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NOTICE

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for any third party’s use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights. Mention of a commercial company or product does not
constitute an endorsement by NOAA/OAR. Use of information from this publication concerning
proprietary products or the tests of such products for publicity or advertising is not authorized.
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ABSTRACT

This report summarizes the release and measurement of the intentionally disseminated
atmospheric tracer sulfur hexafluoride (SF) by the Field Research Division during the URBAN
2000 field study. The URBAN 2000 study was conducted during October 2000 in Salt Lake
City, Utah. SF, was released during seven nocturnal Intensive Observation Periods (IOP) and
was sampled by both continuous and bag samplers. Tracer releases included both point releases
and line releases with release rates of 1-2 g s*. Six continuous analyzers were deployed both as
mobile and stationary units. Stationary bag samplers were positioned at 100 locations in a
downtown urban sampling grid and on 1 km, 2 km, 4 km and 6 km arcs. Bag samplers were also
placed on three building tops in the downtown area and on 2 and 4 km arcs upwind of the
downtown sampling grid. Quality control samplers were placed at 30% of the sampling
locations. A complete quality controlled data set was collected and is described along with a
discussion of the quality control methods.

Tracer concentrations up to 245,000 parts per trillion by volume (pptv) were measured by
the bag samplers with 4% of the samples having concentrations over 10,000 pptv. Most bag
sampler tracer concentrations (35%) were below the method limit of detection (MLOD) of 14
pptv. An additional 17% of bag sample tracer concentrations ranged between the MLOD and the
method limit of quantitation (MLOQ), which was 45 pptv. All other bag sample tracer
concentrations ranged between 45 and 10,000 pptv. Significant tracer concentrations were
measured at building tops in all IOPs. Building-top tracer concentrations appeared to be both
cyclic (of same value) and periodic. On many occasions, the tracer was observed by the mobile
real-time analyzers to be hugging the foot of the mountains along the NW 6 km arc, indicating
very distinct topographic forcing of the tracer. Generally, the SF, tracer plume moved in a
generally north-west direction from the downwind release site, as evidenced by both the bag
sample and mobile real-time analyzer tracer concentrations. However, light winds observed
during 1OPs 2, 4, and 7 resulted in tracer concentrations being observed at 2 and 4 km arcs
thought to be upwind of the release site. The tracer material during these 10Ps did not rapidly
disperse between tracer release periods, and significant quantities of the tracer remained to add
to the concentrations from the subsequent releases. A mesoscale recirculation pattern back
toward the downtown area was observed after sunrise during 10Ps 5 and 7 and perhaps weakly
during IOPs 2 and 4.
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INTRODUCTION

In the autumn of 2000, scientists funded by the U. S. Department of Energy’s (DOE)
Chemical and Biological National Security Program (CBNP) of the National Nuclear Security
Administration conducted a comprehensive field tracer study in an urban environment. That
study has come to be known as URBAN 2000. The study was designed to measure multiple
scales of motion, thereby allowing a nested system of atmospheric dispersion models to be tested
and evaluated under identical meteorological conditions (Allwine et al., 2002). Since that time,
its applicability to homeland security has become readily apparent. CBNP is an applied research
and development program that focuses emerging science and technology on countering the
challenging threat of chemical and biological weapons attacks on civilian populations (U. S.
DOE, 2001). To adequately plan, train and respond to potential attacks, atmospheric models are
being developed, tested, and evaluated as part of CBNP to provide users in intelligence, law
enforcement, and emergency management with an integrated set of computer-based modeling
tools (Allwine et al., 2002).

URBAN 2000 was conducted in Salt Lake City, Utah during October 2000. Salt Lake
City has a rather complicated downtown urban building geometry (Fig. 1). The downtown area
has buildings ranging in height from a few stories to 40 stories (Fig. 2 and Fig. 3) with numerous
parking lots, parking structures, and open areas (Allwine et al., 2002). A set of atmospheric
tracer experiments were conducted to investigate transport and dispersion around a single
downtown building, through the downtown area and into the suburban area to the northwest of

e L, _“"-.' ﬂl‘ —. : . —
Figure 1. Obl

ique aerial photographof downown aIt Lake ity looking towads the northeast
with the Wasatch Mountains in the background. Photograph from Don Green Photography, Salt
Lake City, Utah.



downtown. Spatially dense
meteorological measurements were made
in support of URBAN 2000, both in the
downtown area and in the suburban area.
In addition, the study area was extended
beyond the suburban scale by embedding
URBAN 2000 in DOE’s concurrent
region-wide Vertical Transport and
Mixing (VTMX) tracer and
meteorological study (Doran et al.,
2002).

