
January, respectively.

For the five experiments a near-ground-level contin-
uous release of SF¢ was started at typically 1800 local
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standard time (LST) and finished 2-10 h later. Hourly
integrated samples were collected at 41 points up to
12 km from the release site, and two fast-response con-
tinuous SF¢ analyzers were operated in mobile vans
that traversed the Roanoke area. In addition, vertical
profiles of tracers were made at one location using a
balloonborne sampler. Meteorological data were col-
lected at 10 locations within Roanoke. The data in-
cluded surface winds and temperature; winds and tem-
perature profiles up to about 150 m above ground level
(AGL) using a balloonborne system; and winds, tem-
perature, and turbulence characteristics on a 40-m
tower at four levels.

This paper briefly describes the 1989 Roanoke tracer
study (see Allwine 1992 for more detail) and gives an
assessment of the dispersive characteristics of the
Roanoke basin atmosphere from analysis of the me-
teorological and tracer data from the 16/17 January
1989 experiment (experiment 4). Section 2 gives a brief
review of the current understanding of dispersion in
basins. A description of the site, equipment, tracer re-
lease, and sampling network, as well as meteorological
measurements, is given in section 3. The results and
discussion are presented in section 4, and section 5
gives the summary and conclusions.

2. Background

Basins (closed valleys) were identified in an Amer-
ican Meteorological Society (AMS) workshop on dis-
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persion in complex terrain (Egan and Schiermeier
1986) as a valley configuration of importance to ad-
verse dispersion situations and air-pollution problems.
Basins exhibit weak to nonexistent outflow during
drainage flow (primarily nighttime, weak synoptic in-
fluence) conditions, primarily because of flow blockage.
Relatively little research has been conducted on the
dynamical behavior of basin atmospheres and disper-
sion in basin atmospheres. The bulk of basin research
has been conducted within the last decade (e.g., Pet-
kovsek 1978; Banta and Cotton 1981; Wanner and
Hertig 1984; Gassmann and Burki 1987; Beniston
1987; Maki and Harimaya 1988; Neff and King 1989;
Kondo and Okusa 1990; Toritani 1990; and Eskridge
et al. 1990).

Some of the important physical characteristics and
processes observed in basin atmospheres are cold-air
pooling, slope flows, flow blocking and channeling, ex-
ternal forcing, flow oscillations, thermal winds, surface
roughness, urban heat island, wakes, stability, flow lay-
ering, wind-direction shear, convective boundary-layer
growth, weather events, and turbulence. The extent to
which any of these physical processes dominates the
dispersion within a particular basin is dependent on
the time of year, time of day, synoptic meteorology,
and basin physical characteristics (e.g., ggometry and
surface cover).

Several research programs concerned with climate
and air pollution in cities of Switzerland have been
conducted in the past decade (Wanner and Hertig
1984; Gassmann and Burki 1987; Beniston 1987;
Wanner et al. 1986; and Filliger and Wanner 1986).
Numerous air-pollution episodes have been observed
in Swiss cities when they are under the influence of
anticyclonic weather situations. During the summer
anticyclonic situations, high photochemical-smog ep-
isodes are experienced, and during the winter the Swiss
prealpine basins suffer from the effects of strong in-
versions, fog, and relatively high amounts of air pol-
lution. Thick cold-air pools spread out over the whole
surface of prealpine basins (Wanner and Hertig 1984).
These cold-air pools significantly affect the dispersion
characteristics of the basins.

Gudiksen et al. (1984 ) discuss results of tracer ex-
periments conducted in nocturnal drainage flows in a
complex-terrain region of northern California. Tracers
were released within slope drainage flows, immediately
above the drainage flows, and at elevated heights within
the Anderson Creek valley. This valley has the char-
acteristics of a basin with pooling occurring in the lower
elevations of the basin. They found that the drainage
flows from about midslope elevations and below were
generally not influenced by the regional-scale flows.
This was based on the observation that the surface
concentration patterns of the tracer released within the
slope flow did not vary appreciably over a wide range
of regional flow conditions. This research underscores
the importance of external forcing on basin flows.
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Toritani (1990) summarized results from several
studies concerning the periodical nature of wind speed
and temperature in cold-air drainages. The observed
periodicities ranged from 25 to 90 min, with the average
being roughly 60 min. Oscillating flows are commonly
observed in nighttime basin atmospheres, but the effects
of this periodic motion on dispersion are not well un-
derstood.

The main period of focus in this paper is the night-
time, with some results given for the evening and
morning transition periods. Cold-air pooling was iden-
tified as the dominant process affecting dispersion. The
effects of slope flows, wind oscillations, wind-direction
shear, and synoptic forcing on dispersion are discussed.

