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ABSTRACT

The first phase of an atmospheric tracer experiment program, designated Project Sagebrush, was conducted
at the Idaho National Laboratory in October 2013. The purpose was to reevaluate the results of classical field
experiments in short-range plume dispersion (e.g., Project Prairie Grass) using the newer technologies that
are available for measuring both turbulence levels and tracer concentrations. All releases were conducted
during the daytime with atmospheric conditions ranging from neutral to unstable. The key finding was that the
values of the horizontal plume spread parameter o, tended to be larger, by up to a factor of ~2, than those
measured in many previous field studies. The discrepancies tended to increase with downwind distance. The
values of the ratio o,/cy, Where o, is the standard deviation of the horizontal wind direction, also trend near
the upper limit or above the range of values determined in earlier studies. There was also evidence to suggest
that the value of o, began to be independent of o for o greater than 18°. It was also found that the commonly
accepted range of values for o in different stability conditions might be limiting, at best, and might possibly be
unrealistically low, especially at night in low wind speeds. The results raise questions about the commonly
accepted magnitudes of o, derived from older studies. These values are used in the parameterization and
validation of both older stability-class dispersion models as well as newer models that are based on Taylor’s
equation and modern PBL theory.

1. Introduction source model “RLINE” (Snyder et al. 2013; Venkatram
et al. 2013), and the Atmospheric Dispersion Modeling
System (ADMS; Carruthers et al. 1994) have moved away
from P-G stability classifications and instead estimate the
plume spread parameters using a combination of Taylor’s
(1921) theory and current understanding of the PBL.
Nonetheless, these newer schemes remain semiempirical
in nature, requiring tracer data to estimate unknown pa-
rameters that vary with the scheme.

A small number of short-range tracer experiments
conducted in the 1950s and 1960s have been the primary
source of data for fitting the empirical components of
the o, and o, schemes. Prominent among these was

) o . Project Prairie Grass (PPG; Barad 1958a,b). Other
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The horizontal plume spread parameter o, and the
vertical plume spread parameter o, both derived from
Gaussian distributions, are frequently used to model
plume dispersion. Early schemes for estimating these
parameters were mostly empirical fits to data from tracer
experiments. One of the most common of these schemes is
the Pasquill-Gifford (P-G) curves (Pasquill 1961), which
provide estimates of o, and o, for six different atmo-
spheric stability classes. More modern models such as
“AERMOD” (Cimorelli et al. 2004), the research line
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“uranine” dye releases at the National Reactor Testing
Station in Idaho [Islitzer and Dumbauld 1963; the site is
now called the Idaho National Laboratory (INL)]. Slade
(1968) provides a comprehensive listing of these early
tracer experiments together with a summary of the
knowledge about dispersion at the time.

PPG remains one of the most-used tracer studies for
flat terrain, but it had limitations. The entire study took
place during a dry period in Nebraska over a mown grass
field during July and August of 1956. Information on
vertical dispersion came from a single set of towers
100 m downwind of the source, with a maximum tracer
measurement height of 17.5m AGL. Information on
PBL stability and surface fluxes was derived from mean
wind and temperature profiles, since no instruments
were available at that time for measuring fluxes directly.
PPG is still often used as a benchmark for the testing and
validation of models, including modern models that are
based in PBL theory. Given the limitations of PPG and
other classical short-range tracer studies, it is reasonable
to raise the question of whether the reported results are
repeatable and generally applicable to other regions.
Would tracer studies using modern meteorological in-
strumentation produce results that are similar to those
of the classical studies?

In addition to these uncertainties, inspiration for
revisiting short-range tracer dispersion comes from a
2008 tracer experiment that the National Oceanic and
Atmospheric Administration (NOAA) Air Resources
Laboratory Field Research Division (hereinafter
ARLFRD) conducted at the U.S. Department of
Energy’s INL site (Finn et al. 2010). The focus of the
2008 experiment was the effects of roadside sound bar-
riers on vehicle pollution, but a subset of the data was
compared with the PPG results and showed interesting
deviations (A. Venkatram 2011, personal communica-
tion). Were the observed deviations due to different
surface roughnesses at the two sites, different methods
of measuring boundary layer stability, random vari-
ability, seasonal differences, or perhaps something else?
Would further tracer-release studies continue to show
deviations from the PPG results?

To address some of these uncertainties, ARLFRD
planned a series of tracer field studies, designated as
Project Sagebrush (PSB). This is a multiple-phase and
multiple-year effort to study plume dispersion from
continuous sources in the horizontal and vertical di-
rections over a range of seasons, atmospheric stabilities,
and wind conditions. The first phase (PSB1) was con-
ducted in October of 2013, and several differences were
observed relative to the classical studies and to the dis-
persion schemes that are based upon those studies.
Some of these differences will be detailed here, with
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others to follow in later papers. A comprehensive report
on PSBI, including the rationale and detailed de-
scriptions of the SFg tracer and meteorological mea-
surements, can be found in Finn et al. (2015).

This paper will focus on highlighting the differences
between PSBI1 results and those from past field studies
and existing modeling schemes and not on the devel-
opment of any particular model. The primary purposes
of this paper are 1) to provide a summary of Project
Sagebrush phase 1, 2) to raise concerns about the rep-
resentativeness of the o, values obtained from PPG for
model parameterization and validation, and 3) to raise
concerns about the continued widespread usage of the
stability-class modeling schemes.

