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Abstract:

Met eorol ogi cal data at the Umatilla Chem cal Agent Di sposal
Facility near Herm ston, Oregon, show a renmarkabl e 58% of hours
with stable air. A consequence of this will be nany episodes with
reduced efficiency for the dispersion of em ssions.

Di spersi on nodel s suggest infrequent, but occasionally severe
"garden-hose" inpacts on the neighboring communities of

Herm ston, Umatilla, Plynouth, Irrigon, and Boardman, with
short-term concentrati ons several hundred tines the annual
averages at these sites. Attention should therefore be paid to
non-linear effects on the exposed popul ations and to off-design
em ssions during stable conditions.

| . | nt r oducti on

The US Arny, contracting with the Raytheon Demilitarization
Conpany, is constructing an incinerator conplex at the US Arny's
Chem cal Agent Disposal Facility [UMCDF], |ocated near Herm ston,
Oregon. Many studies support this effort, including a Pre-Trial
Burn Ri sk Assessnent [ref.1l], prepared for the Oregon Depart nent
of Environnental Quality [ODEQ, which reports use of on-site
nmet eorol ogi cal data from several nonths of 1994 and the
Environnental Protection Agency's [EPA] Industrial Conplex Short
Term nodel [I1SCST-3] to estinmate annually averaged wet and dry
depositions, and near-surface tracer concentrations. A central
conclusion of this effort was that the principal inpacts were
expected to be short-range and that the naxima of air-quality
degradations would likely remain on-site.



Met eor ol ogi cal neasurenents have continued to be coll ected

at the UMCDF site since 1994, specifically including hourly
tenperatures, wind speeds and directions at 10 and 30 neters,
together with the standard devi ations of wind directions, and
the sol ar radiation, precipitation, and atnospheric pressure
[ref. 1].

Conspi cuous anong these data is an exceptional frequency of
statically stable air, in 58% of 29,967 non-default hours between
md 1994 and the end of 1998. A consequence of this stability
will be a frequent occurrence of "garden-hose" plunes that snake
out close to the ground for relatively long distances, with little
mxing. OmsMng to their narrow | ateral dispersions, these plunes
may be expected to m ss the neighboring conmunities, nost of the
time, but occasionally to hose themw th effluent concentrations
many tinmes higher than the annual averages at these comunities.

For this reason | have undertaken additional nodeling efforts
to estimate potential inpacts fromshorter-termevents in the
Umatilla airshed, at |onger ranges. In the follow ng sections
of this report | briefly describe WPUFF, a tine-dependent,
Lagrangi an-puff, air-quality dispersion nodel, the neteoro-

| ogical data, stabilities, the terrain and nodel ed domain,

em ssions, and the results of sinulations. | conpare these
results with those of a sinple Gaussi an-plune nodel, and
| discuss their inplications. | conclude with suggestions for

on-line, real-tinme nodeling of the UMCDF plune, with special
attention to air-quality nmanagenment during upsets.

1. WPUFF

For many years air-quality nodeling studies have relied heavily

on a set of "guideline" nodels recomended by the US Environnent al
Protection Agency. Mst of these nodels, including | SCST-3, are
vari ants of "Gaussian Plumes", as described by Turner's cl assical
wor kbook [ref.2]. These guideline nodels have a long track record
t hat enabl es useful conparisons anong different sites, eni ssion
geonetries, and neteorol ogical conditions, and they serve usefully
for prelimnary "scoping" studies to estinate relatively long-term
averages of concentrations and depositions of emtted tracers.

A maj or approxi mati on of Gaussi an-plune nodels is that wi nds are
assunmed to be steady over tinmes that are long conpared with a
tracer's transit across the nodeled field .. roughly an hour or
nore. As wind data are often not available nore frequently than
once an hour, this approximtion is often not unreasonable. It has



been increasingly appreci ated, however, that tracer-parcel
trajectories deviate greatly fromsteady states in tinme scal es
that are |l ess than one hour, especially at low wi nd velocities and
over conplex terrain. Under these conditions .. which frequently
obtain in the Umtilla airshed .. steady-state air-quality nodels
such as | SCST-3 nmay be expected to generate significant errors

wi th shorter-term higher-concentration episodes.

Respondi ng to these and ot her concerns, the national EPA and
the California Air Resources Board [ CARB] are encouraging the
devel opnment and use of tine-dependent air-quality nodels. One
sensible effort in this direction is to sinmulate a series of
emtted puffs that are allowed to expand and di sperse while
driven by the nodel's best perception of the wind fields.
CALPUFF [ref. 3] is an exanple of this approach. WPUFF is

Anot her [ Appendi x A].

The two nodel s share nany common features but are distinguished

by different ways to estimte those wind fields. CALPUFF usually
enpl oys CALMET [ref.3] to interpolate off-site neteorol ogical
soundings to estimate the winds in the local field and terrain.
WPUFF assunes one or nore on-site, near-surface w nd measurenents,
and applies a nass-conserving algorithmto m ninm ze near-surface
convergences driven by conplex terrain. That is, WUFF constrains
the tracer puffs fromblow ng through hills, and biases the w nds
to deflect around them when the air is stable.

Bot h nodel s are useful, and their approaches to estimating the

| ocal winds should converge, with perfect data. As good, |ocal
net eorol ogi cal [Met] data are available at the UMCDF site
[ref.1], and for other advantages of conveni ence and di spl ay,
WPUFF was sel ected for this present study. A further discussion
of WPUFF is deferred to Appendi x A

I11. Meteorol ogical Data

As | have nentioned above, exceptionally conpl ete neteorol ogical
measur enents have been collected at the UMCDF site since 1994
[ref.1]. Fromthese data it is straightforward to estinate both
vertical and horizontal diffusivities, vertical stabilities,

and the vertical gradients of the near-surface wind velocities,
tenperatures, and directions; all contribute to sensible air-
qual ity sinmulations. [Appendix A].

For the present dispersion studies | have selected the conplete
years 1995-1998, with a total of 35064 hourly records.



Default data entries [approximately 0.5%of all records] were
treated as if persistent by repeating the nearest precedi ng non-
default entries.

V. About Stabilities?

As a central theme of this report is the exceptional incidence
of very stable air in the Umatilla airshed, it is appropriate
to discuss stability alittle further.

When a parcel of dry air is lifted fromthe surface it expands
and cools. The air outside that parcel also cools wth height
above the surface. |If the rising parcel cools nore rapidly

than the air around it, that parcel beconmes nore dense than the
anbient air, its buoyancy dimnishes, and its rise is slowed, and

then reversed. This condition defines "statically stable air"®.

Quantitatively, the ambient air is statically stable! when

doev/dz = dTv/dz + 0.01 > O [ eqn. 1]
[degC / meter]

The "Tv" in equation 1 is the anbient "virtual tenperature",the
physi cal tenperature corrected slightly for the anbient air's

wat er - vapor content. "ev" is called the "virtual potentia
tenperature”. Oten the "virtual" is omtted in ordinary
conversation, and the sinple tenperature, T, is substituted for
Tv. In desert air, as in Umatilla, the difference is usually
smal |

The meteorol ogical data at the Umatilla site include tenperatures
at both 2 and 30 neters above the surface, fromwhich it is
straightforward to calculate the potential tenperature gradients.
As | have stated above, the incidence of positive potential
tenperature gradients .. that is, statically stable air .. is
exceptional at Umatilla: 58% of 29,967 non-default hours were
stabl e between md 1994 and the end of 1998. Over 90% of hours
between 8 PM[PST] and 6 AM were stable [fig.1]. Stable air is
nmore conmmon in winter, but present in all seasons [fig.2]. In

YIn this note the expressions “stable air” and “stability” are used
interchangably with “statically stable air”, and “static stability”, with
units of degC neter.. These stabilities should be distinguished fromthe
conmmon usage of “Pasquill-Gfford Stability Classes” [A B, C ..], which are
di scussed briefly in Appendix A Static stabilities are appropriate to

di scussi ons of plunme buoyancies and near-surface transport.
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nore than 23% of all hours [41% of stable hours] the near-surface

potential tenperature gradients, dO©v/dz, exceed +0.06 degC m
which is very stable indeed. [Appendix A p24, Table VI1]

I n consequence of this exceptional stability, initially buoyant
plunes emitted at the Umtilla facility are expected often to
limt their rise and subsequently to be transported as if squirted
from "garden hoses", relatively close to the surface, snaking out
for relatively |longer distances, with little dispersion.