3. Experimental design
a. Site description

Roanoke, a city of about 100 000 people, is located
on the eastern slopes of the Appalachian Range in the
Blue Ridge Mountains of Virginia. It has a moist cli-
mate with 109 cm (43 in.) annual precipitation and
70% annual-mean relative humidity. The Roanoke
basin is drained by the Roanoke River and its tribu-
taries. The basin is roughly 25 km in diameter with a
15-km-wide floor. Figure 1, plotted from a U.S. Geo-
logical Study (USGS) digital terrain file with 60-m hor-
izontal resolution, presents elevation contours of the
Roanoke basin. The basin floor has a gradual 0.5° slope
falling to the southeast. The lowest elevation of the
basin floor is roughly 270 m above mean sea level
(MSL) with mountains rising up to 500-650 m above
that. The southeastern edge of the basin, however, is a
low barrier of mountains, approximately 75 m above
the floor and 6 km long, that blocks the basin from
opening to the southeast. The Roanoke River cuts
through this low barrier through a narrow gorge.

Figure 2 is a map of the Roanoke vicinity showing
some major roads and the Roanoke River and its trib-
utaries. The Blue Ridge Parkway shown in Fig. 2
roughly follows the crest of the low barrier of mountains
blocking the basin to the southeast. To the north and
west of the map mountains rise to elevations above
900 m MSL. The downtown is roughly a 9-km? area
with buildings up to about 30 m high. It is approxi-
mately centered at map coordinates (594, 4125).

The floor of the Roanoke basin is cut by several
small tributaries to the Roanoke River. These are at
most 30 m deep and 1 km wide, flowing primarily to
the southeast. The tracer was released in one such shal-
low tributary valley, Lick Run. Lick Run valley is ap-
proximately 6 km long X 30 m deep X 500 m wide.
An earthen barrier extends across the valley through a
depth of approximately 15 m at about 5 km down
valley from the release site. This earthen barrier is at
Lick Run and Orange Avenue in Fig. 2. The Roanoke
basin has considerable coverage of brush and trees. The
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FiG. 1. Terrain elevations of the Roanoke, Virginia, area. The black box is the release location at the
head of Lick Run, and the heavy solid line indicates the Roanoke River and its tributaries. Note that Lick
Run is shown to terminate at an earthen barrier, after which it proceeds to the Roanoke River via culverts.
The heavy dashed line gives the location of the cross section in Fig. 3. Coordinates are universal transverse

Mercator (UTM), grid zone 17.

mean canopy height is roughly 8 m (higher than the
mean residence height).

Figure 3 shows a northwest—southeast cross section
(Fig. 1 shows location of cross section) through the
Roanoke basin. This cross section gives an approximate
representation of the basin, starting at Brushy Moun-
tain to the north and ending at the low mountain bar-
rier at the southeastern edge of the basin. The depth
and extent of Lick Run is represented by the narrow
line in Fig. 3. Figure 4 shows a cross section approxi-
mately perpendicular to that given in Fig. 3. This sec-
tion was scaled from a USGS Roanoke 7.5’ quadrangle
map (20-ft contour intervals) to show more detail of
the basin relief in the vicinity of the tracer release site.
This cross section follows Hershberger road (arc Ol in
Fig. 2) from west to east.

b. Tracer release and measurements

Sulfur hexafluoride was released at the bottom of
Lick Run valley during experiment 4, from the site

labeled REL (335 m MSL) in Fig. 2. The release rate
was nearly constant at 0.91 g s~! (variability of 4%),
and the release height was 1.2 m AGL. The duration
of the release was 8 h beginning at 2000 LST 16 January
and ending at 0400 LST 17 January.

Time-integrated samples of SF¢ were collected at
ground level using 41 sequential syringe samplers, as
described by Krasnec et al. (1984). Each sampler held
9 syringes, and integration times were primarily 1 h,
with a few samplers operating at 30 and 15 min. The
locations of sampling arcs O1 and O2 are shown in
Fig. 2. Arc O3 individual sampler locations are labeled
3A to 3N in Fig. 2. The individual sampler locations
labeled 4A through 4K, shown in Fig. 2, are referred
to in the text as arc O4 for convenience, even though
they are spread throughout the study area. During ex-
periment 4, 11 samplers were located on each of arcs
01, 02, and O3, and 8 samplers were located on arc
0O4. Overall, the sample recovery was about 95%.

In past SF, tracer studies (see, for example, Lamb
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F1G. 2. Roanoke, Virginia, vicinity map and measurement site locations.

et al. 1990; Guenther et al. 1990; Eskridge et al. 1990)
syringe or bag samples collected during an experiment
were analyzed using electron-capture gas chromato-
graphs (GC). In such studies, the analysis rate per GC
was typically one sample every 4 min, or 50 samples
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FIG. 3. Northwest--southeast cross section through the Roanoke
basin showing certain key measurement sites and topographic features.

per hour with a system of four GCs (one operator re-
quired). The detection limit with such systems was
typically less than 5 ppt. For the present study the sy-
ringe samples were analyzed after each experiment us-
ing a new analysis system based on a fast-response con-
tinuous SF¢ analyzer (Benner and Lamb 1985). Be-
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FIG. 4. Southwest-northeast cross section along Hershberger road.
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cause of the continuous response inherent in the
instrument there is no wait between samples. Approx-
imately 100 samples can be analyzed per hour with
one instrument. This is twice as fast as the old system
operating four gas chromatographs (Lamb et al. 1990).
The detection limit is less than 10 ppt, and the repro-
ducibility is approximately +10%. An EPA calibration
audit (Shores 1989) was performed on the fast-response
analyzers. The average difference between the analyzer
results and the SF, standards was —2.1% + 5.5% (av-
erage percent difference + standard deviation).