Both the URBAN 2000 and
VTMX studies were designed to
investigate the nocturnal boundary layer
in stable to neutral atmospheric
conditions and both experiments were
cooperative multi-agency efforts.
URBAN 2000 focused on the urban
nocturnal boundary layer, while VTMX
focused on the valley-wide nocturnal
boundary layer.

B 0w /e Tl [ - e H TN
Figure 2. Map of Salt Lake City downtown buildin
domain showing location of release site (red star),
street corner samplers (blue squares), mid-block
samplers (green squares), and rooftop samplers
(yellow squares). Map background courtesy of USGS.

Under the URBAN 2000 funding 8
umbrella, NOAA’s Air Resources
Laboratory (ARL) Field Research
Division (FRD) deployed a complete
sulfur hexafluoride (SF) atmospheric
tracer release and sampling facility
together with several meteorological .
instruments. The deployed tracer facility
consisted of mobile SF¢ line and point &=
source release mechanisms, six mobile
real-time SF, analyzers mounted in vans, __
and 100 stationary bag samplers together
with an appropriate number of control,

duplicate, and blank samplers. The tracer | Eizis S EEEARVEIERERIT. ¥

analysis facility (TAF), used to analyze  Figure 3. Map of the block and building domain
bag samples, was not deployed to the  syrrounding the release site (red star) during Urban

field; instead, the samples were ~2000. Also pictured is the line source (red line), the
transported back to the FRD home office gowntown street-corner samplers (blue square), and
in Idaho Falls, 1D for analysis. the downtown mid-block samplers (green square).

Perfluorocarbon tracers (PFTs) were also \jap background courtesy of USGS.
used in URBAN 2000 and VTMX,



however these were under the control of other experiment participants. At the time of printing,
these specific PFT reports are unknown; therefore they are not reported here. This report
describes the entire SF, portion of the URBAN 2000 study. A separate report contains a
summary of the meteorological data acquired by FRD as a separate part of VTMX/URBAN 2000
(Clawson and Crescenti, 2002).

The URBAN 2000 and VTMX programs worked in harmony with each other through the
planning stages and into field deployment. All of the Intensive Observation Periods (IOPs) of
URBAN 2000 were conducted simultaneously with VTMX IOPs and followed the VTMX 10P
numbering system. However, URBAN 2000 was not operational during VTMX IOPs 3, 6, and 8.
A summary of I0Ps is given in Table 1. Doran et al. (2002) defined two major meteorological
categories of IOPs. Their analysis is quoted here in full for the benefit of the reader for easier
understanding of the results that follow in this publication.

“1OPs with well-developed drainage circulations. IOPs 5 (14-15 October), 6 (16-17
October), and 8 (19-20 October) can be characterized by clear skies, weak winds aloft at
crest level, strong nocturnal radiation inversions, limited moisture in the boundary layer,
and pronounced drainage flow into the Salt Lake Valley from the west, south, and east.
The surface-based inversions and drainage circulations developed after sunset and
persisted without significant interruption until sunrise. While the synoptic and mesoscale
conditions present during these periods helped to develop these stable boundary layers,
the large-scale conditions were for the most part irrelevant to 10P operations.

“IOPs modulated by synoptic and mesoscale weather systems. IOP 1 (2-3 October)
was intended to test operational procedures for the field program. Operations during the
evening were conducted under clear skies with drainage flows developing as the evening
progressed. However, a synoptic-scale northerly pressure gradient developed overnight to
such an extent that northerly winds began to penetrate into the northern end of the Salt
Lake Valley before midnight and eventually reversed the downvalley (southerly) flow
through the center of the valley. Drainage circulations down into the valley from the
Oquirrh and Wasatch Mountains were largely unaffected, however.