2. Experimental configuration

Project Sagebrush is being executed on the NOAA
*“Grid 3” tracer dispersion array located on the INL site in
southeastern Idaho. The INL is located across a broad,
relatively flat plain on the western edge of the Snake River
Plain (SRP) in southeastern Idaho. Elevations across
the INL are approximately 1500 m MSL. Several parallel
mountain chains with peaks exceeding 3000m MSL
dominate the western edge of the SRP. These chains are
separated by a series of tributary valleys that feed into
the SRP. The mountains and benches forming the eastern
side of the plain are somewhat lower in elevation, with
mountain peaks at roughly 2200 m MSL. Several tributary
valleys also feed into the plain from the east, but they are
not as regularly spaced as those to the west.

The Grid 3 area (Fig. 1) was specifically designed to
conduct tracer dispersion studies, and numerous studies
have been conducted there over time (e.g., Start et al.
1984; Sagendorf and Dickson 1974; Garodz and Clawson
1991, 1993a,b; Finn et al. 2010). Conducting PSB at Grid
3 also allows ARLFRD to include valuable knowledge
from previous work gained over the years as well as to
make use of all of the meteorological measurements
from a large meteorological tower network in the region
(Clawson et al. 2007; Rich et al. 2015, manuscript sub-
mitted to J. Idaho Acad. Sci.).

A notable element of the network is a 62-m tower
(designated as GRI) at Grid 3 that provided vertical pro-
files of wind, turbulence, fluxes, and air temperature. An-
alyses of data from this tower showed that the near-surface
wind usually blows parallel to the axis of the SRP, with
southwest winds common during the day and northeast
winds at night (Clawson et al. 2007). GRI lies about 13 km
southeast from the nearest mountains, but the orientation
of the prevailing winds means that the tracer facility has a
relatively flat, uniform fetch extending many tens of kilo-
meters in the prevailing upwind direction. The boundary
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FIG. 1. Image of the experimental field site showing tracer bag-sampling arcs, northeastern axial
road, and locations of some key sites (image is copyright by Google, Inc.).

layer under such conditions is expected to be mostly
uniform.

The site also offers relatively uniform aerodynamic
characteristics across the Grid 3 area (Fig. 2). The can-
opy is mostly sagebrush and grass. GRI has routine wind
and temperature measurements at 2, 10, 15, 45, and 60 m
above the ground. Wind profiles from this tower in near-
neutral conditions have been used in a statistical algo-
rithm to estimate the roughness length z, at the tracer
facility. For the southwesterly winds that are common
during the day, the median zo is 3cm, with a 90%
probability interval of 2.5-3.5 cm. For the northeasterly
winds that are common at night, the median z,is 3.8 cm,
with a 90% probability interval of 3.3-4.4cm. The
slightly higher roughness length for northeast winds may
be due to the old river channels and low terrain un-
dulations to the north of the facility. Estimates of the
displacement height d were also computed from the
GRI profiles, but the values are not significantly differ-
ent from zero. A small displacement height of a few
centimeters probably exists but is not detectable with
the current observations on the tower.

During PSB1, a twin-engine Piper Navajo aircraft op-
erated by the University of Tennessee Space Institute was
available for making fast-response airborne SFs measure-
ments. Because of minimum altitude restrictions and the
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need to operate the aircraft in daylight, the PSB1 tracer
releases were limited to unstable and neutral conditions.
These airborne measurements will not be described fur-
ther here, but the presence of the aircraft explains the lack
of releases in nighttime stable conditions during phase 1.
Five SFq tracer releases took place from 2 to 18 Oc-
tober 2013. Because the releases were restricted to the
daytime when prevailing winds are from the southwest,
the study domain was located primarily on the northeast
quadrant of the Grid 3 tracer dispersion array (Fig. 3).
Twenty-eight bag samplers were placed at 3° intervals
from 4° azimuth to 85° azimuth along each of the four
circular arcs designated for a test. These were either the
200-, 400-, 800-, and 1600-m arcs or the 400-, 800-, 1600-,
and 3200-m arcs, depending upon the forecast PBL
stability and the planned release rate. Each bag sampler
was mounted at 1m AGL and contained 12 bags. The
SF¢ tracer was released continuously at a constant rate
from a point source at 1.5m AGL at the center of the
dispersion array for each test. The releases began 0.5h
prior to the start of sampling on the dispersion array to
establish a quasi—steady state SF¢ plume across all of the
arcs. The release then continued at a constant rate for
the 2-h duration of the sampling in the test. The 12 bags
collected samples sequentially, with each bag covering a
10-min interval, and therefore concentration averaging
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FIG. 2. Looking northeast from the Grid 3 tower (GRI) along the axial road at 55° azimuth
across the sampling array. The release point was located at the tall tower closest to the camera.

times between 10min and 2h are available at each loca-
tion. Release rates were set upon the basis of pre-
liminary calculated estimates of concentrations at different
heights and distances, the anticipated atmospheric stability

conditions, and whether the aircraft would be making
tracer measurements during a test. Full details of the tracer

bag sampling, analyses, and release can be found in Finn
et al. (2015).
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FIG. 3. Schematic representation of the NOAA Grid 3 field-study site showing the locations of
the bag samplers on arcs, release point, towers, and meteorological measurement sites.
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TABLE 1. Test summaries. The superscript plus sign after the date denotes aircraft sampling. Start times are in mountain standard time.
The friction velocity ux (ms™') and Obukhov length L (m) represent the average of the four half-hour calculations, using two-axis
rotation, that cover the sampling periods at sonic anemometers R3 and R4 on the 3200-m arc. The mixing height z; (m) is the average of the
before and after estimates as based on potential temperature from the radiosonde soundings.