Continuous ground-level tracer sampling was per-
formed with two mobile vans, each equipped with a
fast-response continuous SF¢ analyzer. These vans
traveled the roads around Roanoke during the exper-
iments measuring SF¢ concentrations at 1 Hz. The
sample air was drawn through an inlet located near
the top of the van. This sampling rate translates to a
roughly 10-m spatial resolution for a van traveling at
50 km h™!. According to Benner and Lamb (1985),
the analyzer has a response-time constant of 0.36 s.
This means 94% of any response change is measured
per 1-s sample. The instrument response in conjunction
with manually entered location information was logged
by a personal-computer-based data-acquisition system.
Before and after each experiment the analyzers were
calibrated at five points over a range of about 50-5000
ppt. Periodically throughout each experiment span
checks were made. During any given experiment the
analyzers’ responses remained essentially constant. An
uncertainty analysis revealed the data to be accurate
to better than approximately +15% for values greater
than roughly 400 ppt, and decreasing in accuracy to
+100% at roughly the 50-ppt noise level.

Samples of tracer were collected in the vertical at
one location using a tethered balloon system. The
sampling location is labeled TET in Fig. 2. A tracer
sampler (containing seven syringes) was attached to a
tethered balloon along with a meteorological package
that measured winds, temperatures, and pressure
change. The elevation of the balloon was determined
from this information. A 7.5-m? balloon was needed
to lift both the sampler and the meteorological package.
An early version of the tracer sampler was designed by
Sandia National Laboratory (Gay 1982) for use in the
1982 U.S. Department of Energy’s Atmospheric Stud-
ies in Complex Terrain (ASCOT) project in western
Colorado. This sampler was later redesigned by Sandia
for use in the 1984 ASCOT study in the same region.
The 1984 version of the sampler was then modified
and used in the Roanoke study. The seven samples
were collected for 2 min each at heights of 25, 25-50,
50, 50-75, 75, 75-100, and 100 m AGL.

¢. Meteorological observations

Several meteorological observation systems were
operated during this study. As part of the overall In-
tegrated Air Cancer Project, wind speed, wind direc-
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tion, temperature, and relative humidity were contin-
uously measured by PEI Associates Inc., at several lo-
cations in the Roanoke vicinity for a few months during
the winter in 1989. At six locations (CAR, BP, WP,
MSP, FAA, and CIV in Fig. 2) data were collected
continuously during the January tracer experiments.
The winds were measured at 10 m and the temperature
and relative humidity were measured at 2 m AGL.
Hourly average values were recorded. R. M. Young
Inc., propeller and vane anemometers and temperature
sensors were used.

Two Gill uvw propeller anemometers (R. M. Young
Inc.) were operated at two locations during experiment
4. Temperature was also continuously measured at
each location using type T thermocouples (No. SA1-
T, Omega Engineering Inc.) connected to Calex model
470 thermocouple amplifiers. The data were collected
every 4 s, and 5-min-average data were recorded. The
standard deviations of u, v, w, and temperature were
calculated and recorded. One system (wvw 1) was op-
erated at the tracer release site (location REL in Fig.
2) and the other system (uvw2) was operated on the
Niagara Dam (location NIA in Fig. 2). The height of
the wind and temperature measurements at the Niagara
Dam site were 3.2 and 1.0 m above the river level,
respectively. At the release site, the winds were
measured at 2.1 m AGL and the temperature at
0.7 m AGL.

A tethered instrumented balloon (Morris et al. 1975)
was operated during experiment 4 at the location TET
in Fig. 2. Ascents were made to a maximum of 150 m
AGL at various times throughout each experimental
period. Wind speed and direction, temperature, wet-
bulb temperature, and pressure change were measured
and recorded. Ascents were limited to 150 m because
of the proximity to the airport.

A Campbell Scientific, Inc., model CR21X data log-
ger was used to collect net radiation, air temperature,
and soil temperature profile data continuously at the
FAA site (Fig. 2). Five-minute-averaged data were re-
corded for the period 0955 LST 9 January 1989-1255
LST 20 January 1989. A Micromet net radiometer
measured net radiation at 0.8 m AGL, and type T ther-
mocouples were used to measure air temperature at
1.5 m AGL and soil temperature at 0.6, 1.6, 4.0, 10.0,
24.0, and 58.9 cm below ground level.