A further discussion of stabilities, as they interact with
vertical diffusivities, is deferred to Appendix A

Potential-Temperaturs Gradients at Umatilla
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Figure 1.

Diurnal wave of stabilities. Note that over 90% of
nighttinme hours are stable. In 23%of all hours,

[ 41% of stable hours], the near-surface potenti al
tenperature gradi ents exceed +0.06 degC/ neter.



Seasonal Stabilities at Umatilla
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Figure 2.

Annual wave of stabilities. Note the sumrer m nima
and fall-to-winter maxima, with an interesting | eading
phase shift of the latter, with increasing stabilities.
[ These curves have been snpothed by a | ow pass bi nom al
filter.]

V. Terrain

WPUFF adj usts near-surface wi nd speeds and directions for
effects of local terrain. Topographic elevation data to
acconplish these adjustnents are taken fromthe US Geol ogi cal
Survey's data base at 30 arc-seconds, which resolves grid

el enents approximately 0.9 km north-south, by 0.6 km east-west,
at the latitude of the Umtilla facility [45.9 N Lat], with a
vertical resolution of 6 meters. As WPUFF' s al gorithminvol ves
gradients of the terrain, which nust be conputed with finite

di fferences, | have snoothed the topographic data slightly to
an effective resolution near 2.5 kmin both axes. An isonetric
projection of this snoothed topography under the Umatilla airshed
is showmn in figure 3, and a stippled topographic contour map of
the sane domain is shown in figure 4, which also | ocates sone of



the roads, streanms, and the surroundi ng comunities of Herm ston,
Umatilla, Plynouth, Irrigon, and Boardman.

Wthin this domain, further defined in the next section, the nean
terrain altitude above sea level is 144 nmeters, the standard
deviation is 37 neters, the radial autocorrelation length is 7 km
and the root-nmean-square [rns] gradient is 2 percent.

VI. The Domain

For these studies WPUFF was gridded in a domain of 44 [NNS] by 61
[E-W cells, between 44.8083 and 44.9917 N. Lat, and 119. 2766 and
119. 6362 WLng, as shown in figures 3 and 4. This donain
enconpasses the UMCDF facility and the five nearby comunities

of Herm ston, Umatilla, Plynmouth [WA], Irrigon, and Boardman.

Each of the 2684 cells are 0.46 kmon a side, with sone distortion
owng to a coordinate transformfroma spherical earth to a planar
nodel. These cell dinmensions set the resolution of tracer-
concentration averages, and the outer scale of the nodel ed domain
[20 km NS x 28 km E-W.

VII. Em ssi ons

Al'l em ssions were assuned to be 1 gramisec of a generic,
conservative tracer. Separate sinulations were perforned for
"fugitive" em ssions, assunmed to be emitted at 10 neters, and for
"stack" em ssions, assuned initially at 60 neters. Note that

t he physical stack will be half this height. An extra 30 neters
of initial plune height were added to approxi mate a pronpt, near-
field thermal and kinetic plume rise. As the puffs evolve their
| ater heights are affected by the atnospheric stabilities,
vertical diffusivities, and convergence or divergence owing to

fl ows over conplex terrain.

Al sinmulations emtted puffs at one-mnute intervals. This
rate suns to 2.1 mllion puffs over 4 years, for each of the two
cases, fugitive and stack. Every puff was followed until it was
advect ed out of the nodel ed domain. Between 20 and 400 puffs
were typically current during any "snapshot" [fig.4].



Fi gure 3.

| sometric projection of the topographic relief.

The triangul ar spike |ocates the 30 nmeter UMCDF stack
plus 30 neters of pronpt plunme rise. The Col unbia
river valley flows fromupper right to | ower |eft.
Herm ston and Unatilla are |located on the plateau to
to the east and northeast of the stack.
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Fi gure 4.

A stippl ed-contour map of the nodel ed domain, with denser
green stippling at higher elevations. The UMCDF stack is

| ocated at the small red square. The Met tower is about

1 kmto the southeast. Red lines are roads, black are
railroads, and green are streans and rivers, wth the Colunbia
runni ng east to west across the top, with an extra green |ine
showi ng the state boundary. Towns are green circles, with
Herm ston to the east of the stack and Umatilla, Plymouth [WA],
Irrigon, and Boardman in a counter-clockw se arc. The current
"snapshot" shows 269 puffs flow ng towards the northwest, across
Irrigon. The wind has recently veered by about 40 degrees.
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VI, Resul ts

Results of these simulations are sunmarized in figures 5-9
and tabulated in Tables |I-VI, [pages 17-21].

To help orient you to ny discussion in the follow ng section,
pl ease | ook for a mnute at Table I-A, which sunmari zes
simul ati ons of stack em ssions, using the WPUFF nodel .

TABLE | -A WPUFF Stack Em ssions [60 nj

Met Tower Hermiston Unatilla Plynmouth Irrigon Boardman Paraneter
DIDOOOOOODOOODOMOINOOOOOIDIOOOOo DO OO D mommoma

12. 417 7.051 10. 694 5.973 5.833 3.426 Percent non-zero
7.609 4,245 3. 858 2.382 3. 368 2.891 Highest 1-hr
5.988 3. 143 2.634 2.182 2. 406 1.564 2nd H gh 1-hr
1.918 0.790 1.093 0. 641 0.787 0.483 Hi ghest 8- hr
1.718 0.705 0.910 0.511 0. 696 0. 413 2nd H gh 8-hr
0.704 0. 306 0. 404 0. 240 0. 343 0.179 Hi ghest 24- hr
0.692 0. 269 0. 390 0. 223 0. 313 0. 150 2nd Hi gh 24-hr
0. 075 0. 025 0.028 0. 014 0.012 0. 007 Average [all hrs]
0. 375 0. 159 0. 138 0. 094 0. 103 0. 068 SD
0. 004 0. 002 0. 001 0. 001 0. 001 0. 001 SE
5. 064 6. 266 4.905 6. 715 8.673 9. 816 SD/ Avg

Except for the first and last lines of this table, all entries
are of concentrations at the specified sites, per unit of

em ssion. That is, their units are m crograns/cubic neter at

t he surface, per granfsec of em ssions, hereafter abbreviated

as pg/ m3/gls.

The vertical colums in Table I-Aidentify the "target" sites
[ Met Tower, Hermi ston, Umatilla, Plynouth, Irrigon, and Boardman]
at which are assunmed to be |ocated instrunents to detect and
guantify em ssions fromthe Chem cal Wapons Denilitarization
Facility [UMCDF]. The first of these, "MetTower", is |ocated
approximately 1 km sout hwest of the principal incinerator stack

[fig. 4].

The horizontal rows in Table |I-A contain successively:

1. The percent of hours with non-zero concentrations of
tracer concentrations, derived fromstack en ssions at

the facility. Note inmediately that these are small
[3 - 10 9.

10



Thus:

11

*

Most of the tine, the plune m sses popul ated
targets.

5-8.

9-11.

The second row |lists the averages of the four highest one-
hour [that is, averaged over 60 one-m nute sinulation
steps] tracer-concentrations, as sinulated by WPUFF, one in
each year [1995, 1996, 1997, 1998]. These nunbers range
from2.4 [pg/ M3/g/s] at Plymouth, to 7.6 [ug/ m3/g/s] at

t he Met Tower.

The next row lists the simlar averages of the second-
hi ghest one-hour concentrations. These range from1.6
to 6.0 [pg/ M3/g/s].

The fourth row lists the highest 8-hour averaged
concentrations, which range fromO0.5 to 1.9 [pg/ mM3/g/s].
These ei ght hours are continuous, nmay start at any hour,
and may continue over mdnight into a follow ng day.

Rows 5 through 8 simlarly list the second-hi ghest 8-hr,

t he hi ghest and second- hi ghest 24-hr [mi dnight to m dnight],
and the grand averages of all hourly sinmulations. Note
that the grand averages [Avg] span from 0.007 to 0.08

[ g/ M3/ g/s], very much less than the simlar averages over
shorter periods. | shall further discuss this inportant
point in the next section.