“lOPs 4 (8-9 October) and 7 (17-18 October) exhibited similar boundary layer structure
to those in the first category until 0500 LST. Prior to that time, clear skies, weak winds
aloft, and strong surface-based radiation inversions prevailed. As a result of approaching
upper-level troughs from the west, however, the nocturnal inversions were then eroded in
these two instances both by surface heating and by mixing due to the downward
penetration of southerly winds from aloft.

“During 10Ps 2 (6—7 October) and 3 (7—-8 October), split flow aloft was present with
weak upper-level short waves to the southwest and northeast of Utah. A strong outbreak
of cold air to the east of the Continental Divide progressed westward on 6 October and
overnight. By 0000 LST, easterly flow developed through gaps in the Wasatch
Mountains and spilled through Parley’s Canyon into the Salt Lake Valley. At 0300 LST,



the depth of the cold air to the east of the Wasatch Mountains built to sufficient height to
spill over the lower terrain from Mill Creek Canyon to the area near the University of
Utah in the northeast corner of the Salt Lake Valley and led to gusts in excess of 20 m s™
that penetrated 1-2 km into the valley at the surface. These downslope wind conditions
occur frequently along the Wasatch Mountains and the data collected during VTMX
2000 will provide considerable insight into their formation. The third IOP began at 1500
LST on 7 October and was terminated before midnight. Strong downslope winds
persisted into the evening in the northeastern corner of the Salt Lake Valley and winds in
the western part of the valley were too turbulent to permit tethersondes operations.

“Conditions during the last two I0OPs (IOP 9: 20-21 October and IOP 10: 25-26 October)
were affected significantly by approaching upper-level troughs. Both began in the
afternoon with weak short-wave ridges overhead. Skies were broken to overcast and the
strength of the nocturnal surface inversion and drainage circulations were weaker than
those present during the other 1OPs. A cold front entered the Salt Lake Valley at 0500
LST 21 October, ending operations during IOP 9. Southerly surface winds were
enhanced during 10OP 10 and provided favorable conditions for the final tracer release for
the downtown region.”



Table 1. Summary of URBAN 2000/VTMX IOPs.

IOP Start IOP End
Time Time
IOP Date (MDT) Date (MDT) Meteorological Summary

1 020CTO00 1600 03 OCTO0O0 0500 Clear skies, weak winds, well-
developed drainage

2 060CTO00 1600 070OCTO0 1300  Strong easterly downslope winds after
0000-0300 MDT penetrating 1-2 km
into valley

4 080CTO0 1600 09OCTO0 1300 Clear skies, weak winds, well-
developed drainage, approaching
trough

5 14 OCT 00 1600 15 OCT 00 1300  Clear skies, weak winds, well-
developed drainage

7 170CTO00 1600 180OCTO0 1300  Clear skies, weak winds, well-
developed drainage, approaching
trough

9 200CTO00 2200 210CTO0 0400 Cloudy skies, weak to moderate winds,
weak drainage, approaching trough

10 250CTO00 1600 260OCTO00 1300 Cloudy skies, moderate winds, weak
drainage, approaching trough
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EXPERIMENTAL DESIGN

The placement of SF, release and sampling equipment was designed around the nested
urban-suburban sampling concept. Samplers were placed on both arcs and grids in an effort to
quantify transport and dispersion characteristics in both areas. Arcs were used in the suburban
domain, while a grid sampling array was used in the urban or downtown area. Figure 4 shows
the schematic representation of the entire experiment domain overlaid on a base map of the city.
The SF release location is indicated by a red star in the middle of the figure. The site of the
radar profiler and Doppler sodar described in Clawson and Crescenti (2002) is indicated near the

bottom center of the map by a red plus sign. The two major

experiment domains are represented

by 1) red arcs and circles and 2) by the blue square in the center of the map. The red arcs and
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Flgure 4. Map of URBAN 2000 experlmental domaln in Salt Lake City, UT, showing the SF;
release site (red star), suburban sampling arcs (thin red circles or arcs) and sampling sites (black

plus), and the urban sampling grid array denoted by the bl
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ue box.



circles represent the approximate boundary of the suburban domain, while the blue box
represents the urban boundary. The innermost circle is 1 km from the release site, while the
more distant circles and arcs are 2, 4, and 6 km from the release site. Most stationary time-
integrated samplers were placed to the northwest of the release site, in the prevailing downwind
direction. A discussion of the locations of these samplers is given in the following sections.
Details of the equipment used during the experiment are given in succeeding chapters.