Start  Release rate
Test Date time (gs™h Meteorological summary R3usx Rd4usyx R3L R4L Zi

1 20ct20137 1430 10.177 Mostly sunny with cirrostratus haze. 0.12 0.17 -41 -13.7 1115
Wind speeds 1-2ms ™ ; oy 18-67°

2 50ct20137 1300 9.986 Mostly sunny. Wind speeds 2.4-4.8ms™1; 0.22 0.24 =55 —-8.0 1137
oy 10-64°

3 7 Oct 20137 1300 9.930 Mostly sunny. Wind speeds 7.3-10.0 m sh 0.59 0.55 -109.7  -93.6 951
oy 8-11.5°

4 11 Oct 2013 1400 1.043 Mostly sunny. Wind speeds 4.3-5.9ms ™ %; 0.37 0.31 =246 —17.0 2131
0 9.5-20°

5 18 Oct 2013 1300 1.030 Mostly sunny. Wind speeds 3.6-5.0ms™; 0.36 0.33 -212 -175 1129

oy 11-22°

Three towers, all visible in Figs. 1 and 2, were available
for vertical tracer sampling to the northeast of the source.
The first of these was 15 m (50 ft) tall and was located at the
intersection between the 55° azimuth radial road and the
200-m arc. Samplers were mounted at 1, 5, 10, and 15m
AGL on this tower. The second tower was 21 m tall and
was located at the intersection of the radial road and the
400-m arc. Samplers were mounted at 1, 5, 10, 15, and 20 m
AGL on this tower. The third tower was 30 m tall (100 ft)
and was located 499 m from the source at ~60° azimuth.
This tower served a dual purpose as the meteorological
tower for the nearby command center (COC). Samplers
were mounted at 1, 5, 10, 15, 20, 25, and 30 m on this tower.

In addition to the bag samplers, six fast-response SFg
analyzers were deployed during PSB1 to measure con-
centration fluctuations (Finn et al. 2015). Five of these
were mounted in vehicles and collocated with a bag-
sampling location on the sampling arcs. One analyzer
was mounted in the airplane during tests 1, 2, and 3.
During tests 4 and 5, the airplane was not available and
this analyzer was relocated to a fixed site on the sam-
pling arcs. The fast-response data will have only brief
mention here.

Every effort was made to characterize fully the con-
ditions and structure of the boundary layer for the pur-
pose of identifying all possible meteorological factors
controlling tracer dispersion (Finn et al. 2015). To this
end, ARLFRD, in collaboration with the Laboratory for
Atmospheric Research at Washington State University
(WSU), deployed a broad array of meteorological in-
strumentation and measurements as indicated in Fig. 3:

1) the 62-m Grid 3 GRI tower, with cup and vane
anemometers at five levels (2, 10, 15, 45, and 60 m),
3D sonic anemometers at seven levels (from
ARLFRD at 4, 30, and 45m and from WSU at 2, 8,
16, and 60m), 2D sonic anemometers at six levels,
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air temperature and RH at 14 levels, infrared gas
analyzers at four levels, solar radiation at one level,
barometric pressure at three levels, net radiometers
at two levels, an infrared radiometer, soil heat flux at
two levels (WSU), and soil moisture and temperature
at five levels (ARLFRD),

2) three 3D sonic anemometers arrayed along the
3200-m arc (R2, R3, and R4),

3) the 30-m COC meteorological tower, with cup and
vane anemometers at three levels,

4) a 10-m meteorological tower at 3200 m (TOW), with
cup and vane anemometers at two levels,

5) sodars at 800 (ASC) and 3200 (ART) m (wind pro-
files from 30 to 200 m),

6) 915-MHz radar wind profiler (PRO) and RASS at
~800 m (winds up to 2.9-km height and temperatures
up to ~1-km height),

7) radiosonde launches before and after each test,

8) eddy-correlation surface flux station at about 900 m
on the dispersion array (FLX), with 3D sonic ane-
mometer, infrared gas analyzer, solar radiation, net
radiometer, air temperature/relative humidity, baro-
metric pressure, soil temperature at two levels, soil
moisture, and soil heat flux at four locations, and

9) 33 other (in addition to GRI) meteorological stations
of the NOAA/INL mesonet.

A brief summary of test dates and times, release rates,
meteorological conditions, and atmospheric stability is
given in Table 1.

3. Results for plume spread parameter o,
a. Plume cross-sectional characteristics

PSB1 plume cross sections tended to exhibit complex
internal structure with significant variability, at least on
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FIG. 4. Examples of plume cross-sectional profiles from tests 2, 3, and 4. Times and wind
speed U are shown in the annotation, and distances are indicated in the legends. The cross
sections all represent 10-min-average concentrations.

the basis of 10-min sample averaging. Cross sections
deviated considerably from an idealized Gaussian form,
with a few exceptions that occurred mostly during test 3.
Some examples are shown in Fig. 4. Large, irregular
concentration variations, distinct outlier peaks that are
separate from the main plume, and skewed asymmetry
of concentrations around the peak concentration for
individual cross sections were all very common. Fur-
thermore, some of the cross sections exhibited truncated