The |l ast three rows respectively list the standard
deviations [SD] of the grand-averaged hourly neasure-
ments"[ Avg], the standard errors [SE] of the grand averages
[al so pg/ M3/ g/s], and the coefficients of variation

[ SDY Avg, dinensionless]. Note that the latter ratios range
from4.9 to 9.8, with the larger ratios at the nore distant
sites. Mre about this, later.

Tables I1-A, I11-A and IV-A [collected with other tables, bel ow,
begi nni ng on page 17] have simlar formats, respectively for
fugitive em ssions sinulated by WPUFF, and stack- and fugitive
em ssions sinulated by a steady-state Gaussi an nodel .

11
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Figures 5a,b show sinulated "strip-charts” of hourly averaged
concentrations, at Herm ston.
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Fi gure 5a

A "stripchart"” recording of one year's hourly averaged
concentrations at Herm ston [1998], sinulated by WPUFF.
The red |ine near the abcissa shows the annual average.
Ow ng to superpositions, this plot sonmewhat exaggerates
the puff densities.

12
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Fi gure 5b

A simlar stripchart show ng a section of the same data, with
all puffs resolved. The red line averages these puffs, only.

13



Figures 6-9 respectively show annual averages of surface-
concentration contours with stack- and fugitive em ssions,
as sinulated by WPUFF and t he Gaussi an nodel .

nt  45.9917
119.6362

From: 81-81-1998 B88:81 PST
To: 81-81-1999 B8:88 PST & :

O < .801< @ < 083 @ < .B1 < 0 CB1(0<B.3< ®Pgn3
Fi gure 6a.

Annual |y averaged surface concentrations from
stack em ssions, as sinulated by WPUFF [ 1998].
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Hax =8.288
Log [pg-m"3]

[

Fi gure 6b

Annual | y averaged surface concentrations from stack

em ssions, as sinulated by WPUFF [ 1998]. These are

the sane data as figure 6a, in isonmetric projection

[ Note the logarithmc scale.] The cover of this report
shows the sane figure, rotated and snoot hed,

15
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Average Surface
Concentrat ions :
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Fi gure 7.

Annual |y averaged surface concentrations from
fugitive em ssions, as simulated by WPUFF [ 1998].
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at 45.991
g 119.6362

From: 81-81-1938 88:88 P3T
To: 12-31-1998 23:88 PST

O ¢ .BOlC @ < .8B3C

Fi gure 8.
Annual | y averaged surface concentrations from stack
em ssions, as sinulated by a Gaussi an nodel [1998].
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Fi gure 9.

Annual |y averaged surface concentrations fromfugitive
em ssions, as simulated by a Gaussian nodel [1998].

| X. Di scussi on

Bot h WPUFF and the Gaussian nodels sinulate tracer concentrations
Wi thout arbitrary scaling factors [though with several adjustable
di spersion coefficients and other assunptions]. The nodeler's
art is still inprecise, however, owing largely to inprecision of
data, and errors of 2X or nore are commonly di scovered in those
relatively rare cases where good observations are available to
keep the nodel ers honest.

18
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In the present case, with the demlitarization facility stil

under construction [Jan. 1, 2000], neither em ssion data, nor
measurenents of tracer concentrations, are yet avail able.

The absol ute nunbers of Tables I-A through IV-A are therefore

not very useful, and their peculiar units [pg/ mM3/g/s] may obscure
t he underlying physics of the dispersion processes. Insights into
what is really happening can nore easily be extracted after
normal i zi ng the nunbers into appropriate di nensionless ratios.

| have attenpted this in several ways:
In Tables I-B through 1V-B all the concentrations at each site

are divided by the long-term averages at that site, listed in the
| ast rows:

TABLE | -B WPUFF Stack Em ssions [60

Met Tower Hermiston Unmatilla Plymouth Irrigon Boardman Paraneter
DIDIODOOODOODOOoOOmDdoooddmddhoodImdmommomo
102. 141 166. 480 137.768 170. 161 269.480 413.000 Highest 1-hr
80. 379 123. 245 94. 062 155. 857 192. 500 223.393 2nd Hi gh 1-hr
25.742 30. 971 39. 045 45, 750 62. 980 68. 964 Hi ghest 8- hr

23.064 27.647 32.500 36. 500 55. 680 59. 036 2nd High 8-hr
9. 453 11. 990 14. 420 17. 143 27.440 25.536 Hi ghest 24- hr
9.292 10. 559 13. 920 15. 964 25. 060 21.500 2nd Hi gh 24-hr
1. 000 1. 000 1. 000 1. 000 1. 000 1.000 Average [all hrs]

In Tables I-C though IV-C the concentrations at the several sites
are divided by those at the Met Tower [Colum 1].

TABLE | -C WPUFF Stack Em ssions [60 m

Met Tower Hermiston Unatilla Plymouth Irrigon Boardman Paraneter
DDOOOOOIOOONIMOINOOOIOMOI DO OO D OO Oo oo oma
1. 000 0. 558 0. 507 0. 313 0. 443 0. 380 Hi ghest 1-hr
1. 000 0.525 0. 440 0. 364 0. 402 0. 261 2nd High 1-hr
1. 000 0.412 0.570 0. 334 0.411 0.252 Hi ghest 8- hr
1. 000 0. 410 0.530 0. 297 0. 405 0.241 2nd High 8-hr
1. 000 0.434 0.573 0.341 0. 487 0. 254 Hi ghest 24- hr
1. 000 0. 389 0.563 0. 323 0. 453 0.217 2nd High 24-hr
1. 000 0. 342 0. 376 0.188 0.168 0.094 Average [all hrs]

Tabl es V-A B [col | ected bel ow, begi nning on page 22] list the
rati os of surface concentrations, as sinulated by the WPUFF
nodel , to those conputed by the Gaussi an Mddel, respectively for
em ssions fromthe stack [at 60 neters] to fugitive em ssions

at 10 neters]. Tables VI-A B [page 22] simlarly ratio the
Fugitive/ Stack concentrations, respectively, for the WPUFF and
Gaussi an nodel s.
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Fromthese tables and figures let me nowtry to extract a few
i nsights: ["The purpose of conputation is insight. Oten, the
pur pose of computation is not in sight". Anon.]

1. Firstly, note immediately fromfigures 5a,b and the first

and last lines of Tables I-A and II1-A that strip-chart
sequences of concentrations are exceptionally noisy, and
t hat :

* CGting annual averages of tracer concentrations,
only, obscures the extrenme variations of the
transport processes.

That is, figures such as 6-9 are not as informative as one
woul d hope. Tine resolutions of 10's of mnutes or |less are
necessary to capture direct hits fromthe sinuous garden
hose of a meandering plune, when the winds are light, and
the air is stable.

2. Equivalently, please note from Tables I-B through |IV-B that
at every site, with both nodels, for both fugitive and stack
em ssi ons:

* The expected hi ghest epi sodes, averaged over
shorter intervals, greatly exceed the annual
aver ages.

Thus, just to grind this point in firmy:

* Short episodes domi nate the potential for danmage
in the Umatilla airshed.

20
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3. Thirdly, note from Tables VI-A and VI-B that, per unit of
em ssion, both nodel s suggest that fugitive sources wll
produce 4-10x hi gher near-surface concentrations at al
the sites, than do em ssions fromthe stack. That is:

* Stacks worKk.

However :

* Hgh attention should be paid to off-design
fugitive emssions that may .. even if rarely
escape the demlitarization facility in non-
buoyant pl unmes, near the surface.

3. Finally, please note from Tables |I-C through I1V-C that the
fall-off in predicted surface concentrations with increasing
range, with both stack and fugitive em ssions, anmounts to
a factor of 10-20 for the annual averages, but only 2-3 for
t he hi gher concentrations seen at shorter averagi ng periods.
Thus,

* Stacks don't work as well to dimnish brief
maxi ma, as they do for |onger averages.

X.  More Discussion

In the bulleted assertions of the previous section |

have tried to

enphasi ze only those insights that appear robust to the choice of
nodel s: Puff or Gaussian. | now enphasize their differences.

Firstly and nost obviously, please |ook at figure 8, where it is
dramatically seen that this Gaussi an nodel asserts a "blue hole"
at the surface near the UMCDF site, fromstack em ssions. This

21
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is a well-noted and unphysical result with Gaussi an nodels in
their sinplest form and various fixes have been addressed to
this artifact, as for exanple by increasing the near-field
vertical mxing to account for "fum gation | ooping" and "buil di ng
wakes". [1SCST-3 does the latter.]