A tower at the FAA site (Fig. 2) was instrumented
with two three-axis sonic anemometers (model BH-
478 C/3 Applied Technology, Inc.) at 11.4 and 29.6
m AGL, two Gill propeller and vane anemometers
(R. M. Young Inc.) at 19.8 and 33.7 m AGL, two
delta-temperature systems (R. M. Young Inc.) oper-
ating between 1.5 to 16.2 m AGL and 25.4t0 39.5 m
AGL, and two dewpoint sensors at 1.5 and 25.4 m
AGL. The data were collected with a personal-com-
puter-based data-acquisition system. Solar-radiation
data were also collected using an Eppley pyranometer
located at the same site at 1.7 m AGL. A similar tower
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configuration was operated during an earlier Integrated
Air Cancer Project study in Boise, Idaho, in December
1986. Eskridge et al. (1990) give a more detailed de-
scription of the sensors and the data-acquisition system.
The R. M. Young data were collected at | Hz and
averaged to 10 s for data storage. The sonic data were
collected at 10 Hz and averaged to 1 s for data storage.
Hourly surface weather observations were acquired
from the National Climatic Data Center for the Roa-
noke airport observation station (RCA site in Fig. 2).
The nearest National Weather Service (NWS) twice-
daily upper-air observations of winds and temperature
were made at Greensboro, North Carolina. Greensboro
is located 140 km south of Roanoke on the castern
side of the Appalachian Mountains. The nearest upper-
air station on the western side of the Appalachian
Mountains is at Huntington, West Virginia. Hunting-
ton is located 245 km west-northwest of Roanoke.

4. Results and discussion
a. Meteorological conditions

During experiment 4 the sky was clear, the surface
winds were generally weak, and the ground was not
snow covered. The meteorological conditions during
this experiment exhibited the greatest net longwave ra-
diation loss (~50 W m™2) at the surface at night of
any experimental period of the study. Experiment 4
also registered the coldest nighttime near-surface air
temperatures ( ~ —6°C), the weakest nighttime wind
speeds, and the greatest drop in wind speed from the
afternoon maximum winds. These conditions provided
a good opportunity for understanding and character-
izing the dispersion during wintertime stagnation con-
ditions.

The time of astronomical sunset for 16 January and
astronomical sunrise for 17 January, computed from
sun-earth relationships, are 1722 and 0737 LST, re-
spectively. These computed values are consistent with
the measurements of solar radiation. Inspection of the
NWS upper-air observations from Greensboro, North
Carolina, and Huntington, West Virginia, show that
the winds aloft (above the Appalachian Mountains)
were generally from the west-northwest at 5-10 m s
From inspection of the winds that were continuously
measured at six locations in the Roanoke basin (CAR,
BP, WP, MSP, FAA, and CIV in Fig. 2), the afternoon
surface winds throughout the basin were persistent
from the northwest at approximately 6 m s™'. During
the evening transition period (roughly 1700-2100 LST)
the wind speed decreased to around 1 m s™! and the
wind direction became primarily locally dependent.
That is, the winds appeared to be dictated by local
topographic features. This behavior of the winds is ev-
ident in Fig. 5 for the winds measured at the WP site.
After 2100 LST the winds were from the south (down-
slope) at approximately 1 ms™'.

The winds at 34 m AGL at the tower (FAA in Fig.
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2) are given in Fig. 6. During the release period (2000-
0400 LST) the winds were primarily from 290° at
roughly 1.8 m s™'. The tower is on a ridge bounding
the west side of Lick Run. It is at an elevation of 331
m MSL (Figs. 2 and 3). The predominant wind direc-
tion observed at the upper level on the tower is con-
sistent with the winds aloft and the general “down-
basin” orientation of the Roanoke basin (Fig. 1). For
the same period at the release site, the winds at 2 m
AGL (Fig. 6) were generally from 350° at approxi-
mately 0.6 m s~'. This is along the local axis of Lick
Run. The release site is at an elevation of 335 m MSL
(Fig. 3); however, it is located roughly 20 m below the
ridgeline.

On four occasions (identified in Fig. 6) during the
tracer release period the winds at the release site briefly
reversed (southerly winds) and went up Lick Run.
These reversal times correspond to a shift from north-
northeast to south-southwest-to-south winds at the up-
per level on the tower, indicating the strong effect of
the winds above Lick Run on the winds within Lick
Run at the release location. The temperature at ap-
proximately 1 m AGL at the release site increased ap-
proximately 1°-3°C during these episodes of southerly
winds. This indicates an increase in the vertical mixing
(downward transport of heat) in Lick Run during these
episodes.

