| NTRODUCTI ON TO
ATMOSPHERI C DI SPERSI ON MODELI NG

NOTE - This chapter is intended for persons with a sound
background in science or engineering but little or no background
in meteorology. Persons famliar with air pollution neteorol ogy
will want to skip to the Screening Procedures section on page 1-
8, which describes the U S. Environnental Protection Agency's
(EPA) guidelines for short-term screening calculations for a
stationary source.

As an air pollutant is transported froma source to a potenti al
receptor the pollutant disperses into the surrounding air so that
it arrives at a nuch |lower concentration than it was on | eaving
the source. Atnospheric dispersion nodels are used to estimte
just how nuch reduction has occurred during transport.

The concentration of an air pollutant at a given place is a
function of a nunmber of variables, including the anobunt of the
pol lutant rel eased at the source (the em ssion rate), the

di stance of the receptor fromthe source, and the atnospheric
conditions. The nost inportant atnospheric conditions are w nd
speed, wind direction, and the vertical tenperature
characteristics of the |ocal atnosphere. Mst commonly the air
tenperature decreases with height, which results in an "unstable"
at nosphere that tends to m x pollutants into the higher |ayers of
t he at nosphere, keeping pollution concentrations noderate or weak
at ground level. If the vertical tenperature patternis
inverted, such that the upper air is warner than the |ower air,
then the atnosphere will be "stable,” wth cal mw nds and
potentially high pollution concentrations.

The concentration of pollutants often is expressed in terns of
the total mass of the pollutant in a standard volune of air. The
nost frequently used neasure in netric units is mcrograns of
pollutant in one cubic neter of air (pg/n?f). This neasure can be
used either for particles or for gases. Concentrations of gases
can al so be expressed as parts per mllion (ppm, where 1 ppm
represents 1 cubic nmeter of the pollutant dispersed into 1
mllion cubic neters of air. A factor can be cal cul ated for each
gaseous pollutant to convert fromppmto pg/nf, or vice versa.

For exanple, for sulfur dioxide at reference conditions, 1 ppm=
2,620 pg/ nt.

Types of Di spersion Mdels

There are three general types of dispersion nodels: box, plune,
and puff. A variation on the box nodel is the cell nodel. The

Page 1



Figure i-1, Box Mode!

box nodel is conceptually the sinplest although sone relatively
conpl ex nodel s have been built on box nodel foundations. The
pl ume and puff nodels are nore involved and conpl ex nodel s have
been constructed using these concepts. In addition to these
three types, sonme very conpl ex nodel s have been devel oped t hat
attenpt to solve the basic physical equations of notion of the
air parcels wthout using the approxi mations of the box, pluneg,
or puff nodels.

The box nodel assunes that the plunme froma source has expanded
to include the entire area of the downw nd face of a box of wi dth
Wand height H as shown in Figure 1-1. Thus the box nodel
estimates the average concentration of the plune (or sum of al
plunmes) at all points on the downw nd face. |If as much pol |l utant
is to leave the box as enters it in unit tine then the thickness
of the box is determ ned by the wind speed and the equation for
the concentration is

C=c+ Q. (1-1)
VHU

where c is the background concentration of pollutants entering
the box fromthe surroundings, Qis the em ssion rate of the
pollutants fromthe source, and Uis the wi nd speed, which
defines the direction x. Oten the width of the box nmay be fixed
by sonme topographic feature, such as the width of a valley. The
hei ght may be fixed by the m xing height, a nmeteorological limt
to upward dispersion. Pollutants will tend to be reflected off
t he atnospheric layer at the m xing height just as they are
reflected off the earth's surface, leading to relatively uniform
di stribution, exactly as the box nodel assunes. Box nodels can
be very useful as a approximation to define the magni tude of the
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Figure 1-2. Gaussian Plume Model

potential concentration although the limtations should be
appar ent.