Wth the present sinulations | have negl ected these effects.
Not e, however, that WPUFF partially fills in the near-field hole
[fig.6a], though by different physics, as can be seen vividly
during brief snapshots of the evolving simlations, when
recirculating winds "slosh" old puffs back across the UMCDF site,
near the surface.

Secondly, note in Tables V that the two nodels differ in their
predi cted concentrations at the various sites, by factors of
two or nore, with the WPUFF nodel nostly [but not al ways]

| ower at nost sites, and the differences increasing with range,
for both fugitive and stack em ssions. The sense of these
differences is consistent with effects fromtopography and from
meandering winds that, in the WPUFF nodel, result in | onger
transit tines fromsource to receptor, and consequently greater
m xing and dilution, than with the Gaussian nodel. It is
interesting .. at least to ne .. that test conparisons of the
two nodels with steady winds over flat terrain agree within
relative differences between 4 and 16% the higher difference
calculated with an RM5 scoring function weighted to enphasi ze the
hi gher concentrations. [Appendix A p-26]

Thus it appears that:

* Effects of topography, neandering w nds, and
recirculating trajectories are significant in
the Umatilla airshed, and are captured in sone
degree by WPUFF, but not by the Gaussi an nodel.

| rmust caution, however, that while WPUFF sinul ates additi onal
physi cs that are not accounted for by the Gaussi an nodel, and that
it is therefore tenpting to prefer it, real nmeasurenents are not
avai lable at this site, and no "wi nner" can yet be decl ared..
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For this and ot her cautious reasons:

* W nust presently accept no greater confidence
I n the absolute concentrations predicted by these
nodel s, than factors of two.

XI. M©Mre D scussion: Probability D stributions

Pl ease | ook again for a mnute at figures 5a,b, which show WPUFF' s
simul ati ons of concentration stripcharts at Herm ston, during 1998
What is dramatic in these figures is their extrene spikiness. The
red lines close to the bases of these plots show tine-averages
that poorly represent the noisy events that exceed those averages,
by factors up to several hundred. |In figure 10 | have plotted a
hi st ogram of the non-zero concentrations at Herm ston [1995-1998],
whi ch can be seen to be distributed approxi mately exponentially,
as:

P(C) «dC = {f / [Avg]} exp{-C[Avg]}edC [ egn. 2]

I n equation 2:

P(C) = the increnental probability of measuring
a tracer concentration, C, between C and C+dC.
dC = an increnment of C
f = the fraction of non-zero neasurenents.
At Herm ston this was 0.071 [see Table [-A].
[ Avg] = the average of C at the specified site.

At Herm ston, this was 0.025 pg/ m3/g/s.
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Fi gure 10.
Hi st ogram of non-zero hourly concentrations

at Herm ston, 1998, as sinulated by WPUFF for
stack em ssions at 60 neters.

XIl. Still Mre D scussion: Risks

In a series of nenoranda [ref.5] | have el sewhere di scussed the
ri sks associated with toxic waste incineration and the Umatilla
facility. In my judgnent, these risks are dom nated by the

we hope ..relatively small probabilities of accidental releases
of very toxic gases that have not passed through the incineration
process. The highest fraction of these risks will be born by
workers in the plant, a smaller fraction by the surroundi ng
comunities. The uncertainties in estimting these risks are very
large .. nmany tines larger than the risks thensel ves.
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The rel evance of this present study, if any, may be in the
"managenent” .. if that is indeed possible .. of brief,
accidental releases that escape the UMCDF site. It is for this
reason that | have enphasi zed short-term exposures at |onger
ranges, and WPUFF as a tool that captures the physics that

dom nate brief events.

In my judgment, risks fromcunul ative exposures that may result
from on-design stack effluents, as for exanple cancer risks from
dioxins, are likely of |ower order than risks from acci dent al

rel ease of toxic agents that escape the detoxification facility.
For this reason the annually averaged exposures listed in Tables
-1V, and illustrated in figures 5-8, and the sinm|ar annual
averages with | SCST-3 that were reported by SAIC [ref. 1], are,

| judge, substantially irrelevant. Wth risks at the Umtilla
detoxification facility, ny greatest concern is not with on-design
oper ations, which good engi neering can account for, but with off-
desi gn operations, exceptions, mxups, accidents, idiocies, and
overt sabot age.

* At Umatilla it is not ordinary operations that
shoul d nbst concern us, but the potential for
acci dents.

XIll. Real-Tinme and Predictive Mdeling

The enphasis of this study is upon transient effects at |onger
ranges, in stable air.

Wth the present data both nodel s have been exercised

retrospectively with physically real w nds but synthetic

em ssions. Wen the UMCDF facility is operating, however, it

will be possible to follow the plumes in current tinme, and
with predictive wind-field nodels .. prospectively.
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* To support damage control of accidental and off-
design em ssions, | strongly recommend t hat
skills be devel oped for fast-response and
predi ctive nodeling of tracer dispersions in
the Uratill a airshed.

Bot h WPUFF and CALPUFF are natural tools for this task. Good,

| ocal, real-time nmeteorological data will continue to be
avai |l abl e, and 42 hour nesoscal e predictive wi nd-fields are now
routinely conputed for Uratilla airshed [and throughout the

Paci fic Northwest], and are published on web sites by the
University of Washington's inplenentation of "MWwb" [ref.4].

To assist this task | shall nake WPUFF avail able to responsi bl e
staff at ODEQ and UMCDF, adapted to real-tine and predictive w nd
data, and | shall provide appropriate docunentation and training,
wi t hout cost.

XIV. Summary:

Met eorol ogi cal data at the Umatilla Chem cal Demlitarization
Facility near Herm ston, Oregon, show a renmarkabl e 58% of hours
with stable air. Dispersion nodels suggest infrequent but intense
pl une i npacts on the neighboring communities, with short-term
concentrations that are several hundred tinmes the annual averages
at these sites. Attention should be paid to non-linear effects on
t he exposed popul ations and to rapid response to accidental, near-
surface em ssions.
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Tabl es:

Al concentrations are pg/ m3 per g/s of em ssions.

TABLE | -A WPUFF Stack Em ssions [60 nj
Met Tower

12.
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417

. 609
. 988

918
718
704
692
075
375
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064

Met Tower

102.
80.
25.
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28

Hermiston Umatilla Plynouth Irrigon Boardman Paraneter
DIDIODoOoomooooomddmdhoboddmdhobodmimmmomo
7.051 10. 694 5.973 5. 833 3.426 Percent non-zero
4.245 3.858 2.382 3. 368 2.891 Highest 1-hr
3.143 2.634 2.182 2. 406 1.564 2nd High 1-hr
0. 790 1.093 0. 641 0.787 0.483 Highest 8- hr
0. 705 0. 910 0.511 0. 696 0. 413 2nd High 8-hr
0. 306 0. 404 0. 240 0. 343 0.179 Hi ghest 24- hr
0. 269 0. 390 0.223 0. 313 0. 150 2nd Hi gh 24-hr
0. 025 0.028 0. 014 0.012 0. 007 Average [all hrs]
0. 159 0.138 0.094 0.103 0. 068 SD
0. 002 0.001 0.001 0.001 0.001 SE
6. 266 4.905 6. 715 8.673 9. 816 SD/ Avg
TABLE | -B WPUFF Stack Em ssions [60 n
Hermiston Unmatilla Plynouth Irrigon Boardman Paraneter
DIDIODOOODOODOOoOOmDdoooddmddhoodImdmommomo
166.480  137.768 170. 161  269.480 413.000 Hi ghest 1-hr
123. 245 94. 062 155. 857 192.500 223. 393 2nd Hi gh 1-hr
30. 971 39. 045 45, 750 62. 980 68. 964 Hi ghest 8- hr
27. 647 32.500 36. 500 55. 680 59. 036 2nd Hi gh 8-hr
11. 990 14. 420 17. 143 27. 440 25.536 Highest 24- hr
10. 559 13. 920 15. 964 25. 060 21.500 2nd Hi gh 24-hr
1. 000 1. 000 1. 000 1. 000 1. 000 Average [all hrs]
TABLE | -C WPUFF Stack Em ssions [60 m
Hermiston Umatilla Plynouth Irrigon Boardman Paraneter
DIDIDoOoomooooomddmdhbddmdhobodmimmmomo
0. 558 0. 507 0. 313 0. 443 0.380 Highest 1-hr
0.525 0. 440 0. 364 0. 402 0. 261 2nd High 1-hr
0. 412 0.570 0.334 0. 411 0. 252 Highest 8- hr
0. 410 0.530 0. 297 0. 405 0. 241 2nd High 8-hr
0.434 0.573 0. 341 0. 487 0. 254 Hi ghest 24- hr
0. 389 0.563 0. 323 0. 453 0. 217 2nd Hi gh 24-hr
0. 342 0. 376 0.188 0.168 0.094 Average [all hrs]
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Al concentrations are pg/ m3 per g/s of em ssions.