The cause of this periodic shift in the winds at the
tower ( period of roughly 70 min) is unclear. When the
winds were from the southwest quadrant, they were
generally weaker (~1 m s™') than the winds from the
west-northwest (~2.5 m s™!). Inspection of a topo-
graphic map of the region shows high mountains
(~1000 m MSL,; the foothills of these mountains can
be seen in Fig. 1) roughly 15-20 km southwest of the
tower site, and to the northwest of the tower site. This
is in contrast to the 350-m MSL elevation of the Roa-
noke River valley at the same distance to the west of
the tower site. One explanation of this periodic shift
in the winds at the tower is the changing balance be-
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F1G. 5. Hourly average winds at 10 m AGL at the WP site.
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FIG. 6. Five-minute-average winds at 2.1 m AGL at the release site and
at 34 m AGL at the tower site.

tween the downslope flows from the various slopes of
the basin. Occasionally, the downslope flows from the
southwest portion of the basin will be “felt” more at
the tower site than the other flows. Another explanation
is the balance between the synoptic forcing and the
various basin flows. The actual forcing is probably a
combination of these conditions. Dynamic modeling
of the basin atmosphere would be the next step toward
unraveling the dominant causes. Whatever the cause,
it is quite clear that flow in Lick Run at the release
location is strongly influenced by these changes, and
hence the dispersion is strongly affected, as will be dis-
cussed later.

The surface air temperature (approximately 2 m
AGL) behaved in a similar manner throughout the
basin. Prior to sunset the temperature was at a maxi-
mum of roughly 6°C, and subsequently cooled to a
minimum of —6°C at about 0600 LST. This is a cooling
rate of about 0.8°C h™!. Figure 7 gives the temperature
measured at the WP site and at three levels (1.5, 16,
and 40 m AGL) on the tower. Temperature differences
were measured on the tower through two layers, 1.5~
16 and 25-40 m AGL. The temperature gradient be-
tween 1.5 and 16 m during the release period is strongly
stable at about 0.15°C m™'. Between 25 and 40 m the
temperature gradient is 0.02°C m™', which is closer to
the adiabatic temperature gradient of —0.01°C m™}.

b. Transport winds

The character of the horizontal transport winds is
exhibited in Fig. 8. Each panel gives estimated center-
line locations in the study domain of an averaged con-
tinuous “plume” for various times after the release start
at 2000 LST. These “plume” locations were deter-
mined from the Lagrangian description of fluid particle
motion using the measured velocities #(¢), and v(¢),
where

T Y T
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8 T
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F1G. 7. Five-minute-average temperatures at the tower and
1-h-average temperatures at the WP site.
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FI1G. 8. Estimated “plume” centerline locations at six times computed using measured winds.
Panels (a), (b), and (c) use 0.5-h-average winds and panels (d) and (¢) use 1-h-average winds.
The “X” is the tracer release location, and the darkened square is the wind-data site.

Xi = u(t)dt = xi-y + u;At (1) dinates, and the time interval At is either 0.5 or 1 h,
depending on the wind-station averaging interval.

t The 0.5-1-h averaging times are reasonable for the

YVi= Y-t J; v()dt = yi-1 + viAL (2)  scales of turbulence (integral time scales of minutes to
o several minutes) expected in these flows. In principle,

(3) the “average” continuous plume at any distance from
the release site will not vary with averaging time greater

(x;, y;) is the location of the particle at time ¢;, than ¢,, where ¢, is the averaging time required to ac-
(Xi-1, yi—1) is the location of the particle at time #;_;, count for the effects on diffusion of the dominant scales
u; is the x component of winds averaged over time  of turbulent motion. In practice, the average contin-

N J"i The initial location (X, )o) is the wind-station coor-
Xi~1
4

i—1

and
t,‘ = ti—l + At,

interval ¢;,_, to t;, uous plume will likely vary with averaging times greater
v; is the y component of winds averaged over time than ¢, because of changes in wind direction due to
interval #;_, to ¢;. other time-varying forces. These can be, for example,
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flow oscillations, rotors, waves, blocking, and chan-
neling. The range in variations of the averaged plume
location is demonstrated in the various panels in Fig.
8. Figure 8a shows a narrowly confined plume, whereas
Fig. 8b, for example, shows more variation in plume
location with time, even though both use 30-min-av-
erage wind data.

The “plume” centerline location in Fig. 8a is within
Lick Run at the release location. The winds above Lick
Run, as represented by the wind profile at the FAA
site (Figs. 8b,c), indicate greater “plume” meander
(40° sector) than within Lick Run (~4° sector). The
transport direction is to the east through southeast
above Lick Run versus to the south-southeast in Lick
Run. This is a 30°-70° wind-direction shear, which
would enhance horizontal plume dispersion (discussed
later) as the plume moves from the release location.
The distance between symbols on any plume path in
Figs. 8a-c represents the distance the plume traveled
in 0.5-h intervals. The winds were much lighter at the
release location in Lick Run (Fig. 8a) than above the
ridge along Lick Run (Figs. 8b,c).

Figures 8d,e reveal the transport character of the
winds at other locations in the Roanoke basin. Hourly
winds at locations CIV and MSP are represented. The
CIV site (290 m MSL) is located near the Roanoke
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city center in the lower portions of the Roanoke basin.
The transport direction is southerly over a large sector
of influence (~80° sector). This direction is consistent
with the local slope of the basin floor being in a south-
erly direction. The transport directions at the MSP site
(Fig. 8e) are in nearly the opposite direction from those
of the tower and release-site transport directions. The
winds at the MSP site are dominated by the downslope
winds off the northwest-facing slopes at the outflow
boundary of the Roanoke basin.