Brought to you by NOAA Central

profiles at the edge of the sampling array. Truncated
profiles will be defined as those in which the concentration
at an end arc position was greater than 10% of the maxi-
mum concentration along the arc. Some typical PPG ex-
amples (data are from http://envs.au.dk/en/knowledge/air/
models/background/omlprairie/excelprairie/) are shown
for comparison in Fig. 5. It can be seen that the PPG
plumes have much narrower arcs than the PSB1 plumes
for comparable wind speeds and downwind distances.
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F1G. 5. Example PPG plume cross sections, with times and wind speed U shown in the annotation and distances
indicated in the legends. The cross sections represent 10-min integrated sampling concentrations.

b. Methods used for determining o,

Three approaches were used to estimate the hori-
zontal plume spread parameter o,, with the first two
using PSB1 tracer data. The first was based on crosswind
integration along the sampling arc to determine the
second moment about the mean of the data. The plume
width was estimated by calculating the second moment
about the mean of the data:

=g | o-vycw.

where Y is the cross-plume coordinate in meters, C is the
concentration (ppt) as a function of cross-plume dis-
tance, Y is the weighted plume centerline, and A is the
integrated concentration, such that

1 00
Y, = wa YCdy and
A=J Cdy;

o, was then calculated as the square root of (Y)?.
A second method used Gifford’s (1961) relationship

o,=x tan(W/2)/2.15,

where x is the downwind distance in meters and W is the
plume width in radians at the points where the concen-
tration values decrease to 10% of their centerline mag-
nitude. This method assumes a Gaussian distribution of
the plume.

The third approach was based on the relationship
between plume spread and the value of o, the standard
deviation in wind direction in radians, with o, = xo in
the near field (Taylor 1921; Pasquill 1961). It was used to
check the results of the two methods. An empirical ex-
ponent for the downwind distance x, usually ranging in
value from 0.85 to 0.894 (Cramer et al. 1964; Martin
1976; Eckman 1994), is used to account for the increase
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in wind speed with height in some dispersion schemes
(oy = xPoy). Lower values of b have been proposed for a
restricted range of oy (Cramer et al. 1964; Slade 1968).

The concentration variability noted in section 3a in-
troduced complications and significant uncertainties
with respect to the use of the first two methods described
above that are due to the implied assumptions of
Gaussian behavior. Determination of the plume center-
lines and maximum concentrations was particularly un-
certain. Furthermore, neither the second-moment
method nor the Gifford method was optimal for deal-
ing with plume truncation at the edge of the sampling
array.

¢. Method comparison using the average of aligned
and combined plume cross sections

To partially account for the non-Gaussian behavior
with 10-min averaging and plume meander, the indi-
vidual 10-min profiles for tests 2-5 were shifted such that
the approximate centroid of each cross section was
aligned with the others and then the 12 cross sections
over the 2-h release were averaged. The approximate
centroid for each plume cross section was determined by
computing the first moment Y. Although this exercise
involved combining cross sections representing some-
what different stabilities over the two hours, it generated
plumes that, in general, came much closer to the ideal-
ized Gaussian form. This was not done for test 1 because
of the very large plume spread and the limited time
during which the plume was over the sampling array.

A comparison of the three approaches is shown in
Fig. 6. The value of b was set to 1.0 and 0.894 in this
comparison. The results for the third method are
strongly sensitive to the value of b. Most of the curves lie
near the 1:1 line, showing good agreement among the
methods. There are discrepancies for test 3 in which the
second-moment method provides larger estimates of o,
except for b = 1.0. The estimates of o, determined by
the x’o, method are biased in the low direction in test 5
and very much in the high direction for test 2 for b = 1.0.
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FIG. 6. Comparisons of o, calculated by the three methods using shifted, aligned, and
combined plume cross sections for tests (“T°’) 2, 3,4, and 5. For “xsig” the value of b = 1.0; for
“xsigb”’ the value of b = 0.894. The thick line is a 1:1 reference.

d. Comparisons with classical studies

The value of oy, strongly depends on PBL stability,
which is one reason why the original P-G curves are split
into the six stability classes ranging from A (highly un-
stable) to F (highly stable). Although modern dispersion
approaches model turbulent mixing as a continuum, the
A-F stability classification was the original method used
to summarize the results of the classical tracer studies.
Moreover, this simple classification scheme remains
in widespread use, particularly in rapid-response and
screening models such as the Areal Locations of Haz-
ardous Atmospheres model (ALOHA; Jones et al. 2013);
“HotSpot” (Homann and Aluzzi 2014), and the Clean
Air Act Assessment Package—1988 (CAPS8S; Trinity
Engineering Associates 2013). For these reasons, it is still
instructive to compare the PSB1 results with various o,
curves that have been generated from the old studies. Ata
minimum, such a comparison provides useful information
about the repeatability of the tracer results.

For analyzing the PSB1 results, the Pasquill stability
class was determined using the U.S. Environmental
Protection Agency (EPA) oy method (EPA 2000). Use
of the Solar Radiation-Delta T method (SRDT; EPA
2000) was also investigated, but it limited the results to a
narrow range of stabilities. One set of curves used for
comparison with PSB1 is the original Pasquill-Gifford
curves (Pasquill 1961; Gifford 1961). The P-G curves
were later refined (Turner 1970; Martin 1976; Pasquill
1976), and additional dispersion schemes utilizing the
A-F stability classification were introduced. The Mar-
kee (Sagendorf et al. 2001; Start and Wendell 1974;
Fuquay et al. 1964) and Briggs (Briggs 1974; Gifford
1976) curves are also included here in the comparisons.
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Since the PSB1 bag samplers collected 10-min-
average concentrations sequentially over the two hours
of each release, the effects of concentration averaging
time can also be evaluated. Ideally, the plume edges
should be bounded by background level concentrations
of ~8 ppt SF on both ends of an arc, but this was often
not the case. Therefore, truncated concentration profiles
were excluded from the o, second-moment calculation.
Then, the effects of averaging time were examined using
all nontruncated 10-min cross sections. The 10-min bag
samples were averaged over 20-, 30-, 40-, and 60-min
periods for successive periods not interrupted by trun-
cated cross sections. The averaging was done by arc po-
sition, with no plume realignment.