TABLE |11 -A WPUFF Fugitive Em ssions [10 nj

29

Met Tower Hermiston Unatilla Plymouth Irrigon Boardman Paraneter
DDNOroomombooooooohnbbdddodooomhhnnmmmomoma
13. 558 6. 826 10. 839 5.961 6. 626 3.434 Percent non-zero
97. 687 23. 973 18. 573 12. 050 26. 750 15. 492 Hi ghest 1-hr
85. 310 18. 347 13. 310 9. 906 18. 312 10. 470 2nd High 1-hr
31. 697 5.290 3. 967 2.464 5.341 2.843 Highest 8- hr
30. 122 4,594 3. 355 2. 259 4,899 2.237 2nd High 8-hr
13. 942 2.281 1.723 0. 949 1.953 1.180 Highest 24- hr
11.990 2.144 1.668 0. 900 1. 856 1.038 2nd High 24-hr
1.295 0. 095 0.129 0. 061 0.133 0.058 Average [all hrs]
5.408 0. 680 0. 667 0. 397 0. 839 0. 480 SD
0. 058 0. 007 0. 007 0. 004 0. 009 0. 005 SE
4,185 7.065 5. 310 6. 727 6. 440 8. 939 SD/ Avg
TABLE I1-B WPUFF Fugitive Emssions [10 m
Met Tower Hermiston Unmatilla Plymouth Irrigon Boardman Paraneter
DODOIOODODOOOOOOOOoOOoDDDODDmOOobooooommhODDImmmomoma
75. 448 252. 353 144. 252 195. 935 201. 130 268. 264 Hi ghest 1-hr
65. 889 193. 126 103. 377 161. 065 137.682 181. 307 2nd H gh 1-hr
24. 481 55. 684 30. 812 40. 061 40. 160 49,221 Hi ghest 8- hr
23. 265 48. 358 26. 054 36. 732 36. 833 38. 727 2nd H gh 8-hr
10. 768 24. 008 13. 381 15. 423 14. 684 20. 429 Hi ghest 24- hr
9. 260 22.571 12. 959 14. 630 13. 957 17.978 2nd Hi gh 24-hr
1. 000 1. 000 1. 000 1. 000 1. 000 1.000 Average [all hrs]

TABLE |11 -C WPUFF Fugitive Em ssions [10 m
Met Tower

Hermiston Umatilla Plynouth Irrigon Boardman Paraneter
DDOOOOOIOOONIMOINOOOIOMOI DO OO D OO Oo oo oma
. 000 0. 245 0. 190 0.123 0.274 0. 159 Hi ghest 1-hr
. 000 0. 215 0. 156 0.116 0.215 0.123 2nd High 1-hr
. 000 0. 167 0.125 0.078 0.169 0. 090 Hi ghest 8- hr
. 000 0. 153 0.111 0. 075 0. 163 0. 074 2nd High 8-hr
. 000 0.164 0.124 0. 068 0. 140 0. 085 Hi ghest 24- hr
. 000 0.179 0.139 0. 075 0. 155 0. 087 2nd High 24-hr
. 000 0.073 0. 099 0. 047 0.103 0.045 Average [all hrs]

RPRRPRRRRE
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Al concentrations are pg/ m3 per g/s of em ssions.

30

TABLE I11-A GAUSS Stack Emissions [60 m
Met Tower Hermiston Unatilla Plymouth Irrigon Boardman Paraneter
DIDIODoOoomooooomddmdhoboddmdhobodmimmmomo
6. 016 9. 388 17. 454 8. 461 3.814 6.093 Percent non-zero
14. 923 9. 061 4,827 5. 339 9. 687 10. 094 Hi ghest 1-hr
7.145 5. 033 4,094 3.746 7. 697 5. 000 2nd High 1-hr
2. 066 1.186 0. 905 0. 707 1.348 1.551 Highest 8- hr
1.831 0.722 0. 832 0. 641 1.145 1.476 2nd High 8-hr
0. 690 0. 466 0.414 0. 321 0. 625 0. 625 Hi ghest 24- hr
0. 627 0. 388 0. 382 0. 300 0. 588 0. 606 2nd High 24-hr
0.031 0. 032 0. 054 0. 025 0.019 0. 020 Average [all hrs]
0. 318 0.221 0. 229 0.174 0. 255 0.199 SD
0.003 0. 002 0. 002 0. 002 0. 003 0. 002 SE
10. 429 6. 891 4,299 6. 946 14. 194 9. 385 SO/ Avg
TABLE 111-B GAUSS Stack Em ssions [60 nj
Met Tower Hermiston Unmatilla Plymouth Irrigon Boardman Paraneter
DIDIODOOODOODOOoOOmDdoooddmddhoodImdmommomo
489. 279 283. 141 89.814  211.436 503. 208 511.076 Hi ghest 1-hr
234,262 157. 273 76. 158 148. 347 399. 831 253. 190 2nd Hi gh 1-hr
67.730 37.070 16. 837 28. 020 70.013 78.544 Hi ghest 8- hr
60. 041 22.555 15. 484 25. 406 59. 481 74.722 2nd Hi gh 8-hr
22.615 14.578 7.712 12. 723 32.494 31. 658 Highest 24- hr
20. 541 12. 109 7.102 11. 901 30. 532 30.671 2nd Hi gh 24-hr
1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 Average [all hrs]
TABLE 111-C GAUSS Stack Emissions [60 m
Met Tower Hermiston Unatilla Plynmouth Irrigon Boardman Paraneter
DIDIDoOoomooooomddmdhbddmdhobodmimmmomo
1. 000 0. 607 0. 323 0. 358 0. 649 0.676 Highest 1-hr
1. 000 0.704 0.573 0.524 1.077 0. 700 2nd High 1-hr
1. 000 0.574 0. 438 0.342 0. 652 0. 751 Hi ghest 8- hr
1. 000 0. 394 0. 454 0. 350 0. 625 0. 806 2nd High 8-hr
1. 000 0.676 0. 601 0. 466 0. 907 0.906 Hi ghest 24- hr
1. 000 0. 619 0. 609 0. 480 0. 938 0. 967 2nd High 24-hr
1. 000 1. 049 1.762 0. 828 0. 631 0.648 Average [all hrs]

30



Al concentrations are pg/ m3 per g/s of em ssions.

.. TABLE I V-A GAUSS Fugitive Em ssions [10 m

Her m st on

Met Tower
DIODDODOODNooOnooDoooomdoOhdbhoohbohnmmnmmma

Umatill a

Pl ynout h

Irrigon

Boar dman

31

Par anet er

8.275 9. 900 18. 462 9.195 4.917 6. 784 Percent non-zero
289.174 22.705 42. 458 43.904 90. 127 64. 438 Hi ghest 1-hr
150. 912 18. 261 18. 389 29. 842 46. 515 23.152 2nd High 1-hr

37.391 3. 236 6. 035 6. 300 12. 620 8.792 Highest 8- hr
32.104 2. 685 5. 080 5. 738 10. 111 8. 361 2nd High 8-hr
13.578 1.285 2.814 2. 309 4.872 3.212 Highest 24- hr
12. 924 1.133 2. 463 2.114 4.703 3. 139 2nd Hi gh 24-hr

0.971 0. 092 0.162 0.113 0. 203 0.100 Average [all hrs]

7.453 0. 735 1.029 1. 007 2.082 1.157 SD

0. 080 0. 008 0.011 0.011 0. 023 0. 012 SE

7.655 7.981 6. 363 9. 029 10. 421 11. 438 SO/ Avg
TABLE | V-B- GAUSS Fugitive Em ssions [10 m