¢. Pool formation

A tethersonde was operated at the lowest point in
the basin (Fig. 3) with ascents to about 150 m AGL
(424 m MSL). Potential-temperature profiles from four
ascents are given in Fig. 9. These profiles reveal a
slightly stable region that grows from the basin floor
up to a maximum height of 50 m AGL (324 m MSL)
by about 0250 LST. The top of this slightly stable region
is considered to be the top of the cold-air pool and is
marked by black dots on each successive sounding in
Fig. 9. The ascent rate of the top of the pool is calculated
to be about 9 m h™'. At this ascent rate the entire fill
time is about 5.6 h. This gives a fill start time of around
2115 LST, which is consistent with the end of the eve-
ning transition period.

150 v L 1 1 L]
I (0010-0030 LST) 1
125 1
g 100 .
< H 1
g 75 F -4
£ H !
3 50| .
b [ ;
25 .
0 { 1 ] r ] s L ]
266 268 270 272 274 276
Potential Temperature (K)
150 | b Ll T v L]
b (0410-0430 LST) 1
125 F 1
3 10Ff .
< b 4
E 75} .
£ L |
i<
% 50 1
25 b
0 L " 1 A Jl 2 L ]
266 268 270 272 274 276

Potential Temperature (K)

FIG. 9. Potential-temperature profiles at the tower and tethersonde during experiment 4. The thick line represents
5-min-average values on the tower at the same time as the corresponding instantaneous tethersonde observations. The

solid dots represent the top of the cold-air pool.
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Also shown in Fig. 9, with the heavy dark lines, are
the temperature measurements from four levels on the
tower. These measurements are shown at the same
MSL height as the tethersonde observations. ( The base
elevation of the tower is 331 m MSL and the tether-
sonde is 274 m MSL.) After the pool has formed, an
elevated temperature inversion, with virtually the same
strength and location as the surface temperature in-
version at the tower site, is present over the tethersonde
site. This elevated temperature inversion has its base
at 324 m MSL and its top at 342 m MSL, as shown
with asterisks on the tethersonde line in Fig. 3. The
evolution of this elevated inversion over the tethersonde
site is consistent with cold air filling the basin behind
the barrier. During the early stages of the pool for-
mation, the cold air, moving down the slopes, falls to
the lower portions of the basin seeking a level with the
same potential temperature. As the basin fills the cold
air travels at successively higher levels until the basin
is full. Once full the cold slope flow travels across the
basin over the top of the cold-air pool and exits the
basin over the low barrier of mountains to the south-
east. Similar behavior was observed in the Gstettneralm
Sinkhole near Lunz in Austria, where cold slope flow
from the upper slopes of one side of the sinkhole trav-
eled over the top of the cold-air pool and flowed into
the Lechner valley over a low saddle on the opposite
side of the sinkhole (Sauberer and Dirmhirn 1954).

Figures 10 and 11 give profiles of wind speed and
wind direction from the tethersonde for the soundings
given in Fig. 9. These show the winds to be weak and
variable below the inversion top (about 70 m AGL),
and stronger and more steady above the inversion top.
These observations also help define the limits of the
pool that has formed.

A simple model is proposed for determining the pool
filling rate based on continuity. Knowing the volume
flow rate of the slope winds feeding the basin and the
volume of the basin, the height of the top of the cold-
air pool H.,(t) can be calculated from

150 T
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0 1 2
3 4

Wind Speed {(nvs)

F1G. 10. Wind-speed profiles from the tethersonde
during experiment 4.
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F1G. 11. Wind-direction profiles from the tethersonde
during experiment 4.
Hea Ica
f Ap(2)dz = f W (t)dt (4)
0 0
where

Ap(z) is the horizontal area of the basin as a function
of height (m?),

z is the vertical coordinate with its origin at the lowest
point in the basin,

W (1) is the volume flow rate of air accumulating in
the basin (m>s™!), and

Ica is elapsed time (s), with the basin beginning to
fill at t., = O.

Initially, H, is zero when ¢, is zero. The maximum
value of H,, is constrained to be less than or equal to
the height of the lowest outflow barrier in the basin.
The maximum value of H, is expected to depend on
atmospheric stability and wind strength above the cold-
air pool. The volume flow rate of air accumulating in
the basin can be determined from observations of slope-
flow strengths and depths, or from slope-flow models
(e.g., Hanna et al. 1982). The horizontal area of the
basin as a function of height can be determined from
topographic maps or digital terrain models. Based on
results from this study, filling should start at the end
of the evening transition period.