The experiment domains bordered and even encroached on complex terrain. Figure 5
shows the experimental domain overlaid on a 3-dimensional map of Salt Lake City. The 6 km or
outermost arc had to be truncated on its eastern boundary because of very steep mountain slopes
and inaccessible terrain. The 4 km arc, although completely expanded to its desired eastern
boundary, was adjusted along the northern portion of the arc at sampler locations 18, 19, and 20
because of rugged terrain. Sampler location 20 was in the bottom of City Creek Canyon. Sampler
locations 21-24, on the 2 km arc were on the hill on which the state capitol building stands.
Sampler location 35, on the 4 km Southeastern arc, was on a plateau also above what could be
considered the main Salt Lake Valley floor. The terrain features were assumed to have a mild to
strong influence on the atmospheric tracer trajectory.

Nearly all samplers were hung from hooks attached to light poles or power poles
conveniently sited near the designated location. The hooks were 3.05 m AGL, which placed the
samplers out of the reach of the public and prevented tampering and theft. Following this
procedure sometimes resulted in placing the sampling location not precisely where it was
originally specified. In addition, some samplers were specified to be placed in rugged terrain
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Figure 5. Experimental domain overlaid on a 3-dimensional map. Vertical relief is enhanced 4
times the horizontal. Interstate 80 is the blue and red road at the bottom of the figure, while
Interstate 15 is the north-south blue and red road to the left of center.
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where no poles existed. These samplers were placed on the ground and hidden from the general
public. The locations where samplers were placed on the ground were: 18, 19, and 20. Samplers
at locations 71, 77, 78, and 84 were placed on building tops, as discussed below.

Suburban Sampling Arcs

A total of 36 stationary time-integrated bag samplers were placed on five suburban
sampling arcs with a spacing of about 10 degrees. Sampler locations 1-32 were to the northwest
of the release site in prevailing downwind directions. Sampler locations 1-8 were on the 6 km
arc with numbers increasing from north to south. Sampler locations 9-20 were on the 4 km arc,
with numbers increasing from south to north. Sampler locations 21-32 were on the 2 km arc,
with numbers increasing from north to south. Sampler locations 33-36 were to the southeast of
the release site in prevailing upwind directions. Sampler locations 33 and 34 were on the 2 km
southeast arc, while sampler locations 35 and 36 were on the 4 km southeast arc. Samplers on
the 1 km arc were actually arranged in the urban grid, which is discussed below.

Nearly all the suburban samplers were programmed to begin sampling when the SF;
releases began and to continue sampling for 6 hours. With 12 bags per sampler to fill, each bag
was usually filled using a %2 hour time duration. However, some of the samplers were
programmed to sample for 12 hours or one hour per bag. This was done to determine if a
recirculation pattern developed after sunrise whereby the diluted tracer would be advected back
over the sampling array. The samplers programmed to sample for one hour on the suburban arcs
were at locations 2, 5, 12, 16, 25, 29, and 33-36. A summary listing of sampling times is given in
Table 2, together with the general categorical arc and grid groupings.

Urban Street-corner Sampling Grid and Building-top Samplers

In order to quantify transport and dispersion in the urban or downtown area, SF, samplers
were placed in a grid array on every street corner in a 5-block area of downtown Salt Lake City
(Fig. 6). The release mechanism was placed near the south-east corner of the array, as
represented by the red star. With the release mechanism in this location, most of the samplers
were climatologically downwind. A total of 36 samplers were placed in the strict street-corner
grid array. Sampler location numbers in this grid array ranged from 61 to 100 and increased in
number from north to south and from west to east. Four of the samplers in this number range
were placed on building rooftops. Sampler location number 71 was on the top of the Hilton
Hotel (56 m AGL) at 255 South West Temple. Sampler locations 77 and 78 were on top of the
Wells Fargo Bank building (64 m AGL) on the northeast corner of Main and 200 South. Sampler
location 84 was on top of the Federal Building (36 m AGL) on the south east corner of State
Street and 100 South.



Table 2. Stationary time-integrated bag sampler categorical groupings, sampler start times, and
sampling durations.