Met Tower Hernmiston Umatilla Plynouth Irrigon Boardman Paraneter

IIDOmoOoOooomooooomooodmihoommhooommmmma

297.734  246.799  261.280 387.671  444.522  644.385 Highest 1-hr
155. 379 198. 486 113.165 263.506  229.423  231.523 2nd High 1-hr
38. 498 35. 177 37.142 55. 625 62. 242 87.922 Highest 8- hr
33. 055 29. 185 31. 260 50. 664 49. 872 83. 612 2nd High 8-hr
13.980 13.962 17. 315 20. 389 24.028 32.120 Highest 24- hr
13. 307 12. 321 15. 154 18. 667 23.196 31. 392 2nd Hi gh 24-hr
1. 000 1. 000 1. 000 1. 000 1. 000 1.000 Average [all hrs]

.. TABLE I V-C GAUSS Fugitive Em ssions [10 nj

Met Tower

Hernmiston Umatilla Plynouth Irrigon Boardman Paraneter
DIDIDoOoomooooomddmdhbddmdhobodmimmmomo
. 000 0.079 0. 147 0. 152 0. 312 0.223 Highest 1-hr
. 000 0.121 0.122 0.198 0. 308 0. 153 2nd High 1-hr
. 000 0. 087 0.161 0.168 0. 337 0.235 Highest 8- hr
. 000 0. 084 0. 158 0.179 0. 315 0. 260 2nd High 8-hr
. 000 0. 095 0. 207 0.170 0. 359 0.237 Highest 24- hr
. 000 0. 088 0.191 0. 164 0. 364 0. 243 2nd High 24-hr
. 000 0. 095 0. 167 0. 117 0. 209 0.103 Average [all hrs]

RPRRPRRRRE
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Al concentrations are pg/ m3 per g/s of em ssions.

TABLE V- A WPUFF/ GAUSS St ack Em ssions [ 60 nj

32

Met Tower Hermiston Unatilla Plynmouth Irrigon Boardman Paraneter
IIDoomoooooomooooooooddddidhdilmmomma
0.510 0. 469 0.799 0. 446 0. 348 0.286 Highest 1-hr
0. 838 0. 624 0. 643 0.583 0. 313 0. 313 2nd High 1-hr
0.928 0. 666 1.208 0. 905 0.584 0.311 Highest 8- hr
0. 938 0.977 1.093 0.797 0. 608 0. 280 2nd High 8-hr
1.021 0. 655 0.974 0.747 0. 548 0.286 Highest 24- hr
1.105 0. 695 1.021 0.744 0.533 0. 248 2nd Hi gh 24-hr
2.443 0.797 0.521 0.554 0. 649 0.354 Average [all hrs]
TABLE V-B- WPUFF/ GAUSS Fugitive Em ssions [10 m
Met Tower Hermiston Umatilla Plynouth Irrigon Boardman Paraneter
IIDOmoOoOooomooooomooodmihoommhooommmmma
0. 338 1. 056 0. 437 0.274 0. 297 0.240 Hi ghest 1-hr
0. 565 1. 005 0.724 0. 332 0.394 0. 452 2nd High 1-hr
0. 848 1.635 0. 657 0.391 0. 423 0. 323 Highest 8- hr
0.938 1.711 0. 660 0.394 0. 484 0. 267 2nd High 8-hr
1.027 1.776 0.612 0. 411 0. 401 0.367 Highest 24- hr
0.928 1.892 0.678 0. 426 0. 395 0.331 2nd Hi gh 24-hr
1.333 1.033 0.792 0. 543 0. 656 0.577 Average [all hrs]
TABLE VI -A Fugitivel/ Stack WUFF
Met Tower Hermiston Unatilla Plynmouth Irrigon Boardman Paraneter
IIDoomoooooomoooooooododddidhdilmmhomma
12. 837 5. 647 4.815 5. 058 7.941 5.359 Highest 1-hr
14. 246 5.838 5. 054 4.540 7.610 6. 696 2nd High 1-hr
16. 528 6. 698 3.629 3. 847 6.785 5.888 Highest 8- hr
17.530 6.516 3. 686 4.421 7.038 5. 412 2nd High 8-hr
19. 797 7. 460 4.267 3.952 5.694 6. 600 Hi ghest 24- hr
17. 320 7.964 4.281 4.026 5. 926 6. 899 2nd Hi gh 24-hr
17. 379 3.725 4.598 4.393 10. 640 8.250 Average [all hrs]
TABLE VI -B Fugi tive/ Stack GAUSS
Met Tower Hernmiston Umatilla Plynouth Irrigon Boardman Paraneter
IIDOmooOooomooooomooodmhoommhooommmmma
19. 378 2.506 8.795 8.224 9. 304 6. 384 Highest 1-hr
21.121 3.628 4.492 7.967 6. 044 4.630 2nd High 1-hr
18. 101 2.728 6. 669 8.904 9. 363 5.668 Highest 8- hr
17.531 3.720 6.104 8.944 8.831 5. 666 2nd High 8-hr
19. 685 2.753 6. 788 7.188 7.789 5.137 Highest 24- hr
20. 630 2.925 6. 451 7.035 8. 002 5.182 2nd Hi gh 24-hr
31. 844 2.875 3.023 4. 485 10. 532 5.063 Average [all hrs]
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Appendi x A.  WPUFF

| nt r oducti on:

WPUFF is a "non-guideline"” air-quality dispersion node

copyrighted by WNDsoft, Inc., 1999, with all rights reserved.

In contrast with Gaussian plunme nodels, WPUFF is a sinulation,

not a conmputation. It accepts tabular input data specifying
sources, receptors, and the evolving neteorology. At specified
intervals [one minute in the present case] symretric tracer puffs
are emtted at specified heights [10 and 60 neters in the present
case]. These puffs then advect and grow, and their concentrations
at the surface bel ow are sunmed, averaged, and displ ayed.

Al'l dynamic air-quality nodels have problens with nunerica
diffusion. Puff nodels mnimze these problens during the
transport phases of sinmulations, but at some point displays must
be generated to show i sopl eths of concentrations averaged over

sone finite spatial scale, dX. If that scale is too snmall, sone
cells will contain few or no puffs, and the concentration fields
wi || appear granular. Too large a scale sacrifices resolution.

WPUFF attenpts to optim ze dX by considering series of expanding
puffs located with centers at the horizontal points, X, Y, within

a cell of dinensions dXedY [dX = dY in nbst cases], and with a
vertical height Z  Each puff advects in X, Y, Z, and nay grow

di ffusively and anisotropically in three di nensions, ox, oy, o0z.
W wish to know the increnmental contribution of the puff to the
tracer concentrations at the surface, dC, expressed within a small
t wo- di mensi onal increnent of surface area, dx®> [Note: dx << dX]

To do this we nust integrate the dC s [that is, average them over
sone larger, finite, unit cell on the surface, of area dX.
Because many puffs exist over the field at all tinmes, and all of
them[at |least in the Gaussi an approxi mation] contribute to al

the [small, dx by dy] increnments in every nodeled cell, and
because this integration nust be repeated at every tinme step, it
beconmes conputationally expensive. Al puff nodels that | know of
make approximations to sinplify and accelerate this essential

t ask.

WPUFF approaches this problemby assum ng that Z, ox, oy, and oz
are all << dX [That is, dX nmust be chosen to neet this
criterion: nore about this later in the paragraphs that follow. ]
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Wth this approxinmation:

1. The tracer concentrations of each puff at the surface,
<dC>, averaged over dX? becone proportional to their
concentrations at the surface bel ow each puff’s center,
Co( X, Y,Z=0,tinme);

2. Increnents to <dC from puffs outside each unit cel
contribute only in 2" order, and may be negl ect ed.

Thus: <dC = Kk Co( X=0, Y=0, 2)

Wth these approxi mations, the proportionality coefficient,

K, can be evaluated through a Monte-Carlo integration over
distributions of puff radii, altitude, and | ateral positions.
The resulting value is insensitive to those distributions, as
expected, provided that dX > Z, ox, oy, oz.

In the present special case dX was 460 neters. oz is constrained
by WPUFF to be less than or equal to H 2, where His the height of
a well m xed boundary layer. 1In the sinulations of the Umtilla
airshed Hvaried with tine of day between 100 and 700 neters.
Thus 0z was <= H2 < dX at all tinmes, though with aging, |arger
puffs the excess was not great; these cases, however, contribute
little to the surface concentrations.