Plume nodel s use a nore realistic description of dispersion.
Students of fluid mechanics will be famliar with the
differential equation that describes the m xture through

di ffusion of one chemcal into a surrounding fluid of another

chem cal. The solution of this equation is the exponenti al
function that al so describes the normal, or Gaussian, statistical
distribution. In the Gaussian plune dispersion nodel the

concentration of pollution downwind froma source is treated as
spreading outward fromthe centerline of the plunme follow ng a
normal statistical distribution. The constants of the
distribution are determned by the stability of the atnosphere
and the "roughness" of the earth's surface in the vicinity. The
pl ume spreads in both the horizontal and vertical directions, as
illustrated in Figure 1-2. The nodel based on the Gaussi an
equation is the nost widely used plunme nodel and is the basis for
nost of the conputer nodels distributed by the EPA as a part of
UNAVAP (User's Network for Applied Models of Air Pollution, a
name that betrays its origins as a tine-sharing conputer

net wor k) .

The Gaussi an equation for the concentration at a receptor at the
surface can be witten

C=c + Q exp {-1/2{12+n2 }} (1-2)
2BF,F,U F2, F?
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where, in addition to the ternms defined for equation 1-1, y is

t he horizontal distance perpendicular to the wind direction, z is
the vertical direction, his the effective height of the plunme
(considering the additional height to which the hot gases rise
above the physical height of the source), and F, and F, are the
paranmeters of the normal distribution, here called the dispersion
coefficients.

The Gaussi an plunme nodel assunes a flat plane surface between the
source and the receptor. This will be a reasonabl e assunption
for nost sources relatively near the surface, for flat or gently
rolling topography, and especially for neutral stability. Wth
conpl ex topography, such as a receptor at a site where the ground
rises quickly fromthe base, a nodel which is designed to
consider this, such as the Vall ey UNAMAP nodel, shoul d be used.

Gaussi an plune nodel s have been devel oped for point sources
(e.g., stacks), line sources (e.g., roads), and area sources
(e.g., spoil piles). The basic Gaussian plune nodel assunes a
poi nt source. Line sources can be approximated as a series of
poi nt sources or a nodel that is specifically designed for line
sources, such as the UNAMAP nodel H WAY2, can be used. Area
sources can be approxi mated by assum ng the source is further
away fromthe receptor than it actually is, such that the plune
is already as wide as the area source at the correct distance.
This is called a virtual point source. A different approach is
to integrate over the area using the "narrow pl une
approximation." This is done in the UNAMAP nodel s RAM and | SC.
If the receptor is reasonably near the source and the angle
between the wind direction and a |ine between the source and
receptor is not greater than 45° the val ues obtained froma
virtual point source estimte and a narrow pl unme approxi mation
calculation will be roughly the sane.

Concentrations fromshort tine em ssions, such as the spill of a
vol atile chemcal, are better estimated with a puff nodel. A
puf f nodel assunes a sequence of individual puffs of pollutant
are released fromthe source. These puffs are then allowed to
grow in the horizontal and vertical using the sane dispersion
coefficients that are used with the Gaussi an plunme nodel s.
However, the individual puffs can be nodeled with wind speeds and
directions that change with position and tine. This wll also

al l ow nore accurate portrayal of conditions in an area of conplex
t opography. The significantly greater conputer resources that
are required to keep track of each of the puffs and nove them
along restricts the use of puff nodels to those circunstances
where they are specifically required.
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Figure 1-3. Wind Directions

Met eor ol ogi cal and Di spersion Vari abl es

Most di spersion nodels neasure the wind direction in ternms of the
direction that the wind is comng from with winds out of true
North as O° and wi nds out of true South as 180°. Wnds can and
do blow, at sone tine, fromall of the 360° possible. Wen
average wind directions are reported wind directions are grouped
into 22.5° wide sectors, lying 11.25° on each side of a conpass
direction and | abeled with the conpass directi on nane, as shown
in Figurel-3. Annual average frequency distributions of the w nd
directions and w ndspeeds are terned a "wind rose" and are

avai lable fromthe National Cimatic Center(Asheville, N
Carolina) for National Wather Service (NW5) stations and from
nmost | ocal air pollution agencies.