The PSB1 measurements of o, calculated using the
second-moment method and classified by Pasquill sta-
bility class and averaging period, are shown in Fig. 7.
They are compared with those determined from the
P-G, Markee, and Briggs dispersion-model curves. One
salient feature is that the calculated PSB1 o, results are,
with the exception of class A, consistently high by a
factor of ~2 relative to the published dispersion curves
shown. Also shown in Fig. 7 are the o, obtained using
the second-moment method for the tracer data from
PPG classified by the EPA o method. There was only
one case of class A and one case of class B during PPG
based upon the EPA oy method. There is good agree-
ment between the PPG data and the model curves out to
the extent of the PPG data at 800 m. The PSB1 data are
somewhat consistent with the model curves out to 400 m,
but beyond that the PSB1 o, values begin to deviate
considerably, except for class A.

Another feature of Fig. 7 is that the effect of the av-
eraging time on the PSB1 o, values is surprisingly small.
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FIG. 7. Estimates of o, using the second-moment method for stability categories A—D and
averaging periods ranging from 10 to 60 min. The corresponding estimates of o, determined by
the Markee, P-G, and Briggs dispersion schemes for each A-D stability category are shown for
comparison. Also shown are the o, from PPG for each stability class. PSB1 data points are
shifted by —20 m and PPG data are shifted by +20 m along the x axis to avoid overlaps.

If large scatter is discounted, there is a suggestion of a
trend toward higher values of o, as averaging time in-
creases, but it is not obvious. Larger values of o, would
be anticipated for longer averaging times as the effects
of lower-frequency wind meander are more fully in-
corporated into longer averaging periods. Some pre-
vious work has found that o was a function of sampling
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time and surface roughness and increased by a factor of
2 for 1-h averaging relative to 3-min averaging (Pasquill
1975, 1976). A common adjustment that has been used
in the past is a 0.2 power law for averaging time.

One issue to consider in evaluating the results is that
the method of averaging is different between PSB1 and
the classical studies. In the earlier studies, the tracer
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FIG. 8. Plots of 10-min-period o, predicted by AERMOD vs those estimated from PSB1 data using the second-moment
method, in terms of (a) downwind distance x and (b) test number. The black lines are 1:1 references.

samplers were operated continuously while the averag-
ing time was set by shutting off the source after a spec-
ified time interval. In other words, these studies were
looking at elongated puffs resulting from a limited re-
lease period. In PSB1, the tracer was released continu-
ously over a period exceeding 2h. The averaging time
was set by programming the bag samplers to sequen-
tially switch to a new bag every 10min. Sampling a
continuous plume for 10 min is not necessarily equiva-
lent to sampling a release of 10-min duration. In the
former case, the tracer being sampled in any given
10-min interval may have been released from the source
over a period well in excess of 10 min. Because of the
different release configuration, the effects of averaging
time in the PSB1 observations may differ from previous
studies. The fast-response analyzer data indicated that
plume-meander periodicities were commonly on the
order of 12-15 min or less.

Figure 8 shows a comparison between the o, pre-
dictions of AERMOD (Cimorelli et al. 2004), a model
that uses more recent PBL theory to estimate turbulence
levels, and results from PSB1. The equation used in

AERMOD is
o.x 1+ ox\7’
U\ g,

o =

in which z; is the PBL depth, U is wind speed, o, is the
crosswind standard deviation in wind speed, and a and
p are empirical constants. This semiempirical scheme is
based on the near- and far-field limits of Taylor’s (1921)
equation and assumes that the time scale that determines

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 03:23 PM UTC

the transition to the far-field limit scales with z;/o,. The
values of the empirical constants were found to be
a = 78 and p = 0.3 on the basis of fits to PPG data. In
Fig. 8 the value of z; was taken as the estimated height
of the boundary layer based on radiosonde potential
temperature profiles before and after the tracer re-
leases. The values of o, and U from the 4-m level on
GRI were used in the calculations. It is clear from Fig. 8
that the « and p values, as derived from PPG, do not fit
the PSB1 results.

It is worth noting that if there were no edge effects on
the tracer sampling, the result would be still larger o,.
There were numerous profiles included in the determi-
nations of o, for which the tracer concentrations were
greater than background levels of ~8 ppt SFg at one or
both ends of the arc but less than 10% of the maximum
concentration along the profile. While concentrations in
this range tended to be skewed toward background
concentrations, the criterion of less than 10% of maxi-
mum would still have the effect of somewhat reducing
the magnitude of o, calculated for these profiles as a
result of exclusion of some portions of the tail(s).

e. PSBI measurements of a4 and turbulence intensity

The range of oy measured during PSB1 is summarized
in Fig. 9 as a function of wind speed. PSB1 oy were
calculated from wind vanes in Campbell Scientific,
Inc., CR23X dataloggers using the Yamartino method
(Yamartino 1984) with 1-s sampling and 5-min averag-
ing periods. The 5-min periods were then averaged to
10-min periods on the basis of the procedure given in
EPA (2000). Figure 9 also shows the observed values of
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FIG. 9. Ten-minute-average wind vane o, for all tests from COC and GRI at 2m AGL as
a function of cup anemometer wind speed. The test number (1-5) is appended to the COC or
GRI designation. The 10- and 20-min-average daytime PPG results at the source (src) and

450 m downwind are shown for comparison.

oy from PPG. There is no evidence in this figure to
suggest that the daytime values of o in PBS1 differ in a
systematic way from those in PPG.