Sampling Grid, Sample Sample
Arc, or Start Duration
Grouping Sampler Location Number Time (minutes)
s Beginning of
6 km Arc 1,3-4,6-8 Tracer IOP 30
Beginning of
2,5 Tracer IOP 00
Beginning of
9-11, 13-15, 17-20 Tracer |OP 30
4 km Arc Beginning of
12,16 Tracer IOP 60
Beginning of
21-24, 26-28, 30-32 Tracer |OP 30
2 km Arc Beginning of
25,29 Tracer IOP 60
2 km Southeast Beginning of
Arc 33-34 Tracer IOP 60
4 km Southeast Beginning of
Arc 35-36 Tracer IOP 60
Beginning of
S[t)rg\é\;nég\r/:\gr 61, 63, 66, 74, 81, 95, 97, 100 Tracer |OP 60
Grid 62, 64-65, 67-70, 72-73, 75-76, Beginning of 30
79-80, 82-83, 85-94, 96, 98-99 Tracer IOP
Beginning of
. 71,71,84 Tracer IOP 30
Building Top
78 6 hrs. After Start 30
of Tracer IOP
Downtown 37,39, 41, 43, 45, 47, Beginning of
Mid-block Grid 49, 51, 53, 55, 57, 59 Tracer IOP 15
38, 40, 42, 44, 46, 48, 3 hrs. After Start 15
50, 52, 54, 56, 58, 60 of Tracer IOP

Building-top sampler locations had to be moved when access to building tops was
rendered impossible. This occurred twice during sampler servicing on weekends when no
security personnel were available to permit entry to the top of the Wells Fargo Bank Building.
During IOPs 5 and 10, samplers at locations 77 and 78 were moved to the top of the 200 South
Street Parking structure located midway between State Street and 200 East on the north side of
200 South. The multi-level parking garage was 14 m AGL.
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Figure 6. Schematic représentation of the urban sampling grid array in a 5-block area of
downtown Salt Lake City (yellow box) showing the location of the SF, release site (red star), the

downtown street-corner grid array (blue plus), the downtown mid-block grid array (black plus),
and the rooftop samplers (red plus).

Sample durations for samplers in the urban street-corner grid array were similar to those
on the suburban arcs (Table 2). All samplers were programmed to start with the beginning of the
initial SF; release and most were programmed to sample for ¥ hour per bag for a total time of 6
hours. Eight samplers were programmed to sample for one hour per bag. Those locations were
61, 63, 66, 74, 81, 95, 97, and 100. Of the samplers placed on the building tops, samplers at
three locations (71, 77, and 84) were all programmed to begin sampling at the beginning of the
initial SF; release and to continue for 6 hours, with each bag containing a % hour sample. The
sampler at location 78 was programmed to begin sampling 6 hours after the initial SF release,
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and to continue for 6 hours, with each bag containing a %2 hour sample. Thus the two samplers
placed on the Wells Fargo (77 & 78) building complemented each other with both samplers
collecting a combined total of 24 sequential %2 hour samples over 12 hours.

All urban downtown street-corner grid samplers (except for duplicate, blank, and control
samplers) and all roof-top samplers were fitted with capillary adsorption tube samplers (CATS).
The SF, samplers so modified were placed at sampling locations 61-100. The purpose of the
CATS was to sample four perfluorocarbon tracers (PFT) released in support of the concurrent
VTMX study. The results of that study are not included here because the SF, tracer experiment
is the focus of this document. The PFT data are to be reported by Brookhaven National
Laboratory who analyzed the PFT samples.

Urban Mid-block Sampling Grid

Twenty-four additional samplers were placed at 12 mid-block sites within the urban
street-corner sampling array. The samplers were placed approximately %2 way between
intersections to enhance the urban array both spatially and temporally. The locations of these
samplers are illustrated in Fig. 6 The sampler locations were numbered sequentially beginning
with 37, and increased in number from north to south and from east to west. Two different
sampler location numbers were required at each site because two samplers were placed at each
site.

Sample durations for the mid-block urban samplers are given in Table 2. All samplers
were programmed to provide 15-minute samples for a total sampling time of 3 hours per
sampler. All samplers placed at odd-numbered locations were programmed to begin sampling at
the beginning of the 