The dispersion coefficients, F, define the spread of the plune.
As with the normal distribution, 67% of the pollutant is assuned
to be within £F of the centerline of the plune. Thus a plune may
be descri bed as being approximtely four to six F wide. The
value of F is determ ned by the magnitude of the turbulence in
the atnosphere, that is the size of the atnospheric eddys that
move the pollutants about. These eddys nay be easily observed as
rolling and tunbling notions at the edges of plunmes and in
cumul us clouds. The larger eddys, and larger values of F, wll
be observed during periods when the atnosphere is unstable. The
smal | er eddys, and snmaller values of F, will be observed when the
at nosphere i s stable.

Measurenents of F have been made under a variety of atnospheric
conditions. The neasurenents of F used in virtually all the
UNAMVAP nodel s are those published by Turner' (called the
"Pasquill -G fford coefficients") fromdata taken in open, rural
surroundi ngs. Because of their origin they are appropriate for
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di spersion estimates in rural settings but |ess so for urban
areas. The greater surface roughness and greater rel ease of heat
at the surface neans that atnospheric conditions in urban areas
are seldomas stable as in rural areas. The EPA Vall ey nodel
conpensates for this by using the dispersion paraneters for
neutral conditions when stable conditions are reported. An
alternative approach is to use the neasurenents of dispersion
made by McElroy and Pooler' in an urban area. These data are
used by EPA in its RAM urban nodel .

The measurenents of the Pasquill-Gfford coefficients were nade
over periods of 10 to 20 mnutes and are strictly applicable only
to such short time periods. They are applied to averagi ng

peri ods of one hour as a conservative (over-) estimte of the
one- hour average concentrations. Over a longer tinme the w nd
direction and stability cannot be expected to remain the sane.
In order to calculate long-term(e.g., annual) average
concentrations it is necessary to take into account the w nd
speeds, direction, and atnospheric stability over the entire
period. A report of the annual frequency distribution of w nd
speed, direction, and stability (called a "STAR' - STability
ARray - or 'stability wind rose") observed at a nearby NW5
station can be obtained fromthe National Cimtic Center.

Table 1-1. Rule for Estimating Pasquill Stability C asses?

Surface Wnd Speeds (nis)

| nsol ati on <2.0> 2-<3.0 3-<5.0 5-<6.0 >6

Strong sun A A-B B C C
Day Moder at e sun A-B B B-C CD D

Weak sun B C C D D
Day/ Over cast D D D D D
Ni ght

Thi n overcast or _
Ni ght >0.5 cloud cover - E

mo
(O
(O

>0.4 cl oud cover - F

The stability of the atnosphere is generally described as being
in six classes, |abeled A through F. O asses A through C are
unstabl e conditions, class Dis neutral, and classes E and F are
stable. The nost frequently observed classes are C, D, and E
The class can be estimated for any hour fromreadily avail able
nmet eorol ogi cal data. Analysis of the conditions that lead to
nmore or |ess stable atnospheric conditions has resulted in a
sinplified rule, which is given in Table 1-1. 1In this table
"Strong sun" refers to clear or partly cloudy hours with a sun
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angle (fromthe horizontal) of greater than 60°, "Mderate sun"
refers to a sun angle less than 60° but greater than 35°. The
sun angle will depend on the tine of day, the day of the year,
and the latitude of the observing site. Tables of sun angle and
conputer prograns that calculate the sun angle are avail abl e.
Esti mates of the anpbunt of cloud cover are routinely nmade at
airports and NWS stations.

Al t hough Gaussi an di spersion nodel conputer prograns w ||
generally allow a cal cul ati on of concentration estinmates for any
di stance our understandi ng of dispersion and the di spersion
coefficients decreases with distance. Additionally, it becones
much | ess probable that the stability class will not change as
the travel tinme fromthe source increases. Thus as the distance
fromthe source increases froma few kiloneters to 10 kil oneters
confidence in the results decreases. Beyond 10 kil oneters the
confidence is significantly |l ess. Special nobdels that are
specifically designed for |ong-range transport estimates nust be
used for distances beyond 100 kil oneters.