Sonme of the aging puffs, however, do grow laterally [ox and oy] to
di nrensions that are conparable to dX = 460 neters, and sone

of these puffs wander near to the ground, where they may
significantly affect the concentrations there. One sensible
choice to mnimze this problemmght sinply be to expand dX

This woul d proportionally degrade the spatial resolution of the
tracer’s concentration field at the surface. Another sensible
choi ce, adopted with WPUFF, is to split the horizontal
diffusivities into two scales, by the follow ng al gorithm

Wiere ox and oy are |l ess than Y% dX, WPUFF assumes Gaussi an
diffusion in the ordinary way. Additionally, however, an inner

scale of ox and oy is constrained not to exceed % dX, and an
outer-scale diffusion is sinulated with i ncrenents of a random

“zitterbewegung”, & and oy, added to the mean advective notions.
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Speci fically, WUFF assunes:
& =8 =& [2¢h Udt g ?
In this equation

ox & Oy are increnents of horizontal displacenents added
to every puff’s mean advective notions, at every

time step.
& is arandomvariable with zero nean and unit standard
devi ati on.

eh is an efficiency factor for horizontal diffusivities
U is the nean scalar wind velocity.

dt is an increnment of tine-step [60 seconds, in the
present exanpl e.

oh 1is a characteristic scale for the horizontal
di ffusion, conputed for every puff at every tine
step as

och(t) = oh(t-dt) + ¢h U dt.
This reci pe generates an effective outer-scale diffusivity
K=1%d(c?)/dt =¢h Uo
Further discussion of diffusivities may be found in a foll ow ng
secti on.
W nds:
The governing winds for WPUFF are assunmed to be neasured within
t he domain by one or nore near-surface observing mneteorol ogi cal
[ Met] sites. Initial approximtions [Uo, Vo] of the conponents
of the winds at varying distances fromthese Met sites are
interpolated, in both time and space, for every puff. [If only

one site is available, as at Umtilla, no spatial interpolation
is possible.]
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An i nnovation of WPUFF is to adjust wind directions and
intensities for effects of local terrain by mnimzing,
for every puff and at every tine, the function:

F(U V,A) = (U- U)”2 + (V- Vo)"2 + A * W2 [ eqn. 3]
In equation 3:

Uo, Vo are the uncorrected x- and y- conponents of
t he measured w nds.

U Vv are the corrected conponents that are used by
WPUFF

A is an enpirical, non-negative, biasing paraneter

wW is the vertical conponent of the w nds,

whi ch, near the surface, is approximted by
U Hx + V*Hy, where

Hx, Hy are the x- and y- gradients of the terrain,
dH dx , dH dy.

The solution of equation 3 that mnimzes F(U,V,L) is:

U =all W + al2 Vo [ egn. 4a]
V = a2l W + a22 Vo [ eqn. 4b]
with
all = (1 + A Hy * Hy) / D
a22 = (1 + A Hx * Hx) / D
al2 = a2l = -AHx * Hy / D
and: D=1+ A (Hx * Hx + Hy * Hy)

The limting UV when A-0 are just Uo, Vo. The limts when

A-infinity are the cosine projections of Uo, Vo onto the

t opographic i so-contours. Wth increasing A this sinple,

| ocal, algorithmincreasingly biases the winds to divert around
the hills. Those puffs that perversely still try to burrow
through terrain are refl ected upwards.

The paraneter A is enpirical and equal to 1000 in the present
case, an ad hoc value that produces "sensible" wnd fields.
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In later versions of WPUFF A will be paraneterized in terns of

| ocal stabilities and Froude nunbers. In ny judgnent, however,
this step should wait for nodel -validation studies, assisted by
good neasurenents.

It should be remarked that the real physics governing near-
surface winds are not |local, as nmass nust al so be conserved by
accounting for convergences, in three dinensions. A higher
approxi mation for the non-1local, three-dinmensional problemin
conplex terrain is described by J-C Barnard et al, in ref.7.

A solution to this next-higher approximati on by Barnard's

al gorithmrequires solving Laplace's equation in three dinmen-
sions [roughly 6000 grid points in the present case] at every
time step. The conputational requirenents for this would put
t he nodel beyond the capabilities of inexpensive, desktop
hardware. It remains to be tested whether WPUFF' s present
negl ect of higher approximtions to equations [eqgns.3-4] are
of simlar order with other approximtions in WPUFF [and ot her
nodel s], and with the quality of the data.

More about diffusivities:

For a puff of radius o, a spherically symetric radial
eddy diffusivity coefficient may be defined as

K= 1/2 d[ o”2]/dt m2/ s [ eqn. 5]

Wth puff radii on the order of 10-100 neters experinents
[ref. 2] confirma sem -enpirical relationship of the form

K~ €[Ud] m2/s [ eqn. 6]
In equation 6, € is a dinensionless scaling factor that

is related to the stability, and Uis the horizontal w nd
velocity, V[Ur2 + Vr2].

Substituting equation 6 into equation 5 and differentiating,

do/ dt (9] [ eqn. 7a]

o(t+dt) o(t) + € U dt [ eqn. 7Db]
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0O <=g<=Z2Z~ 100 m, for vertical diffusion

The solutions of equations 7 are observed to hold when
Z <~ 100 meters, roughly the upper limt where equation 6 is
valid, for vertical eddy diffusivities [ref.2].

It should be renmarked here that we are speaking of "eddy-
diffusivities", for which puff growh is observed to be
nearly linear at these internmediate scales [10 - 100 neters
in the vertical, 0.01 - 10 kmin the horizontal]. Wre the
diffusivities scale independent, as is indeed so at mnuch
smal l er scales, we would [and do] observe puff radii to grow
with the square root of tine. At larger scales [>~ 10 kmi
we observe exponential growth in horizontal radii, with
characteristic times on the order of 10"5 sec.

In the real atnosphere, the vertical and transverse eddi es
are not isotropic near the surface, and separate diffusivity
coefficients nust be defined for horizontal [Kh, ¢h] and

vertical [Kv, ev] dispersions. In Turner's classical workbook
[ref. 2] dispersion curves are presented, in ternms of enpirica
"stability classes” [A, B, ...] that are enpirically related to

wi nd speeds, tine of day, and cloud cover.

From t hese curves and Moni n- Gbhukhov simlarity theory
can be derived a useful but approximate conversion table:

Tabl e VI |

Turner's
Stability
C ass eh &V de/ dz
DNINOODIOODINOIINOMmImma
A 0. 215 0. 215 -0.04
B 0. 155 0.110 -0.02
C 0. 105 0. 060 0.00
D 0. 070 0.034 0.02
E 0. 050 0. 023 0.04
F 0. 035 0. 015 0. 06

At Umatilla, however, good data are avail able of both hori-
zontal variances and vertical gradients of the wind directions
and velocities. | therefore prefer to assune:

€h = 1/2 <6> [ egn. 8a]
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where <0> is the standard devi ati on of horizontal w nd
directions, in radi ans,

and

&v = k"2 [dLnU dLnZ] /®m . [ eqn. 8b]

I n equation 8b:
k = 0.40 , von Karman's const ant

[dLnU dLnZ] = is the observed | ogarithm c derivative of
wi nd speeds with height, and

®m = an enpirical relationship based on Mnin-
ohukhov simlarity theory, as described
by Arya [ref. 8] and many ot hers.

Wth these approxi mations the increnments of surface concentra-

tions contributed in each grid cell by every puff were conputed
as:

dC =1.71 * M/ [dx"2 *(o+tZ)] * exp{-1/2(2Z/ o)"2} [eqn.9]
[ m crograns/ m 3]

In equation 9:

dC = the increnent of concentration from puffs at
altitude Z, above the surface, [m crograns/nm3].
dx = the horizontal grid dinension,
[460 neters in the present case].
M= the puff nmass emtted during dt, [m crograns].
o = current puff radius, [neters].