Consider the 2D representation of the Roanoke basin
given in Fig. 3 to be approximated as a gradual linear
slope at angle 8 to the horizontal blocked at the down-
slope end by a vertical barrier. This forms a pool vol-
ume, per unit width of basin, represented by a right
triangle. If the volume flow rate into the basin is con-
stant, then Eq. (4) can be evaluated as

H, = (2¢4t., tand)!/? (5)

where
6 is the elevation angle of the basin floor, and
¢s(2) is the volume flow rate per unit width of the
basin (m?s™!).
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The basin fill time T, can be calculated from Eq. (5)
as

— Hga( Tca)

Tea = 6
2¢, tand (6)

where H, is approximately 50 m, € is 0.5°, and ¢, is
estimated from the tower measurements as 8 m?s ™!
(0.8 m s~ through a depth of 10 m). The 10-m depth
corresponds roughly to the depth of the strongest por-
tion of the surface-based temperature inversion ob-
served at the tower. The resulting fill time for the
Roanoke basin determined from Eq. (6) is approxi-
mately 5 h. This is comparable with fill time estimated
from Fig. 9.

d. Tracer concentrations and diffusion rates

A vertical profile of SF¢ was measured at 0340-0400
LST. The results are given in Fig. 12, plotted with the
temperature as a reference. An elevated plume is pres-
ent above the inversion top. This is consistent with the
results given previously, that air from near the elevation
of the tower site (and the release site; Fig. 3) traveled
at the elevation of the top of the cold-air pool.

Ground-level concentrations are given in Fig. 13 for
selected hours during experiment 4. The temporal
variation in the pattern does not change significantly
through the study period other than the downwind
movement of the trailing edge of the tracer plume after
the release stops at 0400 LST. The tracer plume also
covers a significant portion of the basin, especially
within a few kilometers of the release site. The ground-
level concentration diminishes rapidly with distance
from the release point, especially downwind from arc
2. Figure 14 shows this more clearly, where the max-
imum concentration measured on each arc is plotted
versus distance from the release site. The decrease in
concentration with distance is much greater than nor-
mally expected for a ground-level continuous plume
in a slightly stable atmosphere, even in complex-terrain
situations.

150 T T Y
125 F b
T SFé
= 100 \\ 3
[0}
é }
= 75 e
5 —
£ 50 .
25 b
0 1L . A L
- -2 0 200 400
Temperature (°C) SF6 (ppt)
FIG. 12. Tracer and temperature profiles at 0340-0400 LST

from the tethersonde during experiment 4.
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The cold-air pool described previously plays a sig-
nificant role in the dispersion of the tracer, as is dem-
onstrated in Fig. 12. The pool behavior dictates the
height of the plume above the ground, which has a
distinct effect on ground-level concentrations. Inspec-
tion of Fig. 12 indicates that the vertical diffusion rate
may be affected considerably by the vertical tempera-
ture structure of the pool. The magnitude of the con-
centration gradient below the concentration peak ( ~75
m AGL) is twice the magnitude of the gradient above
the peak, indicating weaker diffusion downward (to-
ward the surface). This may be due to inhibited ex-
change across the temperature inversion.

The effects of the pool formation on the plume char-
acter at arc O1, and to a lesser extent arc O2, are not
as clearly demonstrated. As discussed in the previous
section, the MSL elevation of the top of the fully de-
veloped pool approached the elevation of the release
site. The elevation differences between the release site
and the lowest point in arcs Ol, O2, O3, and the teth-
ersonde site are 10, 35, 55, and 60 m, respectively.
These elevation differences indicate that the tracer
plume may still be at ground level at arc O1, but is
probably elevated at arc O2, and certainly at arc O3.

As discussed in the section on transport winds, the
wind-direction shear between winds in Lick Run and
winds above Lick Run may enhance the horizontal
plume spread over the spread due to pure turbulent
diffusion. The effects of this wind-direction shear on
horizontal plume spread are investigated next. An es-
timate of the plume spread Y from measurements of
the ground-level concentrations can be determined by

7= " - wca )
where
1 (e o)
Y0=;1-f_w YCdy (8)
A= cay; 9)

—c0

Y is the cross-plume coordinate (), and C is the con-
centration as a function of cross-plume distance (ppt).

A useful exercise is to compare these “measured”
plume widths with estimated values from commonly
used relationships. This provides a link with a large
body of previous work on the dispersion of a contin-
uous time-averaged plume in the near-surface bound-
ary layer. This comparison of plume widths is not
meant to imply similarity between the atmospheric
conditions during this experiment and the atmospheric
conditions in the previous studies, but is meant to pro-
vide guidance in the interpretation of the experimental
results. The relationship used here is an approximation
presented by Pasquill (1976) and discussed by Irwin
(1979) where the total plume width o, is computed as
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F1G. 13. One-hour-average ground-level tracer concentrations measured over the study domain
at six selected times. The “X” denotes the release location and the numbers are the exponents of
10 representing the tracer concentration in parts per trillion (ppt).