Anot her inportant neteorol ogical variable is the m xing height,
which is the height to which pollutants can be expected to
readily mx in the atnosphere. Under stable atnospheric
conditions the m xing height can drop to | ess than a hundred
meters. This can trap pollutants in a very thin |ayer near the
ground and result in high concentrations. Pollutants trapped
above the m xing height also can cause high concentrati ons when
the m xed layer at the ground |ifts and suddenly brings the
pollutants to the ground. This process, called fumgation, is
transient and rarely lasts for nore than 1 to 2 hours, although
it can cause sone of the highest ground-|evel concentrations. It
is not nodel ed by a Gaussian plunme nodel. Average night and
nmorni ng m xing heights in the United States range from 400 to 700
meters. Average afternoon m xi ng heights range from 800 to 1600
meters. Data which allow the conputation of the m xi ng hei ght
are collected at the few upper-air NWS stations.

However, the NWS5 does not routinely reduce these data to estimte
m xi ng heights. As an alternative, m xing heights may be

approxi mated by ceiling height data froman airport or any NWS
station. Maps of average seasonal m xing heights (and w nd
speeds) for the conterm nous United States have been published by
Hol t zwor t h?,

Most Gaussi an di spersion nodels take into account the reflection
of the pollutants off the ground and the atnospheric |ayer at the
m xi ng height. The Bierly-Hewson plunme trapping formula
generally used with the plunme nodels assunes that the poll utant
is uniformy m xed between the ground and the m xi ng hei ght after
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about five reflections. Beyond that point the Gaussian plune
nodel behaves |ike a box nodel.

Most di spersion nodels al so take into account the additional

hei ght above the source that the-hot gases rise to above the
physi cal height of the source. The Briggs® plune rise fornmulas
whi ch are used in nost of the UNAMAP nodel s use enpirica
formul as (which were devel oped froma theoretical base) to
calculate the plunme rise fromthe stability class, the w nd
speed, and the tenperature and flow rate of the stack gases. In
sonme of the nore recent UNAMAP nodel s, such as PTPLU, the Briggs
plume rise calculations also permt consideration of nmonentum
plume rise and stack tip downwash.

Anot her conplication that should be considered when using a

di spersion nodel is the increase in wind speed with hei ght above
the surface. The increase is logarithmc wth height up to about
100 nmeters. Thus the wind speed at the top of a stack may be
quite different fromthe wind speed at the neasurenent station.
The Gaussi an nodel assunmes that the concentration at ground |evel
is determned by the concentration at the plunme centerline, which
is partly determ ned by the wind speed at the plune el evation.
Thus the correct wind speed to use in nmaking estimates is the

w nd speed at the plune height or, at |east, the wi nd speed at
the source height. The wind speed at any height (up to about 100
meters) can be estimated fromthe equation

U= U Z/Z)" (1-3)

where Uis the wind speed at height z, Uyis the wind speed at
hei ght zo,, and pis the wind profile exponent. The three sets of
wi nd profile exponents used in the UNAVAP nodels are given in
Table 1-2. Using the wind speed at plune height rather than the
w nd speed neasured at the anenonmeter height can result in a
significant reduction in the estinmted concentrations.

Table 1-2. Wnd profile exponents.

Stability PTPLU | SC RAM Ur ban RAM Rur a
A 0.10 0. 15 0. 07
B 0. 15 0. 15 0. 07
c 0.20 0.20 0.10
D 0. 25 0. 25 0. 15
E 0. 30 0. 40 0. 35
F 0. 30 0. 60 0.55
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Most of the UNAMAP nodel s assune that the pollutant is inert,
that is, it is not renoved fromthe plunme by reaction or by
deposition on the ground. The Valley nodel allows a "half-life"
to be specified for the pollutant. This would be the tine for
hal f of the pollutant to be renoved fromthe plunme. Sulfur

di oxi de does react to formsulfate particles and ozone is forned
in the air froma reaction involving nitrogen oxi des and

hydr ocar bons but neither of these reactions would ordinarily be
considered in nodeling these pollutants over the short distances
that the Gaussian plunme nodel is nost applicable. Gases al so
wll be renmoved fromthe plunme by being absorbed at the surface
but this is not significant over noderate distances. Particles
do fall out of a plunme, at a rate depending on the particle size.
Particles larger than 20 mcronmeters will fall out rapidly (in

| ess than a kiloneter for stacks of noderate height) while
particles smaller than 0.5 mcroneters wll renain airborne

al nost indefinitely.