Z = puff-center height above the surface, [neters].
The | eading coefficient [1.71] in equation 9 derives from an

integration over the projected puff concentrations at the
surface, averaged over the surface grid cells.
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Accur acy:

WPUFF is not yet validated by conparison with observations.
Failing this, and far |ess usefully, | have interconpared WUFF
with the Gaussian nodel, for a single plume at 60 nmeters, over

flat terrain as foll ows:

The “sinple Gaussian nodel” referred to throughout this report is
from Turner’s workbook, with

(X Y,00/Q=[mU Sy Sz]* exp {-1/2[(y/ay)*+(H 0z)°]}

In one of many tests | assuned

Q=1gm/ sec
U=1ms
H = 60 neters, and

oy O¢eh X° oz Oev XP

These | ast two equations approxi nate Turner’s fanous graphs, where
a OB O00.92. These exponents are approxi mate and are known both

theoretically and by observations to vary with X, with a
increasing from0.5 at small scales [ X <1 m to 2.00 [X > 10 km.
At X =1 km[roughly two grid cells in the Umtilla exercise] both

a and B do not significantly differ fromunity. | have for
sinplicity and consi stency adopted this value in both WPUFF and
Turner’s “sinple nodel”.

In the conparison | am now describing the coefficients gh

and ev were respectively 0.070 and 0.034, val ues roughly

equi valent to the Pasquill-Turner stability class “D’. For this
conparison, only, simulations with both nodels assuned infinite

m xi ng depths, H  The WPUFF nodel was run tinme increnents of one
mnute, for 17 hours, after an initial “warmup” of 7 hours to

al l ow an approxi mate steady state. Wth these conditions about
200 puffs were contained in the nodeled field at all tines.

Wth these paraneters, figure 11 illustrates the steady-state

i sopl eths of surface concentrations by the Gaussi an nodel, and the
following figure 12 simlarly shows isopleths from WUFF
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‘Lat 44.4258 3 fiverage Surface
g Concentrations

[Max =31.66 pg/m*31

| From: H1-81-ZBBAA B5:H8 PST
To: B1-H1-Z2BB8 Z3:88 P5T

0< B3I <K B®<.1 < @< 3< @< 1< W 3< @& 18 <@ pgn"3
Commands: <Crontinue <R>edder <B>luer <O>ptions <Jruit Smooth = 4

Fi gure 11:

Concentration Isopleths froma steady-state Gaussi an Model .
The source is at the right [small green box] and the w nd
is easterly. The purple circles locate fictitious “receptors

sites”.
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Lat 44,4750
|Lng 124.8355

| From: 91-81-2008 @6:08 PST
| To: B1-82-2008 99:88 PST

fiverage Surface
Concentrations

[Max =28.84 pg/m*31

[Lat 44.3333|
|Lng 124.6658)

< B3 L <1 £ 3< 3 @< 1<

Commands: <Crontinue <H>edder

Fi gure 12

<B>luer

@ 3 <
<0>ptions

Simlar concentration isopleths from WPUFF.
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Lat 44.4258 e 4 km
Lng 124.8355

f &

&

g 4

-

Lat 44.3333
Lng 124.6658

2 < -158 <@ < -188 <@ < 2B <D < +Z8 <@ < +188 { P < +158 { @ X
RMS<P-G>/BMS<(P+G)-2> = 47.7 Ready? <{pressz any key:.

Fi gure 13

Rel ative Differences between the two nodels.

Plotted are isopleths of 2[P-G / [P+E where “P

are concentrations fromthe Puff nodel [figure 3] and

“G are concentrations fromthe Gaussian Mddel [figure 2].

In the blue areas P exceeds G by ratios between 0.2 and 1.0.
In the purple areas Gsimlarly exceeds P. In the blank areas
the differences are | ess than 20%

The granularity in this figure results fromsanpling fluctuations
that are proportional to the square-root

of the puff nunbers that are sanpled by each cell. Caution should
be exercised in conparisons at the edges of this figure, where
both P and G are very snal .
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1.581
<-- LoglB[Upuffl --
. *‘?ﬁ*+
+ wa¥ “:;: A
e
W%
L1t .:f: .
S Aol
R"Z = 8.948
N = 768 points
-3 .888
-3.888 -- Log1B[Gauss] —-> 1.581
Fi gure 14

Log-Log scattergram of surface concentrations predicted
by the two nodels. The central diagonal |ine shows the
1:1 slope. The two bracketing diagonal s are displ aced
above and below the 1:1 slope by factors of 2.

In presenting the conparisons of figures 11-14, | enphasize

that neither nodel is “correct”. Both are approxi mate, and
conparisons with real data are strongly to be preferred.

| wsh also to enphasize that the “factors of two” brackets shown
in figure 14 are conparable to nodel conparisons with real data,
where they exist [0 esen, 1994-1997].

Speed:

WPUFF is a floating-point intensive programthat nmakes high
demands on desktop m croprocessing. Wth nmy 450 Mz AMD
K6-11, running in WNDOA5 95, the Umatilla simnulations run
about 5000 tines faster than the world, or about 2 hours
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to simul ate one cal endar year. The Gaussi an nodel used
here is in turn about 6 tines faster than WPUFF.

Deposi tions:

WPUFF does not explicitly conpute either wet or dry deposi-
tions. The SAIC study with | SCST-3 [ref. 1] concl uded t hat
dry depositions of tracer gases and aerosols at Umatilla
exceed those fromrain and snow. Sinple nodels for dry
deposition assunme fluxes to the surface to be proportional
to the near-surface concentrations, C, as in:

Fl ux[ g/ m2/sec] = V[m's] « [ g/ nm3] [ eqn. 10]

In equation 10 the coefficient V is called a "deposition
velocity", and is of order 0.01 neters/sec for C& and SO,

and 0.003 neters/sec for aerosols. The larger of these
nunbers corresponds to about 3 kg of deposition per hectare
per yr, per ug/ nt3 of near-surface tracer concentrations.

Thus at Herm ston, for exanple, where WPUFF estimtes the
annual | y averaged near-surface concentrations to be 0.025

pg/ M3 per g/ sec of em ssions, the corresponding dry deposition
there is expected to approxi mate 80 grans/ hectare/yr per g/sec
of emi ssions fromthe incinerator stack at the UMCDF facility.
[ One hectare is 10,000 square neters.]

Enough:
WPUFF is a work in progress. | have probably witten nore of
it here than all but a few of you may wish to know. | wel cone

guestions and di scussi on.

45



46

Ref er ences

1. Pre-Trial Burn R sk Assessment Proposed Umatilla Chem cal
Demilitarization Facility. Herm ston O egon.
February, 1997, Contract 64-93
Ecol ogy and Environnent, Inc. Seattle, WA Tel (206)-624-9537

2. Turner-D-B [1967]
WORKBOOK OF ATMOSPHERI C DI SPERSI ON ESTI MATES
Public Health Service Publication No. 999-AP- 26
R H Taft Sanitary Engi neering Center, Cincinnati, OH

3. CALPUFF and CALMET were written principally by
Joseph S. Scire, Robert J. Yamartino, David G Strimaitis,
and Xi anmi ng Zhang, of the Sigma Research Corporation,
Sponsored by the California Air Resources Board.
Informative web sites can be found at

http://ww. envi rowar e. conf envi rweb/ nodel s/ used/ cal puff. htm
http://ww. epa. gov/ttn/scramt29. htm

4. See htt p: // ww. at nos. washi ngt on. edu/ dat a/ mmb. cgi
htt p: // ww. at nos. washi ngt on. edu/ ~mbr t / nbpuf f

5. a. H Harrison
"Refl ections on R sk Assessment"
Waste Not, number 452, July 1999.
<wast enot @ort hnet . or g>

b. Private communications, HHto Dr. L. Brenner, 1999:
"Brenner. 001" through "Brenner.012".
Copi es are avail able from ne.
<harri son@t nos. washi ngt on. edu>

6. "Umatilla Chem cal Agent Disposal Facility
Phase 1 Quantitative Ri sk Assessnment” , Sept, 1996
Prepared for the US Arny Program Manager for Chem cal
Dem litarization, Edgewood, MD 21010, under contract
DAAA15- 91- D- 0005

7. Barnard-J-C Wgley-HL Heister-T-R
"I nmprovi ng the performance of Mass-Consistent Nunerical
Model s Usi ng Optim zati on Techni ques"
J. dimte & Appl. Met. vol 26#6, pp 675-686, 1987.

8. Arya-S Chapter 11.
"Introduction to Meteorol ogy"
Academi ¢ Press 1988 , | SBN 0-12-064490-8

9. Jdesen, HR, 1997, “Tools for nodel eval uation”; NATQ CCVS
I nternational Technical Meeting on Air Pollution and its Applications.
<ht t p: dnu. dk/ at nospheri cenvi r onnent / Har noni / MEpaper s. ht e

46