The cup anemometers and wind vanes on the GRI,
COC, and TOW towers gave generally consistent results
for wind speed, wind direction, and o across the study
area (Finn et al. 2015). The o results for tests 2, 3, and 4
are representative of the range of values observed dur-
ing PSB1 (Fig. 10). Although spatial variation in o4 was
sometimes observed across the study area, the overall
tendency was toward horizontal homogeneity.

Vertical profiles from GRI of ¢y, measured by wind
vane, and turbulence intensity (o,/U), measured by
sonic anemometer, are shown in Fig. 11. The wind vane
results have been converted to radians for the purpose of
comparison with the turbulence intensities. The ranges
of turbulence intensities measured by the sonic ane-
mometers during PSB1 were consistent with the oy
measured by wind vane. The kinks in some of the sonic
profiles are mostly due to transitions between WSU and
ARLFRD sonic anemometers. Each WSU sonic ane-
mometer was collocated with an infrared gas analyzer
(IRGA). Itis suspected that the proximity of the IRGAs
might have contributed to the larger values often asso-
ciated with the WSU sonic anemometers relative to the
ARLFRD sonic anemometers (no IRGA).The fact that
there were three makes of sonic anemometer involved
could also be a factor (Campbell Scientific model
CSATS3 at 2, 8, 16, and 60m; Gill Instruments, Ltd.,
models R3 and Windmaster Pro at 4 and 30 m, and R.M.
Young Co. model 81000 at 45 m).

There was no evidence of anemometer instrumenta-
tion problems during PSB1 or that the oy measurements
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were flawed or anomalous. The wind vane results in
Fig. 10 exhibit internal consistency. The sonic anemome-
ter measurements of wind speed, wind direction, and
turbulence on GRI and along the 3200-m arc (TOW; sonic
anemometers R2, R3, R4) were consistent with other
measurements at comparable heights and provided evi-
dence of horizontal homogeneity. The cup anemometers
and wind vanes are modern instruments that had been
checked and calibrated to modern standards days prior to
the experiments. The sonic anemometer measurements of
turbulence intensity provide an independent check on the
wind vane measurements of oy as well as independent
checks between the WSU and ARLFRD sonic ane-
mometers (Fig. 11). There were some differences, but the
overall ranges and magnitudes were consistent among the
cup anemometers and wind vanes, WSU sonic anemom-
eters, and ARLFRD sonic anemometers.

Although a greater fraction of the oy measurements
during PSB1 fell within the more unstable P-G stability
classifications than was observed during the daytime PPG
experiments, as determined by the EPA method, the
overall range of variation in o, was similar for PSB1 and
PPG. Figure 12 shows there was no discernible difference
in daytime measurements between o determined by both
sonic anemometer and wind vane measurements during
autumn 2013 at the INL test site and those from PPG.
Here, wind vane values of oy have been converted to ra-
dians to facilitate comparisons with sonic anemometer
measurements of turbulence intensity. The PPG results
shown here are for the PPG wind vane near the source
using 10-min averaging. Results from the wind vane at
450m during PPG were closely comparable to it, as are
the results using a 20-min averaging period (Fig. 9).
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FIG. 10. Wind vane measurements of o, during tests 2, 3, and 4 during PSB1.

Given the importance of the direct physical relation-
ship between o, and o, this line of inquiry prompted an
investigation into nighttime measurements of 0. These
present a much different picture. The nighttime PPG
values of o, are biased in the low direction with respect
to a suite of measurements from autumn 2013 at the INL
site (Fig. 12). The nighttime bias is most apparent at lower
wind speeds. Even when the PPG mean is similar in value
to others in their respective wind speed bin, they better
match oy measured at higher heights. Furthermore, the
range of variability is severely constricted relative to the
INL measurements. The daytime and nighttime mea-
surements reported in Fig. 12 are for the hours 1000-1600
and 2200-0400 mountain standard time, respectively. It is
beyond the scope of this paper, but it was found there
were daytime and nighttime differences for oy between
PPG and a suite of other sites and not just the INL site.
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The source of the differences between PPG and other
sites is not clear. One possible contributor is the wind
direction sampling rate. Wind directions were sampled
every 2.5s during the PPG experiments. The cup and
vane instrumentation was sampled every second during
PSB1, and the sonic anemometers sampled at 10 Hz.
Some of the variability in wind direction might not be
captured at a lower sampling rate. The PPG anemom-
eters might have had different response characteristics,
but that still leaves the question as to why there is a
difference between day and night.

f. Relationship of o, to oy

Figure 13 shows calculated PSB1 o, as a function of o
for different distances and averaging periods. There is a
suggestion of a linear dependence of o, on o for values of
o up to 18°. The value of o, appears to be independent of
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FIG. 11. Comparisons between GRI wind vane (“CV”’) o, measurements, converted to radians, and sonic an-
emometer measurements of turbulence intensity for each 10-min period of tests 2, 3, and 4. Times indicated in the
legends are start times in mountain standard time.