02 = a7+ o2 (10) o, = oylf, (12)

where ¢? is the horizontal plume spread from atmo-
spheric turbulence and ¢2 is the horizontal plume
spread from wind-direction shear.
A rough estimate of g, suggested by Pasquill (1976)
is
62 =0.03¢2X" (11)

where X is the downwind distance (m), and ¢ is the
turning of wind direction through the plume depth
(rad).

The plume spread due to turbulence is of the form
recommended by Hanna et al. (1977):

where ¢, is the standard deviation of the cross-plume
winds (m s7'), ¢ is the travel time (s), and f; is a non-
dimensional function of travel time.

The function f; used is that recommended by Irwin
(1983):

£y =1+ 0.9(¢/1000)'/2]~" (13)

and the travel time ¢ can be estimated by ¢t = X/ U,
where U is the average transport wind speed.

The “measured” Y’s determined using Eq. (7) are
given in Table 1. The computed plume widths are also
given in Table 1, using o, equal t0 0.2 m s~!, ¢ equal
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FIG. 14. Maximum 1-h-average ground-level tracer concentration
measured on each sampling arc versus distance from the release site.
The heavy solid and dashed lines give results using the Gaussian
plume equation with measured and computed horizontal plume
spread, respectively. The plume-spread values are from Table 1.

to 1.22 rad (70°), and U equal to 0.6 ms~'. To be
consistent with the 1-h averaging time of the measure-
ments of plume spread, the preceding values reflect 1-h
averages. The ¢, and U were from measurements at
the release site, and ¢ was estimated from Fig. 8. This
value of ¢ is an extreme value taken as the difference
between the plume path in Fig. 8a and the middle of
the paths in Fig. 8b, and is an estimate of the maximum
wind-direction shear between the winds in Lick Run
and the winds above Lick Run.

The results in Table 1 show that the estimate of
plume spread due to turbulent diffusion is about one-
third of the measured plume spread for arcs Ol and
0O2. Including the effects of wind-direction shear on
total (turbulence plus shear) plume spread improves
the ratio to 3:4. This indicates that other processes may
be contributing to the horizontal plume spread besides
turbulence and wind-direction shear. The other pro-
cesses affecting dispersion result from airflow interac-
tions with the terrain in the vicinity of the release site
and arcs O1 and O2. Near the surface, the plume can
follow various paths down gullies and around or over
small terrain features. Even slight changes in the winds
can cause path changes. The formation of a cold-air
pool in the lower portions of the basin is another im-
portant process affecting dispersion. The effects of the
pool on horizontal plume spread are not well under-
stood.

The decrease of the maximum ground-level concen-
tration with distance from the release site is discussed
next. As mentioned previously, the concentration de-
creased, after arc O1, at a greater rate than expected
for a ground-level plume, given the meteorological
conditions observed during experiment 4. Figure 14
shows the maximum 1-h-average ground-level con-
centrations at five sampling distances for four times.
The times reported are ending times of the hour-in-
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tegrated samples. Considering an average transport
wind speed of 0.6 m s™!, the three sampling arcs and
the tethersonde site should be “seeing” the plume be-
fore the time of the earliest (0200 LST) results given
in Fig. 14.

The vertical profile of tracer measured at the teth-
ersonde site (Fig. 12) showed the presence of an ele-
vated tracer plume. The results concerning the spatial
extent of the cold-air pool (Fig. 9) indicate that the
plume was probably elevated beyond arc Ol. This
plume elevation by itself will result in a greater decrease
in concentration with distance than for a ground-level
plume.

Simple plume calculations are made next to provide
guidance for investigating the effect of an elevated
plume on ground-level concentrations. The tracer
plume is assumed to travel at ground level to arc Ol,
then travel horizontally at 324 m MSL. This makes
the plume centerline 24 m above arc O2, 42 m above
arc O3, and 50 m above the tethersonde site. The plume
equation used assumes Gaussian-shaped probability
density functions of the horizontal and vertical con-
centration distributions and does not consider reflec-
tions from the ground or elevated layers. The plume
equation is

2
X = (155 X 106)#exp[—%(f) ] (14)
yO0z z

where

X is the ground-level centerline concentration (ppt),
Q is the tracer release rate (g s™'),
z is the plume height above ground level (m),

and the numerical coefficient converts the concentra-
tion to parts per trillion. The vertical diffusion coeffi-
cient o, is determined using the same general form as
used to estimate o, in Eq. (12):

0z = o'w[f; (15)

where ¢, is the standard deviation of the vertical winds
(m s™!), ¢ is the travel time (s), and £, is a nondimen-
sional function of travel time.
The function f; used is that recommended by Irwin
(1983) for stable conditions
f=1[1+0.9(/50)"21"! (16)

and the travel time ¢ is estimated in the same way as

TABLE 1. Horizontal plume spread.

X Y oy oy _ _
Arc (m) (m) (m) (m) o,/Y a/Y
ol 1450 550 400 200 0.73 0.36
02 4500 1350 1050 450 0.78 0.33
03 7550 2900 1700 600 0.59 0.21
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