Screeni ng Procedure

The EPA recommendS3 the foll ow ng procedure for an initial
screening of short termair pollutant concentrations from point
sources. First, if there is no significant building or

t opographic feature that may cause stack downwash, use PTMAX to
obtain the highest concentration with A, C, E, and F stabilities.
In addition, take the concentration for C stability at 2.5

m second and double it. The maxi num expected concentration from
the Gaussian nodel is the |argest of these five values. |If
downwash may be significant it is necessary to use PTPLU, which
wll also make a wi ndspeed at stack height correction and take
bouyancy induced initial dispersion into account. (Stack downwash
generally will not occur if the stack gas velocity is greater
than 1.5 tines the wind speed.) If averagi ng periods |onger than
one hour are needed the followng factors may be nultiplied by

t he one-hour average to obtain a rough estimate of the
concentration for the | onger period:

Averagi ng tine Mul ti pl vi ng Factor
3 hours 0.9 #0.1
8 0.7 #0.2
24 0.4 +0.2

Second, it is necessary to estinmate a concentration for
fum gation conditions. This cannot be done with the Gaussian
nmodel . The approxi mate downwi nd di stance to the naxi mum
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fum gation concentration (in kn) can be calculated fromthe
formul a

=-9.94 + 0.111 H + 0.176 )h (1- 4)

where His the physical stack height (in m and )h is the plune
rise (that is, h-H alsoin m for F stability and 2.5 nisec

w ndspeed. Using PTDIS, the F, and F, are conputed for this

di stance (but use 2 kmif X is less than 2 km and F -stability.
The fum gation concentration is then cal culated from

C = Q (1-5)
(2B)V2 U(F, + h/8)(h + 2F,)

where all the terns are as defined in equation 1-1. This would
be a one-hour average concentration and should not be used for
| onger averaging tines.

If it is desired to nake a screening estinmate for concentrations
at a specific location (e.g., a nearby residence or property
line) first use PTMAX (except that when stack downwash may be
significant, use PTPLU) to estimate the stability and wi nd speed
conbi nations that will produce the maxi nrum val ues at the downw nd
di stance of the specific location. |If you use PTMAX t he

w ndspeed given is the windspeed at the top of the stack, but if
you use PTPLU be certain to read off the stack top w nd speed
fromthe second set of colums. Now use PTDI S and the maxi mum

w nd speed and stability conbinations to estimate a concentration
at the specific location. Use the plunme height (h) for the

m xi ng height for stabilities A-D and 5000 mfor E and F. If none
of the stability and w nd speed conbi nati ons produce a naxi mum
val ue near the specific |location nake an estimate for each of the
foll ow ng cases:

Stability W ndspeed
A 1,3 nisec
B 1,3,5
C 1,3,5,10
D 1,3,5,10, 20

If nore than one stack is to be nodeled, first calculate for each
st ack
k =hVT, (1-6)

where V is the stack gas flowrate and T, is the stack (absol ute)
tenperature. The stack with the smallest value of k is used in
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PTMAX to sel ect the maxi num wi nd speed and stability conditions.
Then use PTMIP for nodeling the concentrations either at a
specific point or over a network of points.

If the ground is not relatively flat in the vicinity of the
source it will be necessary to use a nodel that takes topography
into account. The Valley nodel can be used in a screening node
for a 24-hour average concentration by selecting the short-term
option and using 6 hours of F stability with a wind speed of 2.5
n's.

Conver si on Factors

Most of the input data for the UNAMVAP nodels are required to be
i.n metric units. Conversion factors fromthe nore common
English units to nmetric units are given in Table 1-3.
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