oy for values greater than ~18°. Of course, the relation model requires the slender-plume approximation (Arya
between o, and o, from Taylor’s equation is based on a  1999), which also is invalid at large o.

small-angle approximation, and therefore it becomes in- As discussed in section 3d, the o, measured during PSB1
valid at large values of op. Moreover, the Gaussian plume  are larger than those found in many of the field studies

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 03:23 PM UTC



1318

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 55

107 INL Cup and Vane
Fall, Day
0-87 O PPG 2m (summer)
0 o GRI2m
S 0.6 GRI 10m
§ COC 2m
= 0.4 ‘ 1 H o €ocC 10m
©
0.2+ { ﬂ{ %
0.0 -
I I I I 1
0 2 4 6 8
U (binned, ms™)
109 INL Cup and Vane
Fall, Night
0.8
— ® PPG 2m (summer)
« ® GRI2m
& 0.6 GRI 10m
® €OC 2m
\“; 0.4 ® COC 10m
©
0.2 H 3 | §
} I{{ 'I )
0.0 -
I I I I 1
0 2 4 6 8
U (binned, ms™)
107 INL Sonic
Fall, Day
0.8 O PPG 2m (vane, summer)
™ GRIwsu 2m
% 0.6 O GRIwsu 8m
=] O GRIfrd 4m
Y GRIfrd 30m
= 044 % R4 3m
©
| i i
0.0 —
I I I I 1
0 2 4 6 8
U (binned, ms™)
109 INL Sonic
08 Fall, Night
— . ® PPG 2m (vane, summer)
@ GRIwsu 2m
g 06+ ® GRIwsu8m
K ® GRIfrd 4m
= 0.4 GRIfrd 30m
© R4 3m
0.2
[ { i{ At Ls
0.0 —
I I I I 1
0 2 4 6 8

U (binned, m s'1)

FIG. 12. Ten-minute-average oy expressed in radians for wind vane and sonic anemometer
measurements for day and night during autumn 2013 at the INL test site. The sonic anemometer
results reported are o, /U. The wind speed bins are 0-1, 0-2, 1-2,2-4,4-6,and >6 ms ™ ! Error bars

represent +1 standard deviation. The PPG measurements are shown for reference.

done in previous decades. Figure 14 is a plot of the ratios of
o,/o as a function of downwind distance for PSB1. Most
PSB1 o,/0 ratios fall near the upper limit of or above the
range of values found in previous field experiments [cf.
Fig. 421 in Slade (1968)]. An exception is test 2 whose
ratios lie within the range of values in Slade’s Fig. 4.21. Test
2 had the lowest U and was the most unstable of the four
tests included in the analysis for o, (Fig. 9). Daytime re-
sults for PPG are included for reference. Similar to the
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observations in Figs. 7 and 8, there is a greater tendency for
PSB1 ratios to exceed the bounds of the range with in-
creasing downwind distance.

4. Discussion

The PSB1 oy, values in Figs. 7 and 8 are systematically
higher, respectively, than 1) the stability-class curves
derived from the PPG data and other classical studies



JUNE 2016 FINN ET AL. 1319

200_10
200_20
200_30
400_10
400_20
400_30
800_10
800_20
800_30
1600_10
1600_20
1600_30
3200_10
3200_20
3200_30

OX + 0 X +

I
30

I I I
40 50 60

o, (deg)

FIG. 13. Values of o, calculated by the second-moment method on nontruncated profiles for
tests 2-5 as a function of o, for different distances (the number in front of the annotation
underscore; m) and averaging periods (the number following the underscore; min).

and 2) the semiempirical scheme used in the more
modern AERMOD model. This is despite the turbu-
lence levels during PSB1 and PPG showing similar
behavior (Fig. 9). Possible explanations for these dif-
ferences include the following:

1) There may be differences in site and/or meteorolog-
ical conditions between PSB1 and previous studies
that are not reflected in the o, observations. This
possibility is discussed below and will be the subject
of future work.

2) There are differences in source configuration and
plume sampling. PPG operated the tracer samplers
continuously and set the plume averaging time by
shutting off the source after 10 min. Thus, the PPG o,

3)

4)

5)

represent the integrated exposure to the passage of a
discrete 10-min plume segment. In contrast, PSB1
used continuous releases of 2.5-h duration and set the
averaging time by programming the samplers to fill
bags for sequential 10-min intervals to obtain aver-
age concentrations.

The atmospheric tracers used in many of the older
studies were not as strictly conservative as SFs. For
example, the SO, tracer in PPG was more prone to
loss by deposition and reaction than is SFs.

The P-G curves assume a sample averaging period of
3min and a z, of 3cm (Pasquill 1976).

Possible differences may arise from the method
used for determining stability classification. That is,
different methods could determine different stability

i2_30avg
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i3_10avg |
i3_20avg

0o X +

Average 6 /G, (M deg'1)

T T

T T T 1
4 5 6 7 89
1
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FIG. 14. Average ratios of o,/0, for different averaging periods (“##avg”) as a function of
downwind distance for tests 2-5 (“'i2-i5"). The average ratios of o,/ from PPG are shown for

reference.
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categories as a result of the meteorological criteria
used. For example, it was found that the SRDT and
g methods often provided much different stability
classifications during PSB1. On the other hand, the
use of the SRDT alternative would have further
exacerbated the differences in o, during PSB1.

6) There are differences in the assumed magnitudes of
o used in different P-G methods for each stability
category.

With regard to explanation 4, Pasquill (1976) and
Hanna et al. (1977) point out that o, is a function of
sample averaging time that should be accounted for.
However, the results of PSB1 suggest that there is only a
weak dependence for sample averaging periods ranging
from 10 to 60 min. Furthermore, on the basis of the fast-
response data, much of the plume variation was proba-
bly on time scales of 12-15min or less.

With regard to explanation 2, Prairie Grass in-
vestigated the dispersion of 10-min plume segments
rather than a true continuous plume. There was less
chance for plume meander and turbulence to shred the
segment in the time available, leaving a greater chance
for the tracer to cross an arc at a specified distance as a
more or less coherent cloud. In contrast, sampling dur-
ing PSB1 used successive 10-min sampling intervals
within a plume released continuously over more than
2h. Each fixed 10-min sampling period had greater po-
tential to be affected by plume segments with release
durations of greater than 10 min. Portions of the tracer
plume could have been pulled away from the main
plume by turbulence, redirected by plume meander, and
slowed down or sped up with respect to the main plume
because of turbulence. This would more likely result in
tracer-bearing parcels with more complex and different
histories arriving at a specified arc distance within a
given 10-min sampling period. The PPG parcels would
be likely to have had histories that were less complex.
These differences would tend to produce observed
plume spreads for a given 10-min sampling period in
PSB1 that were greater than the plume spreads during
PPG, and they may in part account for the weakened
effect of averaging time in PSB1.

Explanation 1 raises some questions and suggests
avenues for further research. Are there peculiarities to
the INL site that make it atypical, resulting in enhanced
turbulence and plume spread? The results shown in
Figs. 9 and 12 find little or no evidence that the observed
daytime differences in o, between PSB1 and PPG can
be attributed to INL site characteristics. The results of
PSB1 suggest that stability-class schemes used to de-
termine o, are, at a minimum, not universally applicable
to all open, flat-terrain sites. How appropriate are the
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values of oy used for the classification into the stability
categories in existing P-G schemes (explanation 5
above)? Are oy larger than is commonly recognized,
especially at night? Daytime and nighttime discrep-
ancies in gy between PPG and those measured by
modern meteorological instrumentation at the INL and
at numerous other sites will be fully developed in a
paper to follow.

Parts of the analysis drew upon Gaussian plume
models that utilized stability-class methods that are
based on results from the old tracer field studies for
parameterization. Although their optimal use is re-
stricted to situations that feature shorter-range disper-
sion, stationarity, and minimal terrain complexity, these
models are preferred in some regulatory applications for
being computationally fast and relatively easy to pa-
rameterize and configure, and they provide consistency
with well-understood limitations. There has been an
evolution in recent years toward the use of more-
sophisticated dispersion models that use some form of
Taylor’s equation and PBL theory for the estimation
of turbulence and model parameterization [e.g., the
Hybrid Single-Particle Lagrangian Integrated Trajec-
tory Model (HYSPLIT; Draxler and Hess 1997, 1998),
RLINE (Snyder et al. 2013), and AERMOD (Cimorelli
et al. 2004)]. Like the older stability-class models,
however, these PBL models have also directly or in-
directly drawn upon the old tracer studies for the setting
of some parameters and/or for validation. The results of
PSB1 raise questions about the parameterization and
validation of any model that is based upon classical field
studies such as PPG.

5. Conclusions

Project Sagebrush was started with the intent to re-
evaluate results from the classical field experiments in
short-range plume dispersion using newer technologies
available for measuring both turbulence levels and tracer
concentrations. Six key results from PSB1 were found:

1) Horizontal plume spread, as given through the values
of o, tended to be larger than that measured in
previous field studies. As a result, the PSB1 o, values
are larger than those predicted by both older mod-
eling schemes, which are based on stability class,
and the newer AERMOD scheme, which still retains
empirical parameters that are derived from the
classical tracer studies. Up to ~400-m distance
downwind, the discrepancies in o, between PSB1,
PPG, and the estimates determined by models de-
veloped from prior field studies were relatively
minimal. As downwind distance increased, however,
the discrepancies increased, with PSB1 o, becoming
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larger by approximately a factor of 2. The PSB1 ratio
of o,/oy showed similar trend lines relative to prior
field studies, but the ratios tend to fall near the upper
limit or above the range of values found in previous
field experiments.

2) One difference that may partly explain the larger
values of o, in PSB1 is related to the source
configuration. In PPG, the samplers ran continuously
while the 10-min concentration averaging time was
set by shutting off the source after 10 min. In PSB1,
tracer was released continuously over more than 2h
while the 10-min averaging time was set by filling
sequential bags over 10-min intervals. The latter
configuration provides more opportunity for larger-
scale eddies to affect the dispersion.

3) The PSB1 plume cross sections from a long-duration
continuous source tended to exhibit a more non-
Gaussian character than the PPG 10-min plume
segments.

4) The evidence suggests that o, becomes independent
of o for oy greater than ~18°, which may be related
to the failure of small-angle and slender-plume
approximations.

5) The poor comparison between the observations of o,
in PSB1 and those that were measured during PPG
and predicted by the stability-class schemes, calls into
question the continued usage of those schemes. How-
ever, the analysis suggests that newer models such as
AERMOD may also need to be re-evaluated because
of their reliance on the classical studies to set certain
empirical parameters in their dispersion schemes.

6) The values of oy measured during PPG are likely to
be unrealistically low, especially at nighttime in low
wind speed conditions. Any continued usage of
stability-class dispersion models should be aware
of this since PPG was an important contributor to
their formulation